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D.   B.   Singer and C.   A.   Miller,   Armour Research Foundation 
"The Shock Chamber:   A Device for Producing High Strength, 

Spherically Expanding Shock Wavea" 
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WELCOMING   ADDRESS 

Scheduled to be given by Colonel Leonard A,   Eddy, 
Director of Research of this Air Force Special Weapons Center,   the 
welcoming address was made by Mr.   Roman R.   Birukoff of AFSWC, 
who briefly explained the work load situation precluding Col Eddy's 
presence at this Symposium.    In behalf of the Air Force Special 
Weapons Center he welcomed the attending group,   and expreeied 
the wish that the event would be an interesting and  succesaful under- 
taking. 



RESUM^ OF EXPERIMENTS CONDUCTED IN THE HIGH-PBESSURE 

SHOCK TUBE OF THE GAS DYNAMICS LABORATORY AT NASA 

Jim J,   Jones 
NASA Langley Research Center 

Thia talk deacribee  several inveatigationt performed at the gas 
dynamics laboratory of the Langley Research Center,  NASA.    Most of the 
experiments described were conducted in the gas dynamics high-pressure 
shock tube.    It ie a, conatant-area tube,   3-3/4 inches in diameter.    The high- 
pressure chamber is 14 feet long and the low-pressure chamber has a work- 
ing length of about 70 feet,   although at the time that attenuation was studied 
it was considerably longer. 

Shock-Wave Attenuation 

Shock-wave attenuation has been studied in this tube fur some 
time,  largely from the standpoint of shock-tube technology rather than the 
basic flow physics.     That is,   what are practical drivers to uoe to produce 
the desired shock strengths,   what is the relative shock attenuation for each 
driver,   and,   what is the  resultant flow behind the shock wave like? 

Those drivers  which have been investigated are helium,   hydrog 
constant-volume combustion of   H,    and   0,   diluted with helium,   and a con- 
stant pressure combustion of a similar mutlure.    In all cases,   air was the 
driven gas.    Some consideration was also given to a double diaphragm,  or 
three-chamber arrangement. 

Figure  1  aummarizee the attentuation rate for these various 
drivers.    The low pressure   p.    was the same for each run.    Notice that, 
except for the helium driver,   each of the runs ha» about the same shock 
Mach number at about Z25 diameters.    Very high helium pressure would be 

ihock wave of the same strength at 225 diametera as 
weaker shock is presented for comparison. 

The conätant-voliime and conatant-preaeure combustion driven 
were identical except fur the strength of the diaphragm used.    Constanl- 
preesure drivers have been shown by Hertzberg and others to have rather 
poor reproduclbility. 

Hydrogan-rich niixtures,  that is,   mixtures of,   say 8 percent 
or  10 percent   0-    and the balance of   H?,     have been attempted but the tend- 
ency of the combustion to become a detonation haa caused us to abandon this 
type driver. 

The difference in shock-wave attenuation is quite marked for 
the various drivers and fallows the general rule that the more efficient drive 
in producing strong bhock waves display the higher attenuation rates. 



MeaBuremsiUi» of the time hiatory of the static pressure imme- 
diate!/ behind the primary ehock also show characteristics associated with 
each particular driver,    (S'ee Figure Z, )   These pressure records were all 
made somu 200 diameters from the diaphragm and are therefore influenced 
by the very sizeable amount of attenuation which the shock has  undergone. 
Pressure level and shock strength influence the pressure history,   ol course, 
but comparisons show that,   in general,   cold gas drivers,  hydrogen and helium, 
show a short period of nearly constant pressure and then a rising precsure. 
One can see,  for example,  that for the helium driver case shown,   the pres- 
sure has about doubled in the first millisecond. 

The higher attenuation rate of the combustion driven shocks 
indicates that stronger dowr.stream expansion waves are overtaking the shock. 
These expansion waves are oresent largely because of the cooling of the hot 
combustion gases.    The effect of this increased strength of the expansion 
waves is to cancel the tendency of the pressure to increase with time.    Thus, 
as illustrated in Figure 3,   combustion-driven shock waves show a nearly 
constant pressure and in some cases a decrease in pressure.    This is not to 
infer that other flow properties are constant with time.    For example,   it can 
be inferred that the stagnation enthalpy increases rapidly with time.    Another 
rule seems to exist here;   the more eCficient drivers,   although possessing 
higher attenuation rates,   show a more constant-pressure history in the driven 
gas. 

The attentuation for hydrogen and helium drivers in this shock 
tub« was reported in reference 1.    The combustion driver studies have not 
been reported. 

The gaa dynamics laboratory has one rather small three-chamber 
shock tube.     It ia described in more detail by Mr.   Evans in his talk.     The 
driver and buffer chambers are 4-inch diameter and the low-pressure chamber 
is 1-inch diameter.    Hydrogen-belium-air and helium-helium-air combinations 
are used in this tube.    The maximum shock ütrengtbs attained are compared 
with the theoretical values in Figui - 4,    In all cases the middle,   or buffer gas, 
was adjusted to its theoretical rptin'um pressure for the particular over-all 
pressure ratio.     It may be seen that agreement with theory is somewhat better 
for the helium driver than for the hydrogen driver.    A single diaphragm, 
H,-air curve for a constant-area tube is presented for comparison.    Two 
eflects account for the superiority of the three-chamber configuration curves - 
the area change and the addition of the buffer gas.    This figure does not show 
the relative importance of each.    The shock attenuation rate is approximately 
the same in the three-chamber tube ad in the  3-3/4-inch tube for like drivers. 
This work has been reported by Mr.   C.   J,   Schexnayder (reference 2). 

The three-chamber shock tube just discussed has an area re- 
duction by a factor of 16 at the second diaphragm.    The effect of this area 
change on maximum attainable shock strengths has been recognised.    It 
becomes important,  however,  from another viewpoint as well.    Most theo- 
retical discussions neglect the attenuation in the buffer chamber.    It is not, 
in the general case,   negligible as may be seen in Figure 5.    A few runs made 
in the constant 3-3/4-inch-diameter tube with a three-chamber asrangement 
showed that the attenuation in the center chamber cancelled the beneficial 



effects of the double-diapliragin configuration.    The driver was  i-onstant- 
volume combustion and the buffer gas  was helium.     The attenuation of the 
shock wave fi'Dm    'vl    = 3-1/i   to    hi    =2.4   lowered the  r^axiinum shock 
strength in the air from a theoretical    M    - 9-1/4   to an experimental value 
juat over 7,     This  indicates the importance of maximizing the buffer chamber 
diameter. 

Heat Transfer 

An inveaiigatiori has been made of flat-plate heat transfer for a 
range of Reynolds numbers from  10     to over 10',     The model configurations 
uaed are shown in Figure 6.   The  aurfacea to which the heat-transfer rate 
was measured were pyrex,     Hanovia paste resistance thermometers were 
used to measure the  surface temperature,     A wedge was  used for the lower 
Reynolds number range.    It was neceaaary to have a ä,teel leading edge on 
the wedge to avoid chipping so there was a steel-to-glass joint ahead of the 
measuring stations. 

In order to obtain a long run of boundary layer with a minimum 
hollow cylinder waa utilized.     Again a steel leading 

The cylinder was  50-miUimeter pyrex tubing,  24 inches 

lion of the boundary-layer-displacement thickneaa at 
cylinder indicated that it was  4 percent or ieso of the 
The slight pressure gradient  induced by the area 

:ed in reducing the data. 

Figure 7 shows the data obtained for 
numbers from 4, 6 to 10. 5. The wedge data are b; 
the oblique shock wave. 

The data correlate quite well with the incoimpresaibie relations 
if the heat-tranafer parameter ie based on slagnation-to~wali enthalpy differ- 
ence. HOBS, Probatein, and Adams {reference 3) have proposed this relation 
for the turbulent case. 

These data,   although obtained at high static temperaturü and lov, 
stream Mach number,   as  ie typical of all data obtained in a constant-area 
shock tube,   can be shown to be directly applicable to hypersonic flight in the 
atmosphere.     If ono conuiders the case of a wedge,   or compression surfaces, 
with a blunt leading edge,   the conditions just outside the boundary layer some 
distance from the leading edge are very similar to the conditions of the prese 
data.     As an example,   one run of the present data waa  selected   (M     =8.45) 
and it was found that the stream and stagnation conditions matched [nose on 
a blunted 8" half-angle wedge flying at    M = I 3. 5    at 70, 000  feel. 

Reference 4, which reports on the iata obtained on the c ylindei' 
model,   is expected to be published in the near future. 

of interfei ■ence effects, 
edg« was i lecesaary.     ' 
long. 

An eetim; 
the  trailin a edge of the 
radius of the cylinder. 
change ha: 1 been naglec 



Probe Electrification 

A phenomenon of some interest which appears in ahock-tube 
mveatlgationB is the charge acquired by any probe placed in the flow. 

Early efforts to obtain heat-transfer data in the  shock tube with 
an evaporated thermocoupla indicated that "haah" or extraneous signal pre- 
dominated over the thermocoaple signal for cases  in which the shock Mach 
number was about 6 or greater.    The hanh could be reduced but not eliminated 
by balancing the resistance to ground of the two thermocouple leads.    The 
trouble could be eliminated in a resiatance therinometer by shunting across 
the thermometer and centertapping the shunt to ground.    It was not possible 
to do this in the case of a thermocouple,   of course,   since the thermocouple 
requires a high-resistance circuit. 

A detailed,   systsmatic investigation of this phenomenon has not 
been made,   but a few tests have brought some  interesting results:    First, 
any probe  sufficiently insulated from ground (say,   a megohm or greater) 
acquires a charge which may be of the order of a volt or greater when placed 
in the ahock-tube flow and the polarity am well as the actuaJ magnitude of the 
charge are dependent on the material of the probe.    Figure 8 shows examples 
of the charge on brass and aluminum probes.    The roproducibility of the signal 
for approximately sirnilar  running conditions is  shown by the two brass probe 
examples on the figure.     Copper and steel probes,   as well aa brass,   show a 
positive charge in air; aiuminum shows a negative charge. 

The amplitude of the charge is  rather mirprisingly insensitive 
to the temperature level,   ae Ghown on Figure 9. 

The charge  is prejent when helium is the driven gas and the 
polarity was negat:vc for all the probe materials tested in helium.     Since 
very little of ths helium is ionized at the temperature of this  run,   it is very 
possible that impuritios are responsible for the presence of the signal here. 
High velocity of the flow is not necessary,   since the charge is very similar 
for a probe placed at the end of a closed shock tube. 

It is not to be expected thai, a probe will assume tht potential 
of a partially ionized gas  in which it is  immersed even for the case when 
the gaa ia neutral,   due to the greater mobility of the electrona.     But aienple 
probe theory doee not account for the large effect of probe material.    The 
effect of probe material auggesta a phenomenon similar to contact electrifi- 
cation.     While contact potential difference has been reported for liquids 
flowing in a pipe,   none has been reported between a gaa and a metal. 

In conclusion,   it might be mentioned that present and future 
work include studies in a small reflected-ohock-type nozzle that is now 
attached to the high-pressure shock tube and somewhat more  specific heat- 
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Figure 7    Flat-Plate  Heat Transfer - I 
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A PROBE FOR DETERMINING FLOW CONDITIONS 

IN A SHORT DURATION HYPERSONIC STREAM* 

A.   V.   Farmer 
Liockheed Aircraft Corporation 

ABSTRACT 

A method is proposed ior experimentally determining flow con- 
ditions in short-duration hypersonic flows,   such as that found in hut-shot 
tunnels or shock tunnets.    The method involves determination of the »tag- 
nation enthalpy of the flow by measuring the speed of sound and pressure in 
a probe and the determination of the rate at which the flow fills the cylindri- 
cal probe.    By using these values in the flow equations,   the free-stream 
conditiona may be determined.     The problems associated with the develop- 
ment of the insfrunientation,  and the progress already made are briefly 
described. 

1. INTRODUCTION 

The construction of the hot-shot tunnel at Lockheed (Reference 
1  and 2) emphasized the need to develop instrumentation that would determine 
the flow conditions in such a facility.    The conditions of this short duration flow 
are high velocity,   high stagnation enthalpy,  high Mach number,   and low density. 
This type of flow is found also in shock tunnels.    At present,  only pressure 
and heat transfer are measured in these flows.    Temperature measurements 
are precluded by the short duration of the flow.    AH the heat trinsfer measure- 
ments are a function of density,   viscosity,  velocity gradients,   and enthalpy, 
only one state property,  the pressure,   is measured directly. 

To determine the state of a gas at rest and in equilibrium, two 
state properties need to be known.    In the hot-shot tunnel,  the totai energy 
content,   or total enthalpy,   is determined from the conditions in the arc 
chÄmb*?.    The initial density loading,  which remains constant during (he 
arc discharge,   and the peak pressure from the discharge provide the two 
state properties.    The flow conditions are found by assuming an isentroplc 
expansion from the arc chamber to the test section,   making use of 3 corrected 
are« ratio baaed on meaBured stagnation pressures  in the test section.     Thus, 
if there is no heat loss to the wall of Lhe tunnel,   and if the flow is in equilib- 
rium ,   the flow may be determined in the test section.     Both of these con- 
ditions  are violated to some degree.     Certainly,   the erosion of the tungsten 
throat testifies to the heat transfer there,  and Bray {Reference   i) states that 
the lack of dissociation equilibrium may be expected in the working sections 
of hypersonic wind tunnels.     Therefore,   it was the purpose of this work to 
develop instrumentation that would determine the stagnation enthalpjr and the 
flow velocity, density, etc.   in the test section of a hypersonic tunnel and 
would determine the profile of these conditions across the teat section. 
s. :;1- c  

The author would like to thank Professor Walter G. Vir.centi of the Depart- 
ment of Aeronautical Engineering, Stanford University, for hia encourage- 
ment in the development of this nrobe. 



2. BASIC IDEAS 

if the gaa flow in n hypereonic  facility is brought to rest in a 
small container in the test section,   conditions foiu-.d at the stagnation point 
of a model in the flow would be created inside this container.     Using a hollow 
cylinder with one  end clostd «a the container and aligning it so that its open 
end is presented to the flow,   it  is possible  to use the time it takes for the 
flow to till this cyJinder to give the other flow ir.formation desired.     This is 
akin to catching the flow of water  in a bucket.     By analogy,   the  reflected 
shock wave,   moving '.ick trotn the clcaed end,   is the water level in this  case. 
To be more explicit,   by writing the equations of continuity, energy,   and 
momentiim relative to an observef moving with the reflected shock wave,   it 
is poaaible,   in theory at least,   to find the flow velocity,   density,   and preesure, 
if thn state of the gas in the container can be determined.     If the gas flow is 
in equilibrium,   this would also give the Mach number of the flow. 

To find the state of the equilibrium gas at rest in the container, 
or probe,   two state properties need to be measured.    One, the pressure,   is 
already being measured in this type of flow.     Thus,  this necessitatea only 
one new-type measurement of a state property.     Now,   the speed of sound is 
a state property,   but apparently its  measurement had not been applied to this 
type of hypersonic flow,*    The  measurement of the speed of sound  in the stag- 
nation gaa in the probe would bs much easier than in the free stream where 
the lower density and high Mach numbers make the use of a sound-pulse- 
tjfanutnitter-and-receiver system or an optical measurement of the acoustic 
disturbance difficult.     Because the gas in the probe  is at rest and the density 
is increased an order of magnitude over that of the free stream, the use of 
a transmitter-receiver system is  facilitated. 

Since the apace needed between transducers ia small,   a probe 
diameter of an inch would be adequate and thus would be email enough to make 
a profiSe of conditions  in the two-fool test section o£ the hot-ahot tunnel.     The 
time  interval required for a measurement  would likewise be  short,   and thus 
many readings could be taken,   continually   monitoring the  stagnation con- 
ditions  as the energy in the reservoir is depletea during the twenty millisecond 
testing time.     This is important in determining how much of the test data, 
such as heat tra-iafer,   to uee.     TMa  report shall be us^d to introduce the 
theory of the probe a.id to dlscu, 3 the p .■oblemt, aasoi-iat'id with putting ine 
probe into practice. 

3, THEORY OF THE PROBE 

-m. 
The author later found th?.t Aronson and Marshall (Reference 4) of the NOL. 
were attempting to determine the stagnation sptad of sound in a shock tunnel 
by allowing the shock to resonat« a tube,   the end of which was a piezoelectric 
crystal.     Assuming that all disturbances a-fizr the  initial and reflected shock 
waves were weak ones,   and hence sonic,   they could determine the sound 
velocity by the frequency at which the crystal was driven. 

■ ._::■: üsr:. 



where the partial derivative of the p res Bure in respect ta the density is eval- 
uated along an isantrope.     For the range ol stagtiÄtion conditiona found in the 
hot-shot tunnel,   this quantity is obtained from statistical mechÄJiical calcu- 
lations  and is plotted on a Mollier diagram (Reference  5).     It can be seen 
from this diagram that any two state propertiea  in the  equilibrium gas at rest 
will determine the state of the gas and,   hence,   the value of the other state 
properties at that condition.     Thus,   the measurement of the speed of Bound 
and the pressure in the  stagnation state gas,   created by bringing the flow to 
reat in the probe (Fig.   I),  will determine the  stagnation state of the gas  if 
it is in equilibriujii. 

The flow initially enters the probe with the  same coaditiona aa 
found in the free stream outs'de.    Upon reaching the closed end,  the flow in 
the probe muse stop.     Thus,   a ahock wave,   which will be called the reflected 
shock wave,  moves upstream in the probe to halt the incoming flow.    Now, 
the enthalpy of the stagnation gas in the probe behind this  reflected shock 
wave is greater than the stagnation enthalpy of the free stream as found at 
the stagnation point of a model in the flow behind a stationary bow shock wave, 
This can be shown by writing the energy equation in a coordinate system fixed 
to the reflected shock front.     Or it can be shown by simply consulting some 
tabulated ahock tube performance data,   e. g.    Heference 5,    and comparing 
the enthalpy of the gas in the tube after the reflected shock with tha* found at 
the stagnation point of a body in the flow.     When the reflected ahock moves 
outside of the mouth of the probe to become a detached bow shock,  the enthalpy 
inaide the probe is reduced to the stagnation enthalpy of the stream by means 
of an expansion wave which entere the probe. 

The equations of continuity,   energy,   and momentum, written 
relative to the reflected normal ahock wave in the probe,   are 

where   /&,   V,  h,     and   p   with no subscripts denote the free stream density, 
velocity,   entl.aipy,   and pressure,   reapectively,  and those with the subucript 
"R" denote conditions  after the  reflected shock wave.     Vg-    is the reflected 
shock wave veiocity.     BoUi velocities are  relative to the       probe which ia 
fixed in the tabcr^tory aystem. 

The terms on the right side of the three equations are all known 
if two state propertiea in the reflected region and the reflected shock veloc- 
ity are measured and if equilibrium of the gas in this region is aaaumed oo 
that an equation of state, 



Thia givea three equations for four unknowns: 
Rather than assuming eqaUibriutti upstream uf the shock v, 
h = (p,/*),    the syotem io completed by use of the energy r 

where h is th« atagnation enthalpy of the atream, found from measuremi 
in the prBbe when the conditions have readjusted from those present after 1 
reflected shock to thooe found at the atagoation point of a body in the flow. 
Equation (6) simplifiea Eq.  (3) to the form. 

'SR ""R (?) 

where only   V   is unknown.    Thus,  by determining   hn,    the enthalpy while the 
reflected shock is  in the protr-;    h  ,    the enthalpy wheii the gas inside  reaches 
stagnation point conditions; and    *cij)    the reflected ahock velocity relative to 
the probe,  the free stream velocity of the flow can be deterniinud from the 
anergy equation,   Eq.  (7),    In addition to determining   hR,    the measurement 
of the speed of sound and preasure aftar the reflected sffock also givea the 
other  state properties,   including the density   ^R,     Therefore,   using the free 
Stream velocity found from the energy equation and    V      and /'R,    the free 
stream density,  />,    can be found from the continuity equation,   Eq.  (2). 

Finally,   use of the momentum equation,   Eq.  (4),  with the terms 
determined above,   yields the frue stream pressure   p.    However,   reservation 
muat be placed on the uae of this equation because of the order of magnitude 
of the various terms.     This  will bo discueoed  in a later section of this report. 

In no place in the preceding theory has any assumption been made 
state o£ the gas ahead of the ahock wave. Therefore, 
robe theory in non-equilibrium flows. 

4. DISCUSSION 

Although the probe seen 
several probietns that Dtand betweei 
discuBseB those problems and describee the progress already made on the 
probe (Fig.   I). 

4. I The Speed of Sound Measurement 

The presaure in the probe can be measured by a commercial 
pressure transducer. The reQected shock velocity can bq measured by ut 
two pressure gages or two heat transfer gages mounted at different locatk 
along the length of the tube. However, the measurement of the speed of S' 
is new and, thus, requires development. This velocity will be measured 1 
dividing the distance between a sound pulse transmitter and its receiver b 
the time requimad for the pulse to traverse that distance. 



In ordfir that the dislance traveled through the colder t. 
boundary layer r.hat will aurround the hot gaa in the .jroi-e be small 
to that traveled through the hot cori' of the gas, it was proposed ih 
be propaeated lengthwise in t.ha probe, with the IrariEmitter near t! 
and the receiver in the closed pnd In this manner, the probe diar 
be kept srrall for a long distance between tranpimtler and receiver 
of the sound pulse traveling through the hotter core, 
trie receiver before the remainder of the pulse whic 
boundary layer, since the sp^ed of sound is greater 
first of the pulse to arrive at th<? receiver will be a 
of the true stagnation speed ol sound If a hole is p 
a small flow to replenish the heat lost to the walls 1 
could be reflected off the closed end and received b 
the subsonic velocity of this small flow would be ad' 
the sound velocity and would not affect >,he measure 
thai pifi-.oelectric crystals lie  used for the transmit 

^ travel 
hol aas 

■n^ along the 
Hence,   the 

ed in the end to allow 
he g^s,   the  sound wave 
naar the source.     Thu 
to and subtracted fron 

and rue 
'.T;P   also propos« 
:eiver,   although 

a spark ct mid ha substituted tor the tranamitter       \ üf udy of the complexiti 
involved d iscloaed two main problems: 

1.       The transmitting of enough energy   it those low denaiti 
to be seon '.;■ the receiver al.o- .- 1 liv noisa of the aysl. 

Z        The design ot a receiver and hirh amplification ^ysier 
that would aot be overloaded by th« pressure pulto of 
ronected shock w/ave and,   hence     would be able to fun 
shortly after passage of this  ZUOC'K. 

To simplify the firsi  problem,   it was decided to transmit acroi 
the  probe rather than lengthwise,   temporarily ign^rii-,?, the small effect of 
thermal, b oundary layer      The development of the sjmc  nieaaur.ing inetrutn 
tation will be reported in a  later publication (Beferi-er-^ö 6!       This mslrumc 
tation has performed satisfactorily  in i. shock tube- designed SpecificaUy to 
give the s mail pressure jump expected  from the r«/lected shock in the hot- 
shot tunnel.     This shock lube was  used  rather than the hot shot because of 
expense and Hit'   long-time duration between teats invo.ved in using the larp 
facility The speeds of sound  measured in the shock tube correspond very 
c'.oaely to the values expected from use of the shock tube equations.     The 
instrumen tation now awaits testing in the hot-shot timnei , 

4. ü Equilibrium of the Gas  in the Probe 

Since the «as  in the probe behind the  stu.-din,? normal  shock roi 
in ehe tube for  a. long time,   it  will  reach equilibrium       However,   the  stagni 
enthalpy after the  reflected shock is determined by  measiirementa taken wl 
the   f-eflec :ed shock is  still in the probe,   or at least     bi-fore the  subpequent 
expansion wave teaches the receiver      Thus,   the time far a measurement 
quite shor t.     In order that the sound velocity and the pressure measured  ir 
the gas  in that interval can be  related lo the other (jaa properties by uee of 
the  Moilit r diagram,   the gas  must have reached equilibrium      Therefore, 

int to determine what can be expected for the relaxation lime of I 
gas pasai. ig through  the reflected normal shock 



JLogan {Reference 7} has computed equilibrium distances behind 
a standing normal ohock at  I20,000-ft altitude versus  Mach number.     The 
120, 000-ft altitude is at the lower limits of the densities expected in the hot- 
ahot tunnel.     Aa the reflected shock in the probe is only slightly stronger than 
the standing normal shock wave in front of a body,   the conditions after the 
reflected norinal shock can be assumed to be  roughly the conditions found 
after the standing normal shock in Logan's work for the aame free-atream 
flow conditions.    Likewise,   the velocity at which the reflected shock mov«B 
away from the stagnant gas in the probe can be taken as equal to the velocity 
of the gas moving away from the standing normal shock.    Thus,   the relaxation 
distances determined by Logan apply to the distances required behind the 
reflected shock, for the gas  in the probe to reach equilibrium.     This distance 
muat be shorter than the len^h  of the probe. 

The relaxation path lengths for vibrational excitation,   oxygen 
dissociation,   and   NO   formation are found to be less than a tenth of a foot 
vor the Mach numbers  expected in the hot-shot tunnel.     The  path length re- 
quired to achieve nitrogen dissociation equilibrium exceeds  I  ft below a Mach 
number of 16 but rapidly becomes shorter above this  Mach number.     However, 
only 5 percent of the total internal energy of the gas is in nitrogen dissociation 
at Mach 16,   and this drops to 1 percent at Mach 14.     Therefore,   the lack of 
nitrogen dissociation equilibrium maybe disregarded.     It appears,   then,   that 
any length of probe will be adequate in hot-shot teat conditions with densities 
comparable to  120, 000-ft altitudes.     Logan states that at higher altitudes 
diasociatioii equilibrium distances may be a foot or  more for small values of 
dissociation.     Thus,   for the initial tests,   a 6-in,   probe length will suffice, 
but this may have to be lengthened at the upper  range of hot-shot simulated 
altitudes.     Lack of equilibrium in the flow ahead of the shock wave will mean ! 
that conditions the  shock wave tends to produce,   e, g. ,   dissociation,   are 
already present to some extent in the flow.    The effect of this will be to shorten 
the equilibrium distances behind the shock wave. ? 

4, 3 Heat Loss from the Gas in the Probe 

Since the probe brings the gas to stagnation conditions  and,   hence, 
high temperatures,   there will be heat transferred from "-- 
walla.     This means  a loss of stagnation enthalpy and,  1 
measurement of the true stagnation conditions.     Theor 
fleeted shock,   the gas should be brought to rest.     Howi 
will be some eddy motion in thia gas.     Thus,   it would be 
analysis of the tonvection heat transfer.     It, is  easier 
and mount heat transfer gages on the walls,   directly r, 
by all means  of heat transfer to the wall.     This will be done 
ia  tested in the hot-shot tunnel. 

At the high stagnation temperatures  encountered,   there is  some 
concern aa to the magnitude of the radiation heat loss,    It is possible to get 
a rough estimate of this loss by referring to the work done by Meyerott 
(Heferencj 8).    He makes .in estimate of the radiaiioTi heat transfer to the 
hemispherical nose of a ballistic inisnile  re-entering the almoephere,   finding 
the peak heating to o. cur at an altilude of about  100, 000 ft,     Since the thick- 
ness of his shock layer is about tie aame as the probe diameter,   the reautits 

conditk ns  and,   hence, 
the gas to the probe 
erefore,   an error   in 
ticatly,   after the re- 
/er,   there  undoubtedly 
s difficult to make an 
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asuring 
lone wh 

ct the probe 
the heat loss 

in the probe 
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can be applied to the probe, although the temperature,   about 8, OOCK,   exceeds 
thosa found in the hot-shot Bimulation of this altitude by 3. OOCK.    Accordingly, 
for this rough eatimste,  the radiant heat flux will be reduced by the fourth 
power of the temperature ratio.    Although the missile's radiant heat transfer 
flux,   75 Btu/sq ft/sec,   is only 10 percent of the conveitive heat flux,  the lack 
of motion of the gas in the probe greatly reduces the convective heat flux,   and 
the radiant flux becomes important.    The radiant heat transfer flux in the probe 
is reduced to 11 Btu/sq ft/fiec by accounting,   as mentioned abov^.   lor the 
lower stagnation temperature.    This makes the heat lost to the walls of the 
1-in,  diameter,  6-in.   long probe 1.43Btu/sec,   i.e.,   5, 2 percent of the heat 
content of the gas in the probe is loot in 1 ms.    But for the same time duration, 
51 times th* energy lost to the probe walls is delivered at the mouth of the 
probe by the gas flow.     Thus,  allowing a small flow through the probe by drill- 
ing a vent hole in the closed end,  true stagnation conditions can be maintained. 
This flow is necessary also for continual monitoring of the decreasing stag- 
nation conditions of the flow outside. 

The heat contained within the probe is a function of the square of 
the diameter,  whereas the heat loss depends linearly on this dimension.    There- 
fore,   variation of the probe diameter in tests will provide an estimate of the 
minimum probe size for a certain degree of accuracy. 

1 the Conditions Behind the 

The beginning of flow into the probe brings with it the growth of a 
boundary layer in the tube.   Thus,   the assumed one-dimensional character of 
the flow ia violated,   and the conditions behind the reflected shock wave will 
vary from those expected by theory.     The redistribution of velocity across 
the t-robe also wül affect the reflected shock wave velocity.     Therefore,   an 
estimate of the effect of the boundary layer can be obtained by comparing the 
reflected shock velocity measured in shock tube experiments with the theoret- 
ically expected values.     The few measurements made of this value at Lockheed 
agree within  10 percent of the theoretical values and an improvement in the 
measuring techniqun may indicate closer agreement. 

4, 5 Comparison of the  Magnitudes of Terzr.s in the 1 

In order to  use the experim^ntally obtaiiied value« in Eqs.   (Z),   (4), 
and (7) to determine the  unknown quantities,   the terms  involving these unknown 
quantities must have values that are  significant when compared to the terms 
containing the meaBured values.    For inetance, in Eq.  (7), the term   VVS„ 
must be large enough that the measured value of   hR    is  sufficiently greater 
than that of   hg   so that the experimental accuracy Si th«  meaHiiremcnts  is a 
Bm&ll percent of ths difference.     At large velocities and low static temper- 
atures,   conditions foiind in the hot-shot test section,     h,,    can be approximated 
by    -T.     For the velocities and denßitieH expected,     V„H    will be about one- 
tenth'bf   V.    Therefore,    VVg-   will be about 20 perce*? of   hg,    or   hR   will 
he Z0 percent greater than   h„.    This means the speed of souria and pressure 
readings will have to be quite precise to determine accurately the velocity. 
The progress on the speed of sound instrumentation indicates high accuracies, 
and this ma/ prove less troublesome than the pressure  and reflected shock 
velocity measurements. 



In the momentum equation,   Eq,  (4),  the ambient pressure term, 
p,    in high-speed, low-deneity flows,   is two orders of magnitude smaller 
than the dynamic pressure.    Therefore,  the experimental determination of 
the static pressure by finding the other terms in this equation is quite impos- 
sible.    However, this might have aome application near the throat of a hyper- 
sonic tunnel where the static pressure is still high.    In the hot-shot tunnel, 
the flow Is almost one-dimensional,  and thus the static pressure on the wall 
of the test section can be assumed tc- exist across the flow at that location. 
Neglecting   p,    the momentum equation can serve as a check on the values 
determined from the energy and continuity equations. 

4.6 Approximations 

If the flow in the test section of a hypersonic facility has a high 
velocity and a low static temperature and Is in equilibrium,  or is not in equi- 
librium but has only a small percent of its energy in frozen degrees of free- 
dom,   then the steady state energy equation is approximated by 

This means that the stagnation enthalpy, found from measurementH 
in the probe when the bow wave is standing Outside of the mouth, will determin 
the flow velocity. 

If the free stream static pressure is small compared to   /'V ,    it 
can be neglected.    Thus,  neglecting the pressure due to the small velocity 
after the bow wave,  the momentum equation will yield 

r-inq ('0' 

Pg ib the pressure of the stagnation gas in the probe. Hence, the usi 
hypersomc assumptions will greatly simplify the measurements to be made i 
the probe.     However,   the assumption that the free stream enthalpy,     h,     is 

V2 

small compared to    -__   (from 1 to 5 percent at hyperso 
be justified in the ca<fe of frozen flow and thus Eq,   (7) i 
the flow velocity, 

5, CONCLUDING REMAEKS 

In the preceding discussion,   problems associated with the probe 
have been briefly investigated and,   at present,  do not look forbidding.    Thus, 
it seems possible to calibrate short duration hypersonic flows by use of the 
probe.    The flow must be of sufficient duration,  however,   so that conditions 
do not change significantly during the time required for the reflected shock 
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to move outside the probe and become the bow wave.     This  is necessary in 
order that   h„   and   h|>   may be measured under the same flow conditions and 
may involve a time duration of 1 lo Z nie.    By extending the probe some 
distanc« beyond the rear transdur-r,  uny transient flow that precedes the 
establishment of the quasi-ateady utac« flow in the hypersonic facility will 
fill oniy that part of the prob« and hence will not alfect the measurements, 
provided that the pressure adjustment is rapid. 

It may be possible to uac a quick opening gate in front of an 
evacuated probe to produce the reflected and subsequent stagnation conditions 
at any given time in a steady or long duration flow.    The probe should also 
make it poasible to monitor the constancy of flow conditions over a period of 
time by determining the stagnation enthalpy at intervals of 0. 5 mm. 

By making some of the common assumptions of hypersonic flow, 
the problems of the probe are greatly ■:implifted.    For instance,   the reflected 
shock velocity and the reflected condu ons do not need to be measured.    How- 
ever, frozen flow may not allow one of these assumptions. 

At present,  it seems that the development of instrumentation to 
measure the speed of sound will be a success.    The theory of the probe involves 
the measurement of two state properties in the probe but does not spracify 
which these should be.    Therefore,  other possiblHtias,   such as absorption 
meaaurements of t'nti density,   should not be overlooked in the event that the 
measuring of either pressure or sonic velocity becomes tuo difficult. 

A program i» in progress to apply the probe to the calibration of 
the Lockheed i.ot-ohot tunnel, and the results of this program will testify as 
to the practicality of the probe theory. 
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FLOW PHENOMENA IN THE CONVAin FREE JET SHOCK TUNNEL 

Karl A.  Faymon 
Theoretical Aerodynarviicis Gioup,   Convair 

The free jet shock tunnel ie. an aerodynamir [acility wherein test- 
ing is carried out by directing a high velocity jet,   which issues from a gun 
muxzle or the open end of a shock lube,  against a model suspended in the path 
o£ this jet.    In order to effectively utilize this tool as an aerodynamic test 
facility,   it ia necessary that the (low phenctnena in the test area be accurate- 
ly known.    For this reason,  calculations have been carried out to determine 
the state of the working gas in the gun barrel or shock tube, and to determine 
the flow field of the jet.    The determination of the flow field includes the loca- 
tion and geometry of the recompressinn shock,  and the resulting rotational 
flow behind this »hock,   which forms whenever a high presaure jet is  .ixiiandeij 
into a low pressure environment. 

INTRODUCTION 

The Convair Free J«,t Shock Tunnel facility is basically an open 
end shock tube.     The  working,   or driven,   gas issues from the open end and 
ie directed against the model.    The model is suspended in a manner such that 
it has unrestrained freedom of motion.    The jet,  when it strikes and flows 
over the model cauees model displacement.    Time histories of this displace- 
ment, as recorded by high speed cameras, permit the calculation of the per- 
tinent aerodynamic force and moment coefficients. 

Figure I is a schematic diagram showing the essentials of the 
Convair facility.    The motion, as in any shock tube, is irdtiated by the rup- 
ture of the diaphragm separating the high pressure driver gas section from 
the low pressure working or driven gas section. 

The initial shock which originates at the time of diaphragm rup- 
ture travels down the barrel,   or tube,  and upon arriving at the end bursts the 
diaphragm which separates the driven or working gas from the tc-:t chamber 
where the model ie suspended.    The flow then expands into the test chamber 
which is  evacuated  to the desired pressure level. 

The flow in the test chamber is no longer c-ne-dimenaicvial but 
baa an axia-^ymmetric character.    Thus the model is not immersed in a uni- 
form stream,  but in a flow with axial velocity gradients and radial velocity 
components.    Actually,   it LB the Mach number gradients,  both axial and radial, 
which are of interest rather than the velocity gradients.    Therefore,   in order 
to be able to evaluate the test data obtained by means of this facility,   it is 
necessary to know these Mach numbei' gradients and radial components. 

Also, a recompreus on shock forr ns in the t est chambe r and be- 
it is the free ie t boundary. It is necessa ry to have knowledge of the 
letry and loca 3n of this  sh 3Ck  t determ whetht r or not it will inter- 
with the flow in the region t o be aeed for te »ting. 



MOTION AND STAGE OF THE GAS IN THE SHOCK TUBE 

The motion in the tu.be or barrel portion is a typical shock tube 
motion.     It is the fir.al phase of thia  motion which must pvovide the initial 
conditions for the  eolution of the free jet flow field.     Thus,   it ia desirable to 
determine to a» high a degree aa possible,  the state of the gas at the shock 
tube exit. 

In a case where viscous effects are neglected, a typical shock 
tube lYiatioii.consists of a steady initial shock, followed by a constant veloc- 
ity contact surface which va in turn followed by a rarefaction wave centered 
at the diaphragm station. The poi-tion of the flow bounded hy the shock and 
the contact surface is a steady flow and it is this portion of the flow which 
ie used for testing. Thus it is the state of thifc portion of the flow which ia 
of interest here. 

The driver gas which was connidered was a miKtui e of hydrogen- 
oxygen-helium.     The working gas was taken as air at 520°R,  the pressure 
being varied to obtain various  states behind the initial shock.     The state of 
the driver gas at the moment of motion initiation was taken as 55, 000 psia 

The  specific heat ratio    y    in this gas was 

It ie a simple matter to determine the state behind a steady shock 
in a shock tube if the specific heat ratio     7*   does not change appreciably 
across the shock (see for instance, Reference 1].    However,   in the case of 
very strong shocks, the specific heat ratio cannot be considered to remain 
constant across the shock.    For this reason iterative procedures were used 
in conjunction with the gas tables of Reference 2 to determine the thermo- 
dynamic state of the gas behind the shock.    These results are given in Fig- 
ure Z plotted against the driver-driv.»n gas diaphragm pressure ratio. 

Also of interest are the chemical states and the electronic states 
iieciruuic  state (ionization),   was found to be negligible 
ite (composition)  was determined from the tables of Ref- 

erence 4.    All cases considered were for equilibrium air.     The composition 
of the air is showr» in Fig.   3. 

FREE JET FLOW FIELD 

A method of characteristics procedure  was used to carry out an 
analysis  of the flow field  of the expanding jet af the high-velocity gas gun. 
The analysis includes the assumption of steady state flow and constant speci- 
fic heat ratio but tto restriction aa to shock free irrotational flow is imposed. 

The characteristic procedure for the flow field calculation was 
devised and programmed by J.   Bowyer of the Aerophysics Group of Convair- 

*Theae values «K t-e sttegestetl hy Dr.  Z. Slawsky of NOL, who serves aa con- 
sultant for the Convair facility. 



The jet flow field calculation starts at the tube  or barrel exit. 
Thie station serves aa the initial data carrier of the initial value problem 
for the flow field calculation,   the initial data bsing determined from the 
shock tube portion of the flow.    The governing equations are the axis- 
aymm'itric flow equations,   and these are set up to treat the  cases where the 
jet expands into an absolute vacuum environment or into a non-zero pressure 

Figure 4 is a schematic diagram showing the characteristic net- 
work in the neighborhood of the initial data carrier.    The computation starts 
by assuming a Prandtl-Meyer type expansion at the nozzle corner.    When- 
ever expansion takes place into a non-zero pressure environment a recorn- 
presaion shock forms.     Figure 4 shows the characteristic geometry by which 
this aback is determined.    The C+ characteristics strike the constunt pres- 
sure jet boundary and are reflected.    These reflected characteristics are 
propagated into the flow field as C. type characteristit:« and at some point 
will intersect the ray-like characteristics of the Prandtl-Meyer fan.    At such 
points the  solution loses its  single-valuedness,  and these points ma.y te iden- 
tified with shock points.    At such a point the shock conditions must be ful- 
filled. 

The shock must start at the tube corner with zero strength.      It 
must start at this point with vanishing atrength since in a sufficiently small 
neighborhood of the corner every direction is a characteristic direction and 
only a zero strength shock can coincide with a characteristic direction.    Be- 
cause of this,  in a region close to the corner the shock is of auch weak 
strength that it can be ignored,   and the cross  characteristics at this point 
can be assumed to have slope continuity until they reach the constant pres- 
sure boundary and are reflected.    This allows a portion of the flow behind 
the shock to be determined and this is necessary for proceeding with the cal- 
culation when the shock can no longer be neglected.    The entire flow field 
was then computed by a method of characteristics procedure.    Since the 
shock is non-uniform the flow behind the shock has rotational components. 

Figure 5 shows the Iso-Mach lines and the streamlines for the 
case of an incomplete expansion {expansion into a non-Zjro pressure environ- 
ment).    The initial condition» at the jet are:   P = 4, 53C psia, M = 1. 30,   T ^ 
7,360*R,  and the flow direction was everywhere parallel    to the nozzle axis 
at the exit. 

The jet expanded into an environment with an ambient pressure of 
one one-hundredth o£ an atmosphere (0. 147 paia).     The environment fluid was 
assumed to be air with   Y=  1.400.     This value  of the pressure for the ambient 
air was chosen since it may represent an upper limit for desirable testing. 
Being an upper limit it presents the most severe-caac and will represent the 
case where the  shock has progressed the farthest into the region that will be 
of interest for aerodynamic testing.    This shock location is compatible only 
with these initial conditions,   sincf! the shock location and the locataon of the 
jet boundary depend upon the ratio of the static pressure in the jet before ex- 
pension to the ambient environment pressure .     Thus,   even though tht environ- 
ment pressure was to be held at oni» one-hundredth of an atmosphere both the 



shock and the jet boundary could be caused to migrate further into the flow 
region of interest by lowering the atatic pressure in the jet before expansion. 

As can be seen from Figure 5 the location at the shock and jet 
boundary are such tKat with U.^se initial conditions, no interference with the 
flow in the region of interest is expected. 

On Figure 6 are  shown the various  shock and jet boundary loca- 
tions which result by varying the ambient to atatic jet pressure  ratios.    In 
all cases the pressure of the ambient environment was ^sauroed tobe 0.147 
psia which may represent the maximum desirable for aerodynamic testing. 
The ambient medium was taken to be air with a   T-value of 1,400.    In the 
case where the environment medium is at rest,  which is the only case treat- 
ed here,  the   T'-value of this medium has no effect upon the shock and Jet 
boundary locationa.    Only the pressure of this medium can effect the shock 
and Jet boundary locations if the local Mach number in the environment medi- 

Three separate cases with different initial conditions in the Jet 
are shown here.    The seta of initial conditions are; 1J Pjet - 4,500 psia,  M = 
1.80;   2)   Pjet = 2. 140 psia,   M = 1.7f.;    3)   Pje1: = 1, 350 psia,  M = 1. 78; and 
the flow direction in all cap*-» wan parallel to the jet axis at the exit.    These 
seta of initial conditions for the jet correspond to the following seta of initial 
states of the driver and working gases at the instant motion is initiated:    1) 
driver gas pressure 55,000 psia,  working ga» pressure is three atmospheres; 
Z)   driver gas pressisrs is 55, 000 psia,   working gas pressure is one atmosphere; 
and 3)    driver gas pressure is 55,000 psia,   and working gas pressure is one- 
half atmosphere,    in all cases,  ths driver gas waa taken to be a mixture of 
helium-oxygen-hydrogen and the working gas was at standard temperature 
before motion was initiated. 

As can be  seen from this plot,the location of tue jet boundary and 
the  shock ia such in each case that no interference  with the  region to be utilised 
for aerodynamic testing ia expected.     No complete  characteristics diagrams 
were obtained for the flows with jet static pressures of 2, 140 psia and 1, 350 
psia due to difficulties with the machine program.    However,  the dimension- 
lesB quantities in the flow field such as Mach number and streamline direction 
de>"Viid only on the initial value of the Mach number given at t'Je jf/i BJi't,    S'ltcn ■■ 
this Much number was very rtearly the  same for all tnree cases  shown here, 
the streamline pattern and Mach lines shown on Figure 5 may be used with any 
of these cases. 

Figure 7 is a comparison between the Iso-Mach lines for two dif- 
ferent values of T, the values chosen being 1, 332 and 1,400 As mentioned 
previously, these constant Mach lines for the cane y"= 1. 332 are considered 
representative for all the flow conditions analyzed in this report. 

Of particular interest, in the region of the Jet which will be utilized 
for aerodynaniic testing,  are the Mach number gradients in both the asdal and 
radial directions-    As can be seen from Figure 7,   these gradients do not change 
appreciably with a change in    y.     1'he average axial Mach nwmbar gradient, 
(range 9 < M < 16) for both values of   T1 ia approximately 0, 125 Mach number 



per noznle radius. The average radial Mach number gradient far the same 
range in of the same magnitude in the region near the axis which is of inter- 
est for tasting, 

SUMMARY 

The analyslB of the flow field has been carried out and it has been 
found that, under the condltiona that will be present when this facility is used 
for aerodynamic teotiog, the Msch number gradient« are very «mail, and the 
recompreeaion shock geometry is auch that it will not interfere with the teat- 
ing region. However, thia analysis did not take Into account the poasibility 
of reflection from container tank walls. 

The siEe of the tank of the Hypersonic Gas Cun ia about eight to 
ten feet in diameter or larger and this is large enough «o that the reflections 
will be swept downstream before they can interfere with the flow in the teat 
region.    If these walle are not too far removed from the axis of the Jet,  this 
reflection phenomena could result in an interference with the flow in tha tost 
region.    Ons way of preventing such interference would be to replace some 
streamline In the expanding Jet by a conical wall section,   the outer surface 
of which would absorb the reflections.    Since auch a conical section would 
ba, in effect,  a streamtube surface,  no interference with the internal flow 
could take place. 

This analysis has assumed a constant   r-value throughout the 
flow.    In a real gas,   y ia a function of the local thermodynamic state and 
therefore varies from point to point In the flow.    A characteristic procedure 
which takes into account the local variation of  -f is at present being studied 
and iirepored for machine computation.     Whe.i ready,   the irrotational portion 
□f tile  flow field will be computed to ascertain the effect of uoii-constant gamma 
o« the flow field. 
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Figure 6    Shock and Jet Boundary Locations for Various Initial 
Jet Static Presaurea 





AN   EXPLOSIVE   DaiVEN   COH1CAL,   SHOCK   TUBE 
FOR THE STUDY OF SPHERICAL SHOCK WAVES* 

IHTRODUCTIOM 

This papsr dsscribeB a method for s«neratins spherical blast 
wave» using only a amaH fraction of Una »vnount of exploeive normaUy re- 
quired for generatmg such blaats.    From a fundamental and military view- 
point such shocks are of great interest.    Indeed,   eubetantial effort, as past 
«yKopcsia indicate, has gone into simulatüig individual characteristice of 
explosive blasts.    Two conspicuous ex^ntpleo are the decaying pressure be- 
hind the front and the development of large peak overpreeeures.    The work 
which has been done with spherical ehöck generatorß of the non-high-exploaive 
type -- the glass sphere experiments at Toronto University and th© pyramidal 
tube used by Camphell (Reference 1) -- have been concerned with weak ahocks. 

The conical tube described below is ge-r^rically related to Camp- 
bell's device.   His tube is a pyramidal cone in ahape with its compression 
chamber at the apex end.    The compression and expansion sections are sep- 
arated fay a diaphragm which is ruptured to generate a shock.    The tube de- 
scribed in the present paper has the shape of a circular cone and the blast 
wave i« generated by detonating a small quantity of high explosive under heavy 
confinement at the apex.    (Figure 1). 

Consider a sphere of high explosive intercepted by a cone.    The 
apex of the con« .is at the center of the sphere and the conical surface extends 
far beyond the spherical surface b£ the explosive.    Detonation of the spherical 
sector of the «xploaiv« within the coae should result in a blast wave compa- 
rable to the blast from the free air detonation of the full oxolosive sphere, 
assuming no energy is lost to the cone wall.    In a device patterned after this 
model, a given quantity of explosive maybe luted to produce blast waven char- 
acteristic of much larger charges.    The ideal amplification factor for the coni- 
cal shock tube is defined as the ratio of the volume of the full sphere of explo- 
sive to the volume of the spherical sector (or the ratio of thedr weights), 

EXPERIMENTAL DESK2N 

The experiment performed was intended to demonstrate the fea- 
sibility of an explosive driven conical shock tube.    Consequently,  in the design 
of the cone,  chief emphasis was placed on the use of the minimal quantity of 
explosive that would provide a blast wave that would be measurable with avail- 
able pressure transducers and high speed recording equipment. 

This work was supported by the Navy Bureau of Ordnance. 



T» start with,  in place of the idealized spherical segment of ex- 
piosive diacussed above,  we ch-ise a convcnieni and readily available com- 
mercial electric detonator.    It was of the plaatic-caaed variety which would 
minimiae the damaging effects of fragments.    The exploaive load in this det- 
onator was calculated to have the entimated equivalent heat of explosion ener- 
gy of 0,5 grams of TNT and was the sole source of driving ene.-gy for the 
tube. 

The cone was designed to have an ideal amplification factor of 110: 
that ia,  it waa designed to proüjuce a shock wave  simulating that from the det- 
onation of a 5& gram sphere of TNT.    A toUtl cone angle of 22 degrees was 
calculated to produce the desired amplification factor.     The entire conical, 
tube was about 4 feet long with a base diameter of 1,5 feet.    The main cone 
body was roiled from 1/8-inch sheet steel.     Near the apex,  a cylindrical 
mild oteel firing block 3-1 /4 inches in diameter by 5 inches long was bolted 

'-  cone body.     The firing block was drilled to provide a  snug sliding 
etonator. 

In the firing position (Figure 2),    the cone axis was vertical with 
the firing block resting on the ground.    Explosive loading was accomplished 
by lowering the detonator from the open end of the cone  down into the firing 
block.     Wires were left trailing out of the  open end.    After seven  shots the 
volume of the detonator hole in the firing block had increased by about one 
third.    No other deformation of the cone was noticed. 

INSTRUMENTATION 

As may be see n in Figure  3,   the  characteristic shape  of a typical 
explosive blast pressure w ■ave is  the well known discontinuous shock front 
followed by a rapid decay ■ *hich,  in the case of a 55 gram charge (the simu- 
lated amount anticipated in . our cone experiment),   returns to ambient pres- 
sure again in about 500 mi croseconds.    In order to detect and record such 
preasure transients with reasonable acci 
a rise time capability of the order of 10 t 
this capability was available for this cone experiment from other programs. 
Such programs involving the measurement and study of blast waves from high 
cxplostvee have been a continuing activity at the Naval Ordnance Laboratory, 

Two types of piezoelectric transducers made by thr Atlantic Re- 
search Corporation were used to obtain pressure-time histories  of the blast. 
One,  a flush type gage,   model L.D-60,   was set in the wall of the tube; the 
other,   a pencil type gage,   model LC-13M,   was  mounted in the flow.     The  sens- 
ing elements of the gages were tubes of lead airconate,   1/4 inch in diameter. 
The length of the pencil gage sensing element in the ditection of shock propa- 
gation was 1/8 inch.    The length of the MOBO or baffle ahead of the sensing 
element in the pencil gages was 8 times the diameter of the gage.    This baffle 
minimiEBS disturbing effects at the  sensing element caused by the presence of 
the gage in the flow.    The baffle design is based on interferometric diffraction 
Studies cf long,   slender bodies in shock tube flaws (Reference 2), 



Gsgea wer« calibrated by exposing them to shock waves whnae 
peak presiures were accurately known.    This was done by means of free 
field firings of a standard explosive.   Sensitivity could be determined from 
recordings of the shock wave obtained with a particular gage.    Recording 
waa by means of 304H Dumont oscilloscopes and drum cameras capable of 
providing a one millisecond per inch time resolution of the film, 

QUAI-JTATIVE RESULTS 

Figure 3 shows records obtained wjth the cone and how they 
compare with a typical record from A full spherical charge.    Figure 3a is a 
set of records obtained from one cone shot.    Records 2,   3 and 4 were from 
iype üC-lSiul pencil gages msuated in the flow and compare favorably in 
over-all character with record 5 in Figure 3b of a free field blast from a 55 
gram spherical charge.    Record 1 is from the typ^ LD-60 gage mounted 
flush in the cone wall.    The noise ia due to vibration transmitted up to the 
tube wall from the detonation.    The sirerple mounting arrangement used for 
this gage was not adequate to insulate it from such vibrations.    In the case 
of records Z,   3 and 4 the higher frequency noise waa filtered out by rubber 
insulation which was incorporated in the pencil gage mount.     Imperfections 
that are still present in these records may be real and may result from dis- 
turbance to the flow at wall irregularities especially at welded joints of the 
cctie nections.    Exacting cone shape tolerances were not specified for this 
model. 

QUANTITATIVE RESULTS 

Quantitative evaluation of the performance of the cone was made 
by measurmg the peak pressure (P), positive impulse (I), and positive dura- 
tion (T) of the shock wave (Figure 3) that was recorded at several disiancee 
(R) from the apen of the cone.    The positive impulse of the shock wave is de- 
fined by the expression 

This integral is evaluated numerically by determining the area under the 
pressure-time curves such as are shown in Figure  3,    The  ■"•«■■"UB for peak 
pressure and positive impulse are presented in Table i. 

Table I     Conical Shock Tube Results 
Average Peak Pressure Data, Positive Impulse 
Data, and Computed Effective Charge Weight (ECW) 

R average. '„„age ^V- 
ft psi pc t-meec gna 

1.5 62 6.2 30 

1.8 38 5.7 29 
2.8 16 3.5 34 



By using ämown data lor the bläut wave from a sphere of TNT 
fired irnder free field conditions and applying the scaling laws for the effect 
of tho weight of explosive on the blast wave parameters,  one is able to com- 
pute the weight of a full sphere of explosive, fired imder free field ccmditiona, 
required to produce peak presaures and impulses at a give» distance equal 
to those produced by the explosive driven cone.    These reeulta are prea^nted 
in Tables 1 and 2 as the Effective Charge Weight (ECW) for the cone and cone 
charge configuration employed.    It was computed separately from peak pres- 
sure and positive impulse data.    No significant difference is apparent between 
the ECW results for the flush page (1.5 feet} and the pencil gages in the flow. 

Table 2   C« s Perfc 

Effective Charge Weight (average) 
AmpUflcation Factor 

Efficiency Factor 

The amplification factor in Table 2 is the ratio of the effective 
charge weight calculated above to tUe actual charge weight u^ed in the cone 
(in the present c*,se 0,5 gm.).    The efficiency factor in Table 2 is the ratio 
of the amplification factor to the ideal amplification factor (in the present 
case,   110).    The efficiency factor indicates the extent of the energy losses a.- 
the source as well as losses by the shock wave along the tube walls. 

Data on the positive duration of the cone blast 

Table 3    Average Positive Duration Data 

l.S 
1,8 

0.32 
0.46 

0.59 

0.37 
0.43 

The data in colume   T 

It the wave shape of a cone blast is to correspond to that of a frei 
field spherical blast,   then the effective charge weight for positive duration 
data should be the same as that for peak pressure data.    No direct method is 
available for computing the effective charge weighi from positive duration 
data.    However,  the effective charge weight for peak pressure (31 grama) 
and positive duration data may be shown to be the same by the agreement in 
Table 3 between the duration of the blast in the cone (T ) and that from a 



51 gran» spherical TNT charge in free air iTgi(j). CoReequently, the shape 
ai the ccne wave doe« correspoad with ihe wave shape from a full 31 gram 
«phere of TWT. 

OISCUSSION 

DiifAj-caces of the ordar of 25 per cent in effective charge welghti, 
amplification factor» and effeciency factors are spps.rent in Table 2 between 
retnilta based on peak pressure data and impulse data.   Ho explanation can be 
given for this at present.    JTurther work and mor« data should help clarify 
this diBcrepRncy* 

The eistimato of 8,5 gram of TNT as being equivalent to the ex- 
plosive charge of the detonator is subject to uncertainty.    This directly af- 
fect« the efficiency calculation.    The use of larger quantitleB of secondary 
type «Kplooives with better known properties than the initiator type material» 
used in detonators will be of much value. 

How the efficiency factor will change for cones of higher amplica- 
tion is an important question.    This will determine the practical upper limit 
of amplification attainable from explosive driven conical shock tubes.    A 
two-dagrea cone with a theoretical &ratpli£lcatIon factor of 10, 000 io being 
denigned to explore this matter. 

POSSIBLE APP1-IGATI0M3 

Many applicatLens of this device appear worthy of coneideratian 
even at thie early stage of development.    Basically it provides a mesuaa of 
studying blast waves over their full range of presvures and a wide range of 
«htratloa« uainw relaHwJ.y smaiT tpisi-titiss sf explosive.    The ability to pro- 
vide üeld scale blast waves using oaly gram sized quantities of explosive 
offers a great etimulus. from an operating point of view, to develop the uae 
of such A device provided the objective of a program may be fulfillorf within 
the limitations of the blast cone.   The study of the reflection of spherical 
shocks from rigid boundaries is an example of a suitable cone problem. 

The aimulatlo» of vary large charge blasts using substantial 
quantities of explosive as the driving means has interestiug posnibilities. 
This would require tiee development of a suitable firing blocH technique as 
well as a very Ions ccsae. 

Where reduced ambient presourea or gaees other than air are of 
interest a« the propagating medium,  the axploaive driven cone would require 
only a fraction of the gas handling equipment required by large scale firing 
chamber facilities now being utted or plnnned.   Blast propagation atudies in 
cones cantsiniRg water or other liquids »earn feasible.    Underwater field 
oiserations are much more difficult than sir blast field work and the possible 
benefits of a laboratory operated blast ccme compared with sea-going opera- 
tiona appear great foi' suitable problem«. 

Fiaally, when the operating characteristics of th« blast eona have 
been more accurately determined, it could be used as a simplified means for 
direct blast wave calibration of piezoelectric gages. 



lt.  Cksvdoji Caäapb^U,  "initial 1?av« Pheuonieiia in a Weak Spherical 
BlAKt", 5"samaa o£ Applied Physic®,  Vol. 29, No.  1, pp 55-60, 
January 1958. 

W. msafcnsy. D. R. Wtdte, W. C, Grimth,  "MoawuTameate of 
mffraeticm »I Shock Waves and Rearulidrng Loading of Structujrei", 
Jeimal of Applisd Macfeamlc«, Vol. 17, Decenibor 1950, pp 439- 
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KINETICS OF HYDROGEN RECOMBINATION IN A 

CHEMICAL SHOCK TUBE* 

C.   V,   Metaler end W.  H.   Moberljr 
North American Aviation,   Inc. 

Rocketdyne Dlvl«ion 

INTRODUCTION 

The shock tube is one ot the most promising tools developed in. 
recent years for the study of high-tomperature gaa phase rsactione.    This 
tool ie particularly useful for the study of the kinatica o£ chcrnical reactions 
which take place at such  rapid rates that conventional experimental techniques 
are inadequate.    One advantage of the shock tube in reaction kinetics atudiee 
is  its  ability to bring a gas  sample to the desired high temperature and pres- 
sure conditions extremely rapidly.    Another advantage is that the reaction 
can be conducted under almost completely ho;T>og-jnaaus conditiono.    In addi- 
tion,   g«B temperatures can fa« produced which arc far in excess of those ob- 
tainable by convantional methods.     The very short duration of the high tem- 
perature pulse  results  in practically no interaction with the tube wail and the 
naceaaity of utilising  ultra-MKb temperaturp materials can be eliminated. 

iats of two chambers separated 
■ in filled with 3 gas at high 
i filled with a low pressure  gas 
separating the two chambers 

LO the low pressure chamber, 
generating a shock which travels down the  length ol the driven chamber. 

The  study of ^liemical kinetics  in a shock tube b'-gün with the 
work of Davidson and his  asnociates  at the  California institute of Technology 
on dissociation  reactions  (Reference  1  and  I).     In these  studies,   gases 
(Nj.0.,   I,) were dissociated by shock waves and the kinetics of the dissoci- 
atfona  wSve followed by optically observing the change of gas opacity with 
time.    Greene jBeference 3) and associates at Brown University and Penner 
and aoaocialos (Beforsnce 4) at the California Institute of Technology hav« 
also employed optical techniques for studying gaseous reactions immediately 
behind a shock front. 

However,  optical studies of chemical kinetics behind shock waves 
are not without difficulties.     In many cases the high reaction velocities which 
imply short duration of the kinetic phenomena and the low absorption and/or 
emission of the chemically reacting speciea pose data recording problems 
that seriously limit the application of such techniques.    Also some species 
such as hydrogen absorb only in the vacuum  ultraviolet region,   which would 
be very difficult to handle with a shock tube.    For these reasons the chemical 
shock tube was developed,   which permits sampling at the end of a test. 

This  work was  supported by the United States  Air Force Propulsion Laboratory 
Wright Air Development Center,   Air Research and Development Command 
under contract number AF33(616)-5551, 

The c >rivent onai shoe k tube cor 
by a diaphrs gm.    P rior tc a tost,  0 ne chamb 

-eaure[d H) ami the other chamber 
(driven or r eactant gas). When the diaphrag 
is ruptured, the dr ver gas  expandf rapidly 1 
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Chemical shock tubes differ from the conventional shock tubes 
by the addition of a vacuum chamber at the opposite end of the high pressure 
section from the driven chamber.    The vacuum chamber is separated from 
the high pressure chamber by a second burst diaphragm which is ruptured 
after theprimri-y diaphragm,  but before the expansion wave generated by 
the bursting of the first diaphragm has traveled through the driver chamber. 

A diagram of the chemical shock tube is shown in Figure 1. 
The function of the vacuum ch^jiger is to trap secondary reflected shock waves 
and to generate a very strong expansion or rarefaction wave,   which travels 
down the tube behind the incident shock, thereby cooling the reaction gas 
sample.    The cooling rate of an expansion wave generated by a vacuum tank 
is greate. than the cooling rate of the expansion wave in a conventional shock 
tube of the same geometry.    This produces a single high temperature puioe 
caused by the reflected shock. 

It is therefore possible to subject a sample of gas to a single 
high-tomper-Wure pulse of known temperature and duration. For the study 
of reactions which can be frozen by rapid cooling the progress of a reaction 
can be readily followed by sampling and analyzing the gas in the shock tube 
at the conclusion of each test. A series of tests utilizing variations in pulse 
time and temperature provide» sufficient data to study the kinetics of such 
a reaction. 

A typical wave diagram for a shock generated in a chemical 
shock tube is shown in Figure 1, 

DESCRIPTION OF APPAHATUS 

The shock tube built for this program was patterned after a 
chemical shock tube designed by the Cornell Aeronautical Laboratory,    The 
chemical shock tube was  utilized by Cornell to study the reaction: 

The results of this study (References 5 and 6) demonstrated the usefulness 
of the chemical Qhock tube as a tool for the study of high temperaSure reactioi: 

The shock tube was fabricated from 3-inch inside diameter, 
schedule 40 staiitiess steel pipe jointed together by flanges with 0-ring seals. 
The expanaion chamber was fabricated from schedule 10 stainless steel pipe 
and was 24 incheit in diameter and 48 inches long.    The driver and driven 
sections of the shock tube were hydrostated to 2000 psi and the expanaion 
chamber to 35 psi.    The entire tube was rail mounted on three separate move 
able trucks in order to simplify diBaeaembl/ of the tube for replacement of 
the diaphragms and for varying the tube length. 

Driver sectvun lengths 4,   6,   8,   and 10 feet long were used in the 
experiments.    Four sertions of 1,   Z,   i,   and 6 feet were used for the driven 
or reactant chamber ao that any length from 1 to 12 feet couM be used.    Ail 
tests conducted during this prcgram used the full length (12 feet) reactant 



chamber.    The flanged joints ol" the reactant sections were carefully baxed 
and fitted in order to make the  sections  interchangeable and to eliminate any 
rough spots that could cause reflected shock waves. 

CommerciaUy available prebulged stainleae  etee)  rupture discs 
(Black,  Sivalls and Bryson,   Inc.,   Kansas Ciiy,   Mo.) ware uied for the two 
burst diaphragms.     All of the tests were conducted with diaphragms rated 
at a burst pressure of 1000 pai.    The discs were ruptured at 900 psi by plung- 
ers to assure reproducibility of the driver pressure,   and to provide accurate 
coiUi'ol of the lime  delay between the rupture of the two diaphragms.     The 
plungers were timed to provide the necessary delay by means of an auxiliary 
shock tube.   The auxiliary shock tube consisted of a high pressure chamber 
separated by a diaphragm from two lines,   one going to each of the shock tube 
diaphragms.    The rupt'.ire of the auxiliary diaphragm generated a shock wave 
which traveled down each lube and drove plungers through the diaphragms. 
The time delay was provided by adjusting the lengths of the two lines leading 
to the plungers. 

The control valves  and gages for Che pneumatic  «ystem were 
mounted on a central control panel.    The pressures in each section of the 
shock cube were adjusted by mean? of Grove loaders mounted on the control 
panel.    Pressures above atmospheric were measured by accurate Heise gages, 
A Wallace and Tiernan absolute vacuum gage and a mercury manometer wer? 
used for vacuum measurements. 

Instrumentation was provided on the thock tube to make measure- 
ments of shock wave velocity,   shock pressure,  and delay time between the 
rupture of the primary and secondary diaphragms.    The shock wave velocity 
was  measured by two blast gages (Atlantic  Research Corp, ,   Alexandria,   Va, ) 
spaced 6 inches apart, , A microsecond timer (Derkely Division of Beckman 
Instruments,   Inc.)  was  started by the signal from the first gage and stopped 
by Che signal from the second.     A high response pressure transducers (SL.W 
gage,   marketed by Kistler instrument Co.,   North  Tonawanda,   New York) was 
used to obtain a pressure-time trace of Che passage of the incident and re- 
flecCed shock waves.     The pressure pulse was fed into an oscilloscope and 
recorded with a  Polaroid Land  Camera. 

CHEMICAL. KINETICS 

HT, is reasonably well estahjished at low preae 
asl.O + 0. 1 x 10l6cc 

2mole-'; uec.-1 , although 
a value closer to 1014(References 7,  8,   and 9). 

temper atu: 
has reported a 
reaction is expressed by the following equatic 

one investigator 
The dissociation 

H + H + M 



thermt^dytumuc equilibr: 
elated to the rec'i 

; • t^t,' 

t by the 

(3) 

The  rate of reaction (1)  'ß not known at high-temperaturea and high pressures. 
For other atom recombinstiona,   notably the reeombinatians of bromine and 
iodine,   thu rate constants analogous to   k,' decrease by a (actor of 10 to 100 
between room temperature and 2000°K (Roferenca 10).    The collision rate 
increases as   T1/^,    but the duration of the collision lifetime of the inter- 
mediate complex goes down with increasing temperature in a manner depend- 
ing on the Van der Waals attractions between the atom and the third body. 
Since the parameters for the latter procc ss   are not accurately known, one 
cannot predict whether   k,    incroasea, decreases,   or remains eoaentially 
constant with temperature.     For this reason,   measurcmentB in the shock tube 
were  undertaken to evaluate    k,     at as high a temperature as possible. 

The dissociation of hydrogen is difficult to study by either in-situ 
or sampling techniques. Optical in-situ methods, for instance, are not suit- 
able because of the low concentrstion of hydrogen atoms and the fact that the 
vacuum ultraviolet region would have to be employed. Dii-ect sampling me- 
tiiods cannot be used because of the recombination of atoms before and after 
sampling. Electron parsmsgneti'; resonance techniques are not feasible 
because of the high-temperature of the reaction zone. It was desirable there- 
fore, to find an additive to H., which would react at a known rate an 
known ntanner with   H   bul 
was   D,,    which forr 
reaction» (Hefere 

HD 
11): 

o? react directly with   H,.    The additive 
in the presence of atomiTby the well known 

The amount of HD formed in time t i 
i shown in the Appendix, Complete equilibr: 
xpressed by the over-all reaction: 

sure of the value 
isotopic exchange 

The equilibrium constant for this reaction is approximately 4 
and ia essentially independent of temperature above 800°K (Reference 11), 
Thus HD (HD after complete exchange) ran be evaluated for any initial 
mixture oT H, and D,. The ratio HD/HD characterizes the degree of 
reaction in the shock tube. Various degrees of reaction for constant time 
at high-temperatures are plotted in Figure 2 assurring the foliowing values 
for the rats of a s a o c i a t i o n of H atoms : kj' - 1016, 1015, and 
lö14cc2mole. -zsec,       .     The following parameters were used for plotting 



thsee curves:    a total pressure in the reaction zone of 700 pounds per square 
inch,   and a contact time of 5 millisecOndB,     A calculated curve for    HD 
formation as a function of time at one temperature is shown in Figure  3.     It 
is noted that even if   k.    varies by a factor of 100,  the transition from no 
exchange to complete exchange occurs over a fairly restricted range of 
temperature,   1200-JoOCTK,     By experimental   determination of the amount 
of exchange at various temperatures  in this  range,  values of   k,    can be 
evaluated by the shock tube method at different temperature.    The value 
thus obtained,   together with the known constant at room temperature,   should 
provide data for reliable extrapolation to higher temperatures. 

PBOCEDUBE 

Mixtures containing argon,  hydrogen,   and deuterium were pre- 
pared and allowed to remain for at least 24 hours  in order to insure unifortnity 
of reactanta.     The  reactant chamber was evacuated to about 30 microns and 
a sample added.     The amount of the sample was determined by measuring 
the pressure  in the  reactant chamber and utilising the perfect  gafl law. 

Conventional shock tube theory waa  utilized for the calculation 
Of the various conditions in the  shock tube during and after the passage of 
the incident and reflected waves.     The calculation of temperature involved 
using the Mach number,   calculated from the original pressure  ratio,   and 
applying the Bankine-Hugoniot normal shock relations (References  12 ^nd  13). 
These relations,  which are based on the principles of conservation of mass, 
momentum and energy, were also uiied to predict the pressure produced by 
the incident and reflected shocks.    The close agreement between the predicted 
initial pressures and those measured by the pressure pick-up served as a 
check on the temperature calculations. 

The  sampling procedure at the conclusion of a test was as  follows, 
a one cubic foot sample was taken to insure that the entire sample between the 
end of the  shock tube and the interface with the helium driver gas was removed; 
a second sample was taken to check whether the first sample removed all the 
reactant gases.     As will he discussed later,   it appears that this sampling 
procedure may have caused additional complications. 

The concentrations of hydrogen,   argon,   deuterium and hydrogen 
deuteride at the end of each run must be known.     Two methods of analysis 
were attempted.     The first analytical method investigated was gas chroma- 
tography.     It was found that by this method of argon,   hydrogen and deuterium 
could be determined; however,   the determination of hydrogen deuteride in the 
presence of hydrogen and deuterium was not poaaible. 

It was then necessary to investigate the  use of mass spectrometry 
for this  analysis.     The mass spectrometer was found to resolve the maasea 
of all the materials  in the sample,   in which deuterium and helium which arc 
both nominally mass four but actually differ slightly.     The mass spectrometer 
used for these analyses was a Consolidated Electrodynamics Corporation 
Mode! -21-103C. 



Blaat gages and a microtimcr  were also employed to determine 
directly the Mitch number; however,  thie method waa not   found   to   be 
sufficiently accurate or reliables 

RESULTS AND DISCUSSION 

Above 2000'K,   (Table  1) the experimental equilibrium constant 
for the over-all exchange reaction (6), baaed on the final concentration of 
H2,  Dj   and   HD,   was not four but was found to be between two and three. 
If all the   H2   and   Dg    had been aubjec-ed to these temperatures for the  ob- 
served time (1.82  X 103 sec),   these results would be thermodynamically and 
Wnetically innposaible.    A reasonable explanation appears to be that some 
mixing of hydrogen and deuteri-jm with helium occurred at the interface as 
the membrane was broken,    Emrich and Wheeler have actually reported the 
occurrence of such miicing in shock tubea (Reference  14).    The contact sur- 
face between the cold helium and the hot reactant gaae» was thus  ragged, and 
a considerable fractioi! of the hydrogen and deuterium was never heated at 
all.    In sampling these high-tempevature  runs,   large  aamples were taken and 
sufficient time was allowed to attain sample uniformity.    This turned out to 
be a disadvantage,   as it permitted the unheated portion to enter the sample 

Another possibility that should be considered in high temperature 
operation is that the  rate of cooling may not be fast enough to   prevent  re- 
versal of the reaction and approach to the equilibrium composition of lower 
temperatures.     It was computed that below 1500''K,   the reaction should be 
frozen; but that above this temperature,  a shift in the composition occurs 
during the cooling period.    This was also verified by experiment. 

Between  lOOO-lSSCK several runs were  made with fast sampling; 
a second  sample was takev: after waiting,   so that the  second sample of this 
series iH comparable to the first sample in the high temperature  series.    As 
can be  seen in Table  1 there was a large difference in apparent exchange be- 
tween the first sample and the  second sample.    Several "first samples"  were 
obtained with less than 10% helium.     The  second  samples in these cases con- 
tained three to four times as much helium as the first.    It maybe expected, 
therefore,   that the conversions found in the first samples are more repre- 
sentative of the condition of the  shock tube.     The first samples may not have 
been completely free from the difficulties caused by a ragged contact surface; 
however,   since  some helium was present.    Subsequent runs were made  with 
even faster  sampling and samples free  of helium were obtained.     This indi- 
cates that sampling fast enough to eliminate the effect of the ragged interface 

From the theoretical curve relating conversion to temperature 

(assuming a constant   k,'   of 1016),    it is seen that the ratio of j|£-    is SK- 

tremely sensitive to temperature above  IZOO'K; for instance,    this    ratio 
increases from 0. 3 u 0. 8 over only a b0° temperature range.      Since 
the experimental error in calculating the temperature for the shock tube ex- 
periments is of the order of +15° ,   the lack of precision may be largely due to 
inaccuracies in temperature determinations.     This difficulty can be resolved 

,,vv;,.;;,v..-, ■ 



hy metuurlnji the Mach ntmiber of the shock wav« with vairy pr«ciea blASt 
gaga«,  which have only recently become «veil&ble, and by opei'fttlag below 
i20C*K where convaraion io leBB eenaltive to minor temperature varlatloaa. 

There aJeo appeare to b« another difficulty which le particularly 
appareat In the low temperature runde    The degree of exchange was appreci- 
able In all the rune; It wae over 40% even at 1000*K.    This eituation may be 
brought about by trace« of oxygen {maos spectrometer readiiißsan Isitlol 
raactast samples Indicate about 0. 15% oxygen relative to about SO to 60% 
H-   and   D,).    The initial reaction of oxygen would be: 

H2 + 02    &.   H02 + H 

followed by reactions (4) and (5), Such a sequence of reactions would account 
for the fact that no value for |2j- was leae than 0. 35, Since the kinstica of 
the hydrogen-nxygen reaction ie Sot well known, it does not appear poanibla 
to draw any qualitative conclusions from the data about the effect of oxygen. 
The shock tube vacuum system has been redesigned to yield vacua of 3 K 10-3 
mm Mg ( previously 1. 5 x 10"2 mm Mg). It is believed that further Improve- 
ments can be made. 

This investigation baa shown that the kinetics of hydrogen atom 
recombination can be studied in the chemical shock tube using the hydrogsa- 
deuterium exchange method.   A mass spectrometer analysis technique has 
been developed which resolves the peaks of all the reactaats and products 
including deuterium and helium.    A fast sampling technique was worked out 
which eliminates products from the "ragged" interface section of the reactant 
chamber.    Small amounts of oxygen have been found to affect the exchange 
reagtlou and therefore it is necessary to eliminate'traces of air from the 
shock tube and mixing systems, 
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APPENDIX 

DERIVATION OS' INTEGRATED RATE EQUATION 

Reaction Mechanisma: 

(1) M + H2 S _*.   2 H * M 

(2)  M + 2H kl/K ^.  H2 + M 

(3) M-KD2i 
kl ^2U + M 

(4) M + 2D kl/K -^   -D2 +  M 

(5) H + D2 _ k2 HD + D 

(6) D + H2^ k2 __^ HD + H 

(7) D + HD_ 1/2 k2 D. + H 

(8) H + HD 1/2 k2 _^   H2 + D 

(9) M + HD kl ^^  H + D +  M 

(10) M + H + D       kl/K HD + M 

can be any of the atoms or  molecules present. 

The above r ate conata nta are based on the asBumptio 
ts are negligj ble and that the rate constant for forwarc 

! twice that for backward exchange.1,2 

Calculation for (H) 

From the above mechanisma the  rate of formation of hydrogen 
toms  can bo expressed by: 

(1) ~^-= 2 kj tM)(Hz)  - 2kl/K tM){H)Z + ^(MHHDrS/K(MHHHD} 

+ k2(D)(H2) - k2(H)(D2) + 1/2 k2 {D){HD) = 1/2 k2 (H)<HD) 

al of Lhe National Bureau of 

"Boato,   Careri.  et ai; Journal of Chemical Physics.   Vol.  24,   No. 4, 
783-791,   April 1956. 



It ia aoauined that 

SSL - (H2''' - oc 

Thia ir approximatelytrue since  (atama) « (mftleculea).    Equatian (11) can 
then be simplified to: 

£gä. = kjfM) j 2£H2) + (HD)j -k1/K (M){H)2 {2 + 1/a) (12) 

Since   (H2) + U^a - 1/2 (HD) Equati0n(12) can be expressed -is: 

^S)= Zkj (Ml(H2)o - k1/K(M){H)2 (2 + I/«) (13) 

Sepai-ation of variables yields; 

d(H) / d(H) (14) 

Integration gives: 

(H) = (A/B)1''2 tanh <AB)lj'2 t (15) 

where 
A = 2 kj (M)(H2)0 B = k1/K (M)(2 + l/ffi) 

C. Calculation for (HP) 

The rate of formation of hydrogen deuteride can be expreeaed by: 

^gÜ = k2 (D2){H) + k2(H2)(D)   - 1/2 k2 (HD)(D) - 1/2K2 {HD)(H) 

- kj (M)(HD) + k1/K (M){H)(D) (16) 

Assume: 

jkj  (M)(HD)|      and        ^/K (M)[K){D)| 

are negligible because   k   ,   (H).   and   (D),    are vary small under shock tube 
conditions.    Substituting   the value of   (H)   given in Eq. (15) yields: 

ii|S). = k2 (A/B)1/2 jtanh(AB)1/2 t|    J2(P2)0 - (1+ l/a:)(HD)| (1?) 

SBHBSSiiiiHS 



Separation of variables givne: 
MUD) 

d(HD) 

■/ 
k2 (A/BJ*" tanh (AB)* 

Integration yield 

2(H 

^ 1  i^rriis172!^; where N = k. ,(1 + 1/«I     (l1)) (HO) ■ 

SubstiHition for   A, 

2(H2)[j(D2)o 

(HD)= jM^ + d,^^ ■ k, KJIH,). MBjl^ 

r , wwklfiA+PJ^ 
["•"■««»^^^^„HD.iJlj (2o) ■ 

Since the value of   (HD)    can be determined experimentally,  and the initial 
concentrationfi,   equilibrium constant,  exchange reaction constant, and re- 
action time are known,  the value of   h.,    the dioaoci»tion rate constant can 
be calculated by an iteration technique.     The value of   k.',  the recombination 
rate constant,  can be calculated from the relation   k,' = «,,(,. 

k Appropriate rate constant 

K Appropriate equilibrium constant 

(     ) Concentration^ ram-molea/cc) 

(   ) Initial concentration (gra-m-molea/cc) 

t time (seconds) 
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MEASUREMENT OF   02   CONCENTRATION BEHIND SHOCK WAVES 
USING AN ULTRAVIOLET ABSORPTION TECHNIQUE 

John S. Evans and Charles J. Schesmayder 
NASA Laagley Research Center 

In connection with etudies of the effect of diaeociation on gas 
properties sna of the relaxation time for dlaaociation under variouo flight 
conditions, a methoj has been devs'oped by the Langley Reeearch Center 
fur nnaaeuring the conceutratian cf molecular oxygen aa a function of time 
behind shock waves.    The technique is based on the ability of the oxygen 
molecule to absorb ultraviolet light in the wavelength range 1,250 to 1,750 
ajigatrom units, whereaa atomic oxygen ia transparent to these wa'/elengthB. 
Work very similar to this has also been reported by tha Avco Reanarch 
Laboratory. 

Ths main objectivea of this paper are to Jeacribe the method and 
the equipment. It starts with a brief discuaaion of what is meant by abnorp- 
tinn and in particular what aort of absorption occurs in oxygen - that ia, how 
strong is the abaorption of light in Oxygen and how does the absorption coef- 
ficient vary with tömperatiire and wavelength. A description of the shock tube 
and the instrumentation follows. Also a typical record is shown and in cor- 
related with th-aoretlcal curve» which show how light absorption should vary 
in the shock tube for various reasonable assumptions about the state of the 
gas behind a shock wave. 

For the benefit of anyone who would like to be reminded of just 
what ia meant by the term "absorption". Figure 1 shows the equation for 
absorption of monochromatic light in pagair.g through a given thicknsB? of 
gas.    I/Ip   is ttie fraction of light which passea through the gas layer without 
being absorbed.    Ths absorption coftfficient   k   vanes with temperature and 
the wavalength of light.   Since it is defined in terms of gas at standat'o tern- 
peratwra and preooure an equivalent path length   (?' is used in the equation 
inatfead of the actual path length   jt.    This equivalent path length ia obtained 
by converting test conditions to atandard conclitions. 

Figure 2 showe the absorption coefficient of molecular oxygen as 
a function of wavelength and temperature in the region  of interest.    It is the 
continuous abaojption aasociatei? with the Schumann-Rungc band system of 
oxygen and lies in the vacuum ultraviolet part of the spectrum - which,   in- 
cidentally,   is so named because apectrographa have to be highly evacuated 
to prevent complete abaorption of all light by ths OKygen present in the air. 
These absorption coefficient curves ars calculatec! raoulta obtained at the 
Langley Research Canter,    They are adjustsd aii as t" match experimentally 
obaerved values which have been reporter' ir- the litczatin1*,    tJiiicc: ö,U the 
literature data were taken at room temperature it will be interesting to check 
the high temperature curves experimentally with the shock-tube results.    Thia 
can be done if conditions behind the shock fror.t are known independently.    For 
instance,   if the  ahock Mach number is not too high little or no dissociation is 
present immediately behind the shock front and the other degrees of freedom, 



Buch as tranalation. vibration, and rotation, are in «quilifarium.     Thus tem- 
perature,  density, and gae composition are known - leaving only the abeorp- 
tion coefficient to be determined from meaaurement ofthe change in tran« 
mltted light.    Preliminary examination of the data in hand from this poini of 
view has thus far proved satisfactory.    Investigation of the temperature de- 
pendence of the abHOrption coefficient by this means will be continued. 

Figure 3 shows a block diagram of the experimental setup used. 
Ultraviolet light from a pulsed hydrogen discharge tube passes through a 1-inch 
absorption path and a grating monochromator before it falls on a photomulti- 
plier sensitized for ultraviolet light with sodium salicyiate.    Because of the 
oxygen present in air all light paths are in vacuum.    The bandpass width of 
the msnochromator is about 11 angstroms.    A Polaroid L>and camera is used 
to photograph the trace on a Tektronix 545 oscilloscope.    The time resolution 
of the system ia determined by the time required for the shock wave to cross 
the light beam and is approidnrately one-third of a microsecond,    lonization 
probes located 5 inches in front of a 5 inches behind the test section are used 
for the shock velocity measurements and to trigger the light source and scope 

Two of the many discharge tube configurations which have been 
tried are shown in Figure 4.   Since development work an the light source is still 
being carried on a general discussion of features common to all types tried 
will be given.   The discharge takes place in flowing hydrogen at ab out 1 to 2 mm 
pressure.    There is no window between the discharge and the lithium fluoride 
■hock-tube window.   Care is taken to insure the cleanliness at the glass and metal 
curfacca exposed to the discharge, but no elaborate outgassing procedures are 
used.    The current pulse is of the order of 2,000 amperes and is obtained from 
an artificial transtnlssion line made up of 20 condensers and 20 coils.    The use 
of an artificial transmission line for energy storage gives the light pulse a long 
duration and aflat top.    A hesvy duty hydrogen thyratron is used to hold off the 
discharge until a triggering pulse is received from the shock tube. 

The shock tube used {see Figure 5) has been doocribed in the 
Journal Aeronautical Sciences (August 1958 issue) by Schexnayder.    It is a 
double diaphragm type with a 16 to 1 area contraction just before the second 
diaphragm.    The buffer rhamber ia filled with helium and the high pressure 
chamber is filled with bBiium or hydrogen-helium mixtures,  depending on the 
Mach number desired.     The high-pressure diaphragms are  1/16-inch scribed 
steel plates.     The low-pressure diaphragms are Mylar film.     The high- 
preasure diaphragm ia broken by pressure.    The low-pressure diaphragm is 
broken by the reflection of the primary shock wave at the contraction.    The 
pressure In the 1-iach-dlameter portion of the shock tube la always deter- 
mined by this partial pressure of   Og   necessary to give a convenient amount 
of ultraviolet light absorption.    For pure   O,   this pressure is about 0. 3 mm 
and for a 10 per cent   O?    in argon mixture is about 3 mm.     The low-pressure 
section is always pumped to 20 microns before filling and is raised to the 
desired iniUK-'. pressure by admitting the gas mixture through a leak valve 
wMt« confiauing the pumping.      'hus  the runs arc taken im a slowly flowing 

Avco's studies show    that, while this statement is true for oxygen,  it is not 
true in air.    The time required for vibrational equilibrium in ni. .ogen la of 
the same order of magnitude as the diasociatioii rime of   Og,    (Avc J Research 
Report 22). 



tnixture. The effects of reaidual vapor preseures and snnall air lca.ks are 
Tninimized by this procedure. The leak rale of the shock tube when closed 
off from the pump is 1 or 2 microns per minute. 

Figure 6 illustrates a typical record obtained from a ahock-tube 
run.    The shape of the ultraviolet light pulse used as background for absorp- 
tion is indicated by the dotted line.    The suddeo decrease in light intensity as 
the shuck enters the absorption beam indicates that the amount of molecular 
oxygen in the path has increased.    This is becKuse of the  increase Ingas 
density across the shock front.    The further decrease in light intensity shows 
that the amount of molecular oxygen increases still more as the dissociation 
proceeds.    The useful part of the record is terminated by the arrival of the 
drivar gas.    It may seem paradoxical that the amount  of molecular oxygen 
In the path should increase as a result of the diasoäiatloa of molecule* into 
atoms.    To make clear what happens look at the equation for absorption, 
which can lit written like this: 

j - Constant (1 -Of) fcj. ~C- 

l/l0   is the fraction of light which gets through the shock tube without being 
absorbed.    The degree of dissociation is indicated by cr.     The absorption 
coefficient is not a function of wavelength during a run because the mono- 
chromator is set at a fixed wavelength, but it is written in the equation as   k-|> 
to indicate its temperature dependence.    The density ratio across the shock 
wave is   Pi fi'^.    Immediately behind the shock wave   Of - 0   and   1 - oC   =1. 
The density increase has a larger effect than the change in the value of   kj. 
Thus, as has already been stated, the increase in absorption t>Dted when the 
shock front passes is primarily due to the density increase.    In the relaxation 
zone behind the shock front the degree of dissociation is not zerobutincreases 
with distance from the shack front.    The temperature falls as the dissociating 
molecules take up thermal energy, aiid the density ratio   PI fi\   becomes 
larger.    Under the conditions present for the record illustrated the deneity 
increase overpowers the other factors and causes increased light absorption 
even though the gas is dissociating.    Note, however, that the density increase 
is not always predominant.    Records are often obtained which show decreps- 
ing absorption as dissociation proceeds.    Behind very strong shock waves the 
temperature is high enough to produce complete dissociation.     In  th: ■;   case 
OC —*- 1,   1 - of   —»0,    and -j- —» e    =1,    Thus,   there is no absorption of light 
at all when the oxygen molecules are all dissociated. 

Some of these con aide rations are illustrated in Figure 7,   which 
shows per cent transmission of light as a function of Mach number for vari- 
ous assumptions about the state of the gas.    The horizontal line at the top 
marked "Initial" represents the amount of light being transmitted before the 
shock wave passes.   The curve marked "Constant y" at ihe bottom represents 
the amount ai light transmitted after the shock passes If it is assumed that vi- 
bration and diaaociation are both frozen.    The "FrozenDiasociation" curv«; 
represents the amount of light transmitted if only the dissociation is frozen. 



while vibration la sseumed to be iv. equiiibrmm.    The curve marked "Equi- 
librium" representa the amount of light transmitted when both dissociation 
and vibr&tdon are in equilibrium.    For x given shock wave the per cent trans- 
rolnaloit at first lies on the "Initial" curvfii drops to the "Flözen Dleaociation" 
curve immediately behind the shock front and adjuata to the "Equilibrium" 
curve in the relaxation region.   Note that this final adjustment may be in 
either direction - depomllng on the relative paaition of the two curves at the 
Mach number in questloa.   Also note that for high M»ch number the "Equi- 
librism" curve goes to 100 per cent transmission - indicating complete dis- 
sociation ot the oxygen. 

Figure 8 ahowe a plot like ths one in Figure 7, but this time it Is 
for a particular gas - namely pure oxygen at an initial preasure of 0. 3 mm. 
The notation is the same as before.    Experimental points are plotted on thia 
figure for the gas in front of the shock, immedlaieXy behind the shock and at 
the end of the available testing time.    These points agree fairly well with the 
theoreticaX curves, but better agreament ia hoped for a» the technique and 
equipment improve.    The theoretical curves depend on calculated values of 
the absorptior. coefficient and may need revision if better value» of the ab- 
sorption coefficient are found. 

It is evioeut that the reLaxatlon time for □) ssoclatton of oxygen 
under candittan actually present in the ohock tube can be read directly from 
the records.    The reaction rate for dissociation can also be evaluated from 
the records, but a rathar careful analysis is necessary.   The records we 
have are being analysed to obtain the reaction rate.    To date the results are 
preliminary and a bit rough.   However, they are in substantial agreement 
with those published by Avco. 

Summarising quickly, an ultraviolet absorption technique tuis 
b.een tented asd found suitable for studies of procesees which involve rapid 
changes in the concentration of molecular oxygen.    In particular. It has been 
applied to the study of the dissociation of molecular oxygen into atomic oxygen 
behind a shock wave.    The time resolution is good - being about one-third of 
m mlcroaecOTid far the equipment deecribed. 
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DIFFUSION EFFECTS ON SHOCK STRUCTURE IN A PLASMA 

O.   W.  Greenbcrg anH H.   K.  Sen 
Air Force Cambridge Reaearch Center 

Bedford,   Maseachusette 

Y.   M.   Treve 
Block AsHociateG,  Inc. 

Cambridge,   Massachusetts 

ABSTRACT 

öiffusion effects on the structure of a steady, plane shock in a 
proton-electron plasma have been etudied using a   simplified,   twu-fluid 
hydrodynamic model in which diffusion is the only shock broadening mecha- 
nism.    Charge separations occur inside the shock because of the mass dif- 
ference between protons and electrons.     The shock is  ahown to have electric 
field and dsasity oscillations as a function ot* distance through the shock. 
The peak electric fields are large; the peak electric field inside a weak shock 
of Mach 1,17 reaches 41,700 volte/cm for typical quiescent plasma condi- 
tions.    The distance in which electric field changes occur ia of the order of 
the Debye length of the quiescent plasms.     The present work ia limited to 
shocks of Mach number less than 2. 

I. THE MODEL AND THE EQUATIONS 

A, Simplified Two Fluid Model of the Shock 

The model of a elidck in a totally ionized   medium   considered 
here ia an extension of a model considered by Guwlingl in  which   the only 
diasipative mecha-nism broadening the shock is the relative diffusion between 
two different species.    Following Cowling,   we aaeume that the  temperatures 
of the two species are equal at each point in the  shock profile and that    the 
mean freepath,    Ä,   for collisions which damp diffusion is constant   through 
the nliock.2    Our extension of Cowling's model consists in allowing  the    two 
components to carry charges    e   and    -e,     where    e   ia the magnitude of the 
protonic charge.     We will carry through the  diBcuasion for a fully ionised 
proton-electron plasma,  and will neglect the  ratio of the electron mass 
to the proton mass,     trip,    in comparison to  1,   throughout.     The extensi 
this work to a system in which the components carry charges    Zj    e   and 
-ZgS    and both masses are comparable,   is straightforward.    We will aaaum 
that the proton and electron gases obey the ideal gas law,  and that both gase 
have the specific heat ratio 5/3, 

OF 

Two effects occur becai 
electric fields are generated becaui 
wave, and aecoad]y the shock ,-;arri 
field does not vanish at the end poir 

se of th<ä charges in the plasma: first, 
■■. of charge separation inside the shock 
s a current in the case that the electric 



electric field pr: 
; cif this paper ie to consider c 
i in a shock wave in a plasma; 
n aa the shock broadening mcchaiii 

fled discussion öf the shock. The effect of the macroscop 
taken into account exactly in this work, rather than being 
shock atruct'ire has been determined. 

i separation and 
for thi» reason tha,t 
im for thia simpli- 
c electric  field is 
lEtimated after the 

Dafinitic no Kinematical Relations 

In thia aubsection we define the variables whi 
the paper, and derive useful kinematical relations betwee 
comparison with Cowling, we use his hydrodynamic varia 
make this work eelf-cpntained we repeat the definitions o 

We  consider a steady,   plane shock in the frar 
which the coordinate axis moves with the shock front velo 
positive direction of   x   point toward the dense region beh 
superscripts    '   and   "   refeir tt. the limits as   x—»■ - oo 
front of1' and  "behind" the shock)  respectiveäy.     The nub 
refer to the protons and electrons respectively. 

> be the flo' 

h we will use in 
i them.    For easy 
>lesi however,   Jo 
these variables. 

:ity.    We let the 
nd the shock.    The 
id   x->+ c» ("in 
ripta   p   and   e 

to be the mean Cow velocity. The number densities of 
ponenta are n-,, ne, and the total number density is n 
tional concantfation of protons is f = rip/n. The mass 
p = m^np+ m0neiei nLn.,. The specific Volume v is fl' 
per uftit area per unft time is M =,011. The hydroatatit 
electric field strength is E. Finally the net charge de: 
and the current carried by the shock is   J - (npUp-ne^e' 

From the definitions of   p  and    f. 

r\J 

= up + ne.     The frac- 
->iBity nf the nuid is 

The mass fltuc 
■easure is    p.    The 
ty is   q = (np-ne)e. 

(Za) 

(Zb) 

Using the defiriitia-ns of   M,    J   and equations (Za,  b), 

u     = Mv, 



C. Boundary Conditions 

We require that our shock model be steady (time independent), 
on« dlrnenaional (all variable quantities depend an   x    only),  and uniform at 
large distances Cram the transition region (gradients of hydrodynamic vari- 
ables and of the electric charge density and field vanish in front of and behind 
the shock).    Theae conditians, foi' the hydradynamic variables, are quite 
familiar.    We add the remark that if no approximationa are made,   these con- 
ditions imply that the charge rfeneity and electric field vanish at both ends, 
and that the total current (which is conserved} vanishes throughout the shock. 
Hcwever, when the Joule heat can be neglected,   the shock can carry a cur- 
ror.Lt,  cud then the electric field cannot vanish at either end,  but -- together 
with the pressure and density — obeys a set of extended Hankine-Hugoniot 
relations.     The demonstration of theee atatemeiits will be given below. 

D, Shock Structure Equations 

In order to verify the remarks above concerning the boundary 
conditions on the electrical quantities, we will write the equations to include 
the possibility of charges,  currents, and fields at the eadpoint».    We will 
make free use of the formulas in subsection 1(B) and of standard formulas 
for the transfer properties of a two fluid system, ^   With the continuity equa- 
tions for each species taker, into account,   the shock structure equations for 

«del a 

(4) 

(5) 

1    dp 1        df   ,  ell -flEl 
% & - Trrrfr ^+ ^rTpVj* - 

(6) 

(7) 
P   - 

where   ?pj = ^^-sr M   io the Mach number of the shock.     Equations (4)  through 
(7) a.Ts the equations for momentum transfer,   energy transfer,   relative dif- 
fusion of the, two species,  and Poiscon'B equation respectively.    The terms 
in   q,;,   in equations (4) and (7) allow for a non-vamahing charge density at 
either end.    The fact that the charge density must be the same at the front 
and the back follows from the uniformity requirement on equation (7).    The 
terms in   J    in equations (5) and (6} allow the  shock to carry a non-vanishing 

E. Charges and Currents at the Ends of the Shock 

We now show that   q0    must vanish.     The uniformity requirement 



jrr (8) 

where T is the inverae comprCBBion ratio of the shock.    The only »oluticnao 
of (8S which allow ?=£  1   are   £' = f" s 1/2, »nd   £•=££".    The first pooBibiUty 
implies   q0 = 0, and,    e.e will be shown below, is the only admissible aolu- 
tion.    The oocond posaibilily forces   q0 ^t 0,    and from the uniCormity re- 
quiremeut on (4) requires   E' = E" = 0.    We now ohaw that   B' - E" = 0   is 
inconsiatent with   q0 ¥■ C   and thus eliminate thin second poaaibility.    If 
E' = E" = 0,  the uniformity requirement on (6) yields 

:^^7;-ii=M£-a.g^ü (9) 

The only solution of (9) ia f 
the second pooeibllity above, 
(4) and (7>; and equation (4) t 

which impliea   q0 = 0,  and thus removes 
can now drop the terms in   qa   in equations 

s integrated once to give 

p + Mv-^.A, 

is a constant detci mined by the boundary conditions. 

W« now discuss the possibility of the shock carrying a t 
mity requirements on, equations (5) and (6) are 

si). 
«10. 

;pv» 

is the electrical conductivity at either end,    Tbc only solution of (10) and (11) 
is   E* = E" = J = 0,  and thus shock«    which arc exactly uniform at the end- 
points cannot carry a current, and must have vanishing electric fields at 
both ends.   However, we note that there are conditions in a plasma in which 
the Joule heat £J is small.    If we neglect the term   EJ,    then it is possible 
for the shock to carry a current.4   In this case, the electric field at the end 
points will sot vaaish but will be related 
is another way of writing Ohm's Law.    We 
to get 

M3 v2 J **-£- t 5 Mp v f - 5 m    p v £ ^ 

the rent by equation (11),  which 
ntegrate equation (5) once 

ass««-? 



where B is a constant delermined fay the boundary conditions. Equat 
(4'), (5'}, (6) and (7) are the shock BtmcCure equations which determii 
apace variation!! of preaav-e. specific volume, cotnpositioB, and elec 
field for this model. 

Extended Ranking-Hugoi t Condit 

When the shock can carry a current,  the boundary cunditiona on 
the electric field are coupled to the boundary conditions  on the hydrodynamic 
variables through a net of extended Rankine-Hugoniot relations.    There are 
different ways of writing these Rankine-Hugoniot conditions,   depending on 
which variables are specified and which are then derived from the conditions 
One way to write the conditions is to choose the parametera.   M,  J ae well as 
the qui.iacent hydrodynatnic variables    p',   v'.    Then equations (4'),  (5') and 
{b),  each taken at both endpointa,   give six equatio 
quantities    p",   v",   E'.  E",  A,  B.     These equatioj 

i for the i 

v(l2 + TtM " 

where each of   (12),   (13) and (14)  i 
double primed sets of variables, 

G. Dimensionleas Shock Stri 

For further analysie of the eh 
venient to vrite them in dimensionles 
is concerned only with shocks which c 
dimeneionlesc shock structure equatii 

The dimensionlesa equations are: 

7^+ 0    -£2 = a =|(i +r) 

02 + JO^h fl = 2b = 47" 

g sit 

(12) 

(13) 

(14) 

to be taken for bath th? primed and 

forn 

WVÄr 4     d?r      « 

structure equations it is con 
The remainder of this pape: 

current; we write down the 
hie case only. 

I«) 

(Ml 

v-m. 
(6d) 

V3Ö    1     A     2 h- I 

■TM . -ÖpL. , 0 (,) : 



The relevant lengths in the problem are    ^ , the mean free path 
for proton-electron coltisione,  and ^Q.  the Deby« ahielding length.      The 
ratio of these lengths,  >i/hn-   characterizeB the static p r ope rti e «  of the 
plaoma in front of tht  shock.5   The Mach number,    777.    given   the   shock 
strength and io related to the inverse compression ratio, ?" by 

m : 4'f'^r (15) 

- A, ContlnuouB Solutions 

The shock structura equations (I. 4d) through (I. 7d) are equi- 
valent to a pair of first order, uon-linear equations in the reduced specific 
volume,   9,  and electric field.   £ : 

T(2h-l)(Zb-02)+'yi£X£l[9 02-2b]"1^gJ(o,€).   (i) 

d£   _  VJO     1      *     2h - 1   - n  , fl   £ i 

lO0(a -9.+£   ) 

This subsection .mmmarizea the phase plane analysis of equations {1) arid (?.). 
The details of this analysis are given in the appendix.    The phase plane"   in 

fl , E   iu shown in Figure 1 - in which are illustrated those isoclines of zero 
and infinite slope of 

df       g2(».£) 
-_»— = .-r- —-       that are important for the physical results. 

9        Bjl fytC)       xbere are two singular points of importance, 
the points   F   and   B,    which correspond to 

the front and back of the shock respectively.    The point   F   is always a saddle 
point; for ^/AQ   finite,  the point   E   is either a focus or a node for the shocks 
of low Mach number which we will consider in this paper.20   The critical 
value at which   B   changes from focua to node ia 

ty*.: ~TS i 

wher» foci occ.i 

can be shown ( 

tn1 (-7 In1 t 27) 

and nodea for   -p- < 
*r> 

solution curves {^ 
Appendix) that there a 

9 = 0(a)   and   t =t (z) 
the points   F   and   B,    and along which the distance parameter 



varies from  mimiB to pluc infinity.     These  BolutiotiB give the values ot' the 
apecific volume and electric field inside the shock transition.    Typical (ocal 
and nodal eolutione are nhown in the phase plane in Figure 2, and in space in 
Figures 3a,   b,.    The node-focue condition is plotted in Figure 4. 

The oscillatory (focal) solutions occur when there ia little cliesi- 
pation (large A/^JJ); while the damped (nodal) BOlutions occur when there is 
a large amount ofdiBsipation (small, .V^Q).    These oscillations in electric 
field as a function of distance through the shock wave are roughly analogous 
to the OHcillations of the current as a function of time in a discharging R-C 
circuit.    In the latter case,   oecillationa also occur when there is little dissi- 
pation (large   C/R), and damped solutions occur when there is a large amount 
of dissipation (small   C/R). 2D   Note that for this shock wave in a plasma,  the 
density always avarehoote the final Rankine-Hugoniot condition density in back 
of the shock.    The non-mono tonic density transition in this shock differs from 
the monotonic one which occurs in a shock in a single component, neutral gas.'' 

B. Discontinuous Solutions 

The present model of a shock broadened only by diffusion (or.  equi- 
valentiy, broadened only by a finite conductivity) does not allow a continuous 
shock transition for all Mach numbers.    This feature is shared by Cowling'ii 
model of a neutral,  diffusion-broadened shock.1   Mathematically, the discon- 
tinuity in the shock transition is associated with the critical line in the phase 
plane jsee figure I).    The families of solution trajectories on opposite side? 
of the critical line either both point towards the critical line,  or both point 
away from it; thus a solution which reaches the critical line cannot crCide this 
line, and must suffer a discontinuity.8   The physical reason for the occurrence 
of discontinuous aolutions is the neglect of some of the dissipative mechaniBma, 
Solutions which have a discontinuity also occur, abo'-e some Mach number, in 
the classical theory of neutral shocks when only the Lhermal conductivity is 
included as a broadening mechanism.^   In this clasuical caae, inclusion of the 
dissipation due to viscosity allows a solution which is  everywhere continuous 
for all Mach numbers.    We expect that inclusion of viscous dissipation in the 
present model will have the same effect.     In the present paper,   we only diB- 
CUBB the continuous (weak) shock transitions^   Vfe defer the stronger shocks to 
a later work in which viscosity will be included.    The Mach number,  Ä5,  above 
which discontinuous solutions occur, as ä function of h/Ajj,  has been found 
numerically using a 650 IBM machine.    The reault is shown in Figure 5, which 
indicate« that for values of  VAQ > 50,   such as are found in a hydrogen plasma 
under most conditions, the solutions are continuous up to Mach number 1. 169, 
and have a discontinuity at some point inside the shock for greater Mach 
uumbem. 

in.       IWTEGRATION OF THE SHOCK STRUCTURE EQUATIONS 

A. Method of Integration 

The simultaneous equations (II. 1,   U.Z), have been integrated 
numerically using a 65C IBM machine.    An outline of the method of solution 
follows.     The solution is uniquely determined at the front,  i. e.  at the point 
F;(1.0).    However,   it is not possible to start the integration of the equations 



{II. I, 11,2) from F,  since at F the parameter z = ~i».   However, the equation 

-jm-= -r-ra   g\    can bo into grated in the phase plane starling from   F   to äeter- 
Bl'   '    '    mine a aingle point G away from F.    This point   G   waa found 

vsi'y accurately,  (to accuracy of lO-5 or 10-6).    The integration of (11.1,11.2) 
wan »tarted at   C   with the value   z = 0   arbitrarily assigned to   G.    The Runge- 
KuttR mothnd was used for the integration.    The integration was carried out 
so that the computod values of   9   and   £ are accurate to at least 1%. 

B, Numerical Reaultß 

A series of 18 continuous solutions of the equations was found 
numerically.   Six values of ^Mn varying by four powers of 10 were used.i10) 
and at each value of ^MD   

the integration was performed for   three   Mach 
numbers.    The results are shown in Tables 1, 2, and 3.   Table 1 shov/a whether 
the solutions are foci or nodes,  and gives the ratio of the maximum electric 
field energy density to the pressure at that point in the shock,  and the ftiaxi- 
mum fractional electron concentration.    Table 2 gives the ratios of the half 
widths A« and Ä g   of the single oacillatione in £   and  9  to the mean free 
path and Debye length for the focal solutions,   and gives the ig    raüos and the 
ratioe of the hydrodynamic shock thickness Sg (in place of those of Ap) for 
the nodal solutions.    These widths are illustrated in Figure 6.    Table 3 gives 
the maximum magnitude of the electric field strength in volts/cm, and the 
maximum net charge density (charge separation) for typical conditions of the 
quiescent plasma. 

C. General Features of the Shock Structure 

The results of the numerical integrations indicate aome general 
features for the shock structure.    The ratio   Ej^jj/Brrp   for fixed  X /Aß, 
varies rapidly with TTJ*   StartingfromaerD for 

S' 
J7I= 1, ■■■g^~    reaches the value O.D04  even for weak shocks of 7»? = 1.169. 

p      For typical plasma conditions,  these electric fields are very 
large, even for these weak shocks.    As indicated in Table 3,   the electric 
field reachee 41,700 volts/cm for a Mach 1. 169 abock.U1)   This rapid in- 
crease with   Z»   is in accord with the fact that some of the kinetic energy of 
the flow in the euperaonic region is converted,  via charge separation inside 
the shock front, into electric field energy.    The value of   E1™.x/8'rP' faT 

fixed   37?.    ia roughly independent of h/hjy   for ^/Ap > 1, ancTüecreasee 
more and more rapidly as  A/Aj-j   decreases below i.    This feature is in ac- 
cord with the idea that the full amount of charge separation (and electric 
field production) permitted by the Debye shielding mechanism ia attained when 
Ä > ^0 ,  and that >\ < Ap   inhibito the charge separation.     The relevant length 
for a single electric fieid oscillation ia of the order of Ap   for our case of 
amftU Mach number.18   For the focal solutions,   the relevant length, S,    for 
the decay of the «lectric field and the hydrodynamic oscillations ia propor- 
tional to A   but independent of  Jlp.    We expect that for strong shocks  S will 
be of the order of A; however,  we have been unable to demonstrate this fact 
here because of the occurrence of discontinuous eolutions.    For the weak 
(eontimious) ahocka, the shock width is much larger than   A,    Using the equa- 
tions of first approximation to {II. 1,  II, 2) near the back, we have calculated 



where  S   i» the distance in which the electric field decays to   HP uf its 
greatest absolute value, ^2   For the nodal case,  however, the numerical oolu- 
ti.or.a in^icare that the shock width is of the order of the Dcbye length,  not the 
mean free path..   Finally,   we note that for all the solutions,  the density at 
some point inside the shock exceeds the final density given by the Rankine- 
Hugoniot conditions.     This density overshoot is in contrast with the monotonic 
density transition in shocks in a neutral,   single component gas.7   The oscilla- 
tory structure of the shocks in the plasma is analogous to the structure found 
recently in hydromagnetic shocks in a plasma. (13) 

IV. CONCLUSIONS 

The simplified two fluid model of a  steady,   plane shock in a 
plasma studied in this paper leads to two kinds  of shock transitionn;  one 
(focal) in which the electric field and density oscillate going through the 
shock MMJJ   large),  the other (nodal) in which the electric field has a 
single iriinimum and the density a single overshoot going through the  shock 
(AMu small),20   The electric fields produced by charge separation inside 
the shock can be very large even for relatively weak shocks,   electric fields 
of 41,700 volts/cm are generated in Mach 1. 169 shocks under typical quies- 
cent plaiima conditions.    The distance in which electric field changes occur 
is of the order of the Debye length.    It is expected that the total shock width 
of the focal transitions for strong shocks is the mr>an free path-, but this has 
not been shown in the paper because of the occurrence DfidlgsatKtLoUJXtia solu- 
tions.    It has been shown that for weak shocks,  for which the shock width is 
much greater than the mean free path,   this width ia proportional to the mean 
free path and independent of the Debye length.    The shock width of the nodal 
solutions As the Debye length. 

We i-oii-Td 'ike to note that our results differ from those of other 
authors who have considered this problem, 14' 15' 16 and to indicate briefly 
the source of the differences.    These authors find neither oscillatory shock 
structure,  nor large electric fields.     The work of Jukes^   ia most similar 
to ours, in that he uses a hydrodynamic model.    Jukes' primary interest is 
in finding the effect on the shock structure of the great difference between 
the proton and electron mssse«.    He finds that.for  strong shocks,   the large 
value of   mp/nie   results, in density,  velocity, and proton temperature changes 
which occur in one  or two mean free paths for momentum transfer between 
protons in the shocked gas,   while the electron temperature change occurs in 
the large mean free path for energy transfer between eluctrono and protons. 
Jukes' calculation is valid for distances not greatly smaller than those mean 
free paths.   However,  Jukee neglects the electric field energy density,   the 
charge Separation,  and the c'iffuaion equation (generaliKud Ohm's law) during 
his calculation.     These approximations eliminate the Debye length from the 
calculation,  and thus  for a plaama where   ^p « \   Jukes' calculation is not 
valid for distances of the order of   Aj,,    Thus Jukes' estimate that 



:-(, 
inside a strong shock should be taken as a statement about the magnitude of 
the average electric field extending over diatancea of the order of A, This 
reBult ia not then in conflict with our conclusion that 

STTP  " 

inside a weak shock,   since owr electric field reverseB direction in a distance 
of about 5 SQ,  and would have a much smaller value if avera^id over a dis- 
tance comparable to a mean free path.    Thus the present work appears to 
give a fine structure to Jukes' calculation..*" 

We will not make any detailed comments about the papers of 
Tidman15 and Krook1*1   which use the Mott-Smith1' kinetic theory shock 
model; we only remark that Krook's work shows that the electric field van- 
ishes for a low order approximation of the generalized Mott-Smith method. 
It will be interesting to see if higher orders of Krook's method give an os- 
cillatory fine structure similar to that found here. 

In the present paper we have omitted all shock broadening mach- 
aniBms except diffusion.    We think that this omiosion is responaible for the 
discontinuoua solutions which limit our discussion to low Mach number shocks. 
We expect that the inclusion of viscosity will lead to a continuous transition 
for shocks of all Mach numbers.    We plan to carry out auch a calculation, 
including viecosity, and perhaps other dissipative mechanisms.    The main 
objects of ouch a calculation mould be to find out the magnitude of the electric 
fields inside strong shock«,  and if,  for high Mach number shocks, the fine 
structure of the electric field is governed by a length significantly different 
from the static Dabye length. 

There may be some question in our use of an hyd^odynamic model 
to daacribe effects which occur in a distance which is a amall fraction of a 
mean free path.    Since there is already a good deal of literature7,   '- ''   dis- 
cussing the validity of hydrodynamic models in shock wave  theory,   we will 
make only two comments about the hydrodynamic model here.     First,  it is 
well known that hydrodynamic models can be derived from kinetic theory via 
the Boltamann equation by taking certain moments of the distribution func- 
tion.     Many discussions of shock waves using the Boltzmarm equation alao use 
some finite set of moments of the distribution function as part of a scheme ts 
obtain an approximate solution of the kinetic equations.    Thus the hydrodynamit 
and kinetic theory approaches to the  »hock structure are not qualitatively dif- 
ferent;  rather these approaches differ by employing different kinds of approxi- 
mationo to the distribution function.    Secondly,  as a matter of experience, 
both approaches lead to similar results for the shock thickness and other fi;a- 
turfcs of the shock transition,  and the agreement is particularly good for low 
Ma.ch number shocks.    '9 
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Al ^ 4i 
1.169       4,70 0.0500      1.78        0.0190 

122       5.57 0.0620       3,26 0.0363 
1.074       7,49 0.0834      4.77 0.0530 

1.169 4.41 0.246 1.50 0.0835 -     ■ 
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[l.074 7.49 0.417 5.45 0.303 - 
|l.l69 4.60 0.490 1.82 0.195 . 

8.982 J1.122 5.35 0.618 3.26 0.363 - - 
[l.074 7.15 0.796 4.77 0.531 

1.169 4,49 4.90 1.95 2.09 . . 
0.8982 ■  1.122 5.27 5.87 3. 19 3-55 - 

1.0?4 6.4? 7,20 5.11 5.68 ' " 
j1,169 4,49 50,2 2.75 29.4 . 

0.08982 ^i.122 5.57 62.0 3.56 39.7 - 
\l,074 6.13 68.2 5.11 56.8 - - 
1.753 3.96 441. _ _ 0.657 73. 1 

0.008982 - 1.291 5.32 593. - - 1.91 213. 
1.074 8.17 910. " 4.51 502. 
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APPENDIX 

MATHEMATICAL    ANALYSIS 

The ayutem of equations (II. I,   II. 2) may be written 

r!£        ^ 2h  -  I 
•37 •<r-m- 

ty 
»   .   0  C(?.h - 1){4T- 0l) <- zo°-$\ 

g»    - 4T 

4r - o2 

(II 

(2) 

IÖ8^|TI +"ri -its*] 
M 

 « D'   112 ir 

More evpliciily, after replacing   h   by this expreaaicm; 

4f. ■ 82 (». f) = iriit^JUS^SLzJiil ,4) 
y      z «(4r-(>z) 

^    '  ' 5(gj
z - «Tgd ♦?) -777^ (si 

We will show that there CKist continuoue,  bounded and single-valued lunc- 
tiona   9iy), £(y)    satisfying this system and the boundary conditiono: 

f^-oo) = £(+co) = 0 

UJl-co) = I.  fl (+00) = T 

and such that   i)  the pressure TT^ t (1 +■«") - (I + tf2    remains positive; 
ii) the ioi concentration   h   stays in the range   0 < h < 1, 

We  confine our study to the continuous solution for which   --< T <  1. 

A. Phase-portrait 

In order to obtain a qualitative picture of the solutions to this 
problem, we begin by applying the standard procedure of investigating the 
nature of the various isoclines in the phase-space of the variables   9   and  £, 



From equatiOTiB (4) and (5)  o: 
jectoric-s (T) in the 9,  £-pla: 

i the differential equatinn at the  tr. 

■37 ' 8 I4r - 0 ) 

[1(1+71 -«t-f2]  |4 (9 - 1)(S -T) - 5J€21 
 la—-, J-t „1^ -^ J _ (7) 
f»r - 9-1 J4(9 - IKB -T) - 5 »«■'J + iooo-i!£r| (i tr) - » + £n 

,) impließ that   (T)   stays to the left of the parabola   (P) The above condition 
defined by the equat: 

^(1 + n -of2 

(se* Figure Al), The conditions ii) ie then satisfied if; 4E"- 9 > 0, 
if fT) Btaye in the interaection of the half-plane 9 < Z'sfT with the n 
defined by 

'■{I *T) - 9 + £ r-1- 
Thie region is bounded to the left and to the right by the branches    (C.)    and 
(CV)    of the cubic   (CJ   along which   h = 1. 

(i, il)   are satisfied insidi 

1.    A cubic   <C2)    {with two branches,   C^  and    C")    along which 
' 0,   whose equation is 

4 (a - my -T) - 5(ä£- = 0 10) 

and which corresponds to     h = y.     The curve is  real outside the strip 'C< 9 < 1, 
admits the of the     5~axiB   as an aay-.tiptote,   and intersects the parabola    (P) 
at the points OC and   ß  for   Ö = Z V^ET.     Notice that   h > i   in the regions bounded 
by the branches   (C.)   and   <Cy,    and   (CU.and {C'J) respectively,  whereas 
h<|.   in the region fcetween        (C^)    and^fC^'). 

2. A straight line   (Ä)    along which  4|-= 0,    defined by   0 = ^fr 
and lying to the left of the point   B{f,0)   but never      interaecting {C.'J. 
tet    J{| 1,0)    denote the foot of    {&)    on the   (J-axis. 

3, A. curve ( P )    along which   -^S- = 00,   defined by 

(4T' 9 ) [M9-IH9-T) - 59£ '■    + i00cr(»£J ^ (l+T) -0+f ̂ 0.      (II, 
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The form of   (T)    as shown on Figure AI has been qualitatively der: 
the following method; 

Eq,   (11) io equivalent to the pair  of equatic 

£((J,h)S- 4 f.-J    (2h - 1) *e 

loolf (i +r) -9 ffj 
The ordinatee of the points of intersection of a. straight-line   0 = Op   with (/"') 
are equal to those of the points of intersection of the curve (T) defined by 
h{90, i) = h   defined by     £(8o.  h) = £.     Therefore,  by drawing the families 
of curves (30    and straight-lined {&)   for various   9o   it is possible to con- 
struct (P).    We now proceed to investigate the nature of the singular pointa, 
i.e.,   the points at which   d f/d(!   takes the form   0/0. 

SingularPoints 

.g We see at once that th« isoclines   (C,),  (4n-= 0'■    and   tr)- 
(^■§-=OT),   intersect each other at the points    F(1.0)    anH   Bt«- , 0)  which are 

therefore singular points.     There are three  other singularities at the 
intersection of   (P)   with   (A).    Applying the method outlined above it is pos- 
sible to show that one of them,    5    say,  always lies  on the segment   IJ of (A) 
{see Figure Ai) whereas the two others   S'    and   S",    when real,   stay above 
the intersection   I' of   (A)    and   (C^)-    For reasons which will be given later 
S'   and   S"   cannot affect the topological aspect of the trajectories   (T)   and 
therefore will be disregarded. 

Singularity   F(1.0):   By expanding the functions    g,iO. £ )    and 
bout   F "and   neglecting terms in    (0 -  1)    and   £   of Begree > 2, 

valid in a small 

(14) 

(15) 

Applying the  standard procedure   ,     the 
mined by the reality and the sign of the 

s   --_:-.jr.rs-Ti-4f.)(4g_-fr -o. (16) 

Since by assumption   -s-<V< 1,   we have for any p- ; SiS^ < 0,    Hence the roots 
are real and of opposite signs.     Therefore F   ia a saddle point through which 
pase two trajectories,     F   being approached for    Y—p-+ oo   along one of them, 
for   Y-fr-oo   along  the other. 



Since   F   correepcmda to the front of the 
ajectory ie of interest.    Its slope in th« phaBe-pIai 

■^-f + -rr--*ftirHT 
and is the.-efore   >0,    It remains to be determined in which direction the so- 
lution must leave   F   in order to stay inside the regicin   (R)   previoualy de- 
fined.    Looking at Figure AI, and noticing that: 

i) ^4>0 in the region bounded by (C^'} above.    (T) below and (CJ') to the right; 

ii) ^ = 0 along {C^') and (C£')j 

we Bee that the solution which leaves   F   above the 9-s.xiB cannot cross (Cj') 
and therefore must reach   (C^") and enter the forbidden region.    Thus 
this solution must be ruled out,    Thio completes the proof that the solution 
is uniquely determined at   F,  and that the electric field £. is negative at the 
front of the shock. 

Singularity   RjV, 0): the first approximation to the Bystu 

which leads to the character; 

gr   -4 ^ (gr-4)t4 ~T) 

Because we restricted our study to the case O-,  we see that   S, S, > 0 
for any   (T,   so that   B    ia either a node or a focus,   depending on whether 
the  roota are real or comple«,  respectively.    In eithet case,    Sj + S^ < 0; 
hence   B   is approached for   Y —> +oo   in agreement with the fact that it cor- 

eaponds to the back of the ahock. 

node approached by an infin: 
of trajectories.     In other words,   through any point sufficiently close 
there paaeea a trajectory going directly to   B.    Furthermore, all these tra- 
jectorie« have a common tangent at    3   whose slope is found to be 

ies. In other words, throi 
a a trajectory going direct 
.ve a common tangent at    I 

10<r   L      y       «^(».rjd .T) J 



and is therefore >0,    If a-> ff-j,    B   ie a focue, i.e. the solutions about   B 
arc epirals.    It can be shown that if   M   is a point on one of these,  the polar 
radius   B M    revolvee clock-wise when its length decreases and tenda to zero 
as   Y —^- + aa. 

d£      Singularity S:   Unlike   F   and   B,    S   is not a  point al equilibrium 
since   Sy ^'0' 'aTir    Due to the fact that the oruinate Sa   of   S2iB a toot of 
the equation of the third degree (11)    where    9   is  set equal 'o   ■j'VT,   the 
method uaually applied to determine the nature  of a singularity    is not prac- 
tical.    This difficulty may be overcome by deriving the equation whose roots 
are the slopes \'   and   \"  of the trajectories passing through   3.    If 

(J (=■^1^),   E  ,   TT    and   h   , are the respective values of the variables 9,£,^ 

h   at   S,   this equation is: 

But   h 

,                        lOtriZh   -l)i<r -2h.W 

.ted before and     £    < 0; hence A1^" < 0   and   £ 
ide.    Now,   the first order expanstor , of the nun 

, 1 
' 1 

a saddle poin 
and denominator of   d£/d9   in series of powers of (3 - 
lead to an eKpreasion of the form 

d£ c(CI - <fj 

with no term in {£ -   £ )    in the numerator,  because the isocline    (AK4£-= 0) 
has an infinite dlope.    Hence the characteristic equation would  then he of the 
form:   S2 ~ aS - be = 0,  and the equation whose roots are the elopes of the 
tangents to the trajectories would be: 

A    + ^ A   - tj = 0.   But we have shown that  A ' V' < 0; hence - ^ < 0 and 
S,S2 =-bc < 0.    Hence S   is a saddle point through which pass only two tra- 
jeetorie«   (T1)   and   (T")(see Figure Al), 

We  shall now prove that in the case when   B   Is a node,   the tra- 
jectory (T')    which leaves   S   with a positive  slope in the upward direction 
is bound to go to   B,     Let   K   be the intersection with   {&)    of the common 
tangent (9)    of the infinity of trajectories passing through   B.     (See Figure A.Z). 
U we show that at any point   L   of the  segment   KB   the elope   A^    of the tra- 
jectory (Ti )    passing through   i-   is  smaller than the  slope  of    (Ö) ,   we may 
conclude that any   (I'A)   coming from a point   A   lying in the region   {fi) 
bounded by    (A),  (T)    and   (B)    is trapped between   (0)    and    (f. r    along which 

sw'- xi),   and therefore is bound tn go to B, .   This will he true for    {T  ) also. 

Let /t, denote the elope of (0). 
proving that Ajj</t, at any L would be t 
-Tg- <   /J-, ~ .    Unfortunately the inequality thus  obtained 



to be worked out and we have to apply anather  method basi 
äideration of the family of iaoclinea   (Ix)   inside   {P). 

% 

curves   (l A)   are defined by the equation 

and therefore pass through   S   and   B   for any A.    No two curveu   U^i)   and 
(fA"H V T^ ?\ ") intersect each other in   (p)   except of course at   S   and   B, 
for if they did at a point   N,    Bay,    there would exist two distinct trajectories ' 
passing through   N   with slopes   ?\'   and   A",    which ia impossible since (y0) 
contains no singular point other than   S   and   B,    In particular,   no   !I^}(X^0) I 
intersects either   (A)    or   ^2')    which both belong to the family   (1^)   and ' 
correspond to   A = 0,  except at the points   S   and   B,    Therefore the curves 
(1^ )   behave in   {f>)   a« shown in Figure A2. 

The derivation of the slope  /L( Ä)   of the tangent at   B   to an 
arbitrary   <I^ )    leads to the following expression 

/J.(M.'^-|.ll--|l.'8^.,-1) 

In c 

Limit Soluti OJ 
(1) sne obUlna 

d£   _     tf2 h (4r- 9Z)    .   ^n            <iZ£ 

"        _cr<gtfÄ-4T)                (gr -4«')(2h - 1)_ 
{Zi 

If er-»■+00   the solutionB of   (26)   tend uniformly t 
of the equation: 

0 the solutii 

(which is the common tangent to the solutions at   B) is tangent 
at   B   to the iaocline   (IX   Halong  which ^i?    = ^ =  ß^i.     Since    fX{?\)   is 

a nrionotonically increasing function of   )\ ,   \i we restrict ourselves to   A', 
such that   0<V<   Ap  we shall have  ^.{A,)<   /ii(A1)=   A,.   Such an iso- 
cline (I *') leaves   B   with a slope smaller than that of (S).    But we have ■ 
shown that it stays in (^j    and necessarily goes to   S.    Hence it must inter- 
sect   KB at some point   L.    Therefore,  if we continuously vary   ?\ ' from   0 
to   Ap   the point   L.    continuously deecribes the whole segment   BK.    It  fol- 
lows at once that the  slope   \,    =  A'    of the trajectory passing through any 
point    L   Of   BK   ia amaller         than    Aj,     i.e.,   the  slope of   BK.     Thus wo                      ■ 
have completed the proof that the trajectory   (T^)   which leaves   S   in   (yP) 
necessarily arrives at   B, 
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*e=iMt-^)^-V (27) 

whose general integral is found to be exactly 

10 flf2 =CliZi4t - 9Z)    + gfl2 - 8 {l+T) 9 * 4T (28) 

where   C   is the constant of integratian.    The cvrves   [T]   defined by equa- 
tion (28) »re symmetric with respect to the (f-axis.    The singular points F(1,0) 
and     J[£y2\  0) are saddles and   B   { f, 0)    is a center surrounded by closed 
curves.    Figure a A3a, A3b and A3c show the different aspects of ihn solutions. 
The critical value Tc = 0.7985 corresponds to the case where the particular 
trajectary (fir)   which passes through the point   F(1,0) also passes through 

Limit Solutions tosa"—s-0:    In this case the system reduces tu 

dgg8(2h-iH-'-g-n (29,2, 

The trajectories in the  0, £ -plane are straight lines f = £0 = constant along 
which the representative point   M( 9 •   £0) moves according to the parametric 
zation defined by equation (29.2).    In particular the trajectory which passes 
through   F(1.0)  is  merely the    g-axis. 

We are now in the position to complete the phase portrait and 
determine under which conditions there exJst solutions satisfying the re- 
quirements of the problem.    As mentioned before,  at   F,    the only admis- 
sable trajectory (T™)   leaves   F   in the region £< 0   with a slope: 

[-i^g&^f] 
At the same point the slope of the trajectory   (tj?)    which is the solutioi 
the reduced equation (27) (corresponding to ö"= +a>)) ia found to be 

i 2   |g - tcm -ja 

It can be easily shown that the latter ia always greater than the former. If 
we define a region (Rj) as the subregion of (R) where 0 > 4 V •£" "■ we see 
that at a point M.{9,£) ^(R,) the term with o- in the right 3 hand side of 
equation (26) ia alw^ya positive, so that at auch a point M the slope of the 
trajectory (T), sr^ution of the given system, is smaller than the slope of the 
trajectory (t)    solution of the reduced equation (27). 
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It foUowB that if £(9)p and ^D(9)F denote sulutioim of equa- 
tion (26) and (27) respectively such that f(I)„ = £„ (1)- we have^(fl)l:,) < 
t£RC«pl f0r|Vr<?<l. FRF F 

At thiB paint wo b&ve to distinguish between two cases,   l)it > T . 
the critical value already defined far which (t-,) connects   F   and   J 
felGTi  0),   ,  and, II)ir<  Tc. * 

Case 1: T> T ,    Then (tj.) encloses   B(T,  0) and neceeaarily inter- 
sects the isocline { f: dV/äy =■ co) at some point ^j. (see Fig. A4a, A4b.    Hence 
by the inequaUty 16(3)^1   <   I€R(0)F'' tTF) interwects (P) at oome paint >?T 
on the arc  ^^ of(P).    From there on,    a)   If   B   io a node,   (Tp) goea directly 
to   B   aa proved before (Fig. A4a).    bO   H   B    is a focus,  (Tj.) goes up, inter- 
sects the 0-axis at some point between   Jii/f.O)   and   3(1.0) and begins 
spiraling about   B,  staying inside (ty) (Fig. A4b).    In both cases we may 
conclude that for any  g—  there exiote one and  only one  solution satisfying 
the requirements o£ the problem.    The behavior of the functions   0{y)   and 
&{■/}   corresponding to these cases is pictured in Fig,   3a and 3b. 

Casall: T< T •   In this case the solution beco:  
if «~ is greater"tfiän a critical value c^,    which is a function of   'T.  The dia 
continuous solutions occur when the solution curve starting from F   reaches 
tbe line (A) before it reaches the curve (r).(Zl)   Thus for the discontinuous 
solutions,  the solution curve reaches (A) at some point 1^, below   S^.,  the 
intersection of (A)   and (P)   (see Figure AS).    We now consider the location 
of the points £f- and   5^. aa ö" varies for fixcrd T< Tc,    and show that for 
«very such T there is one critical C = ff^.   below which the solutions are con- 
tünious.    For   ff" = oo, the solution of the reduced equation intersects   (A> at 
Pay Ut is irrelevant whether    5«, ia above or below I,  the intersection of 

(A) . and (Cp ).   Since 5/Är(d£7dB) > 0 in Rj,    f or any <r > 0   the point J^ 
moves from   5a, up   (ß)   aa 0-decreases.    Ho\  j the point   S^-moves 
down (&)   as c decreaaes.    Thus for some <r =   (T^,  the points    Sj—   and ?^- 

(D   between   S   and   B 
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3 near the back of the 

sVT 
which exhibits the expected proportionality t 

It should be repeated that the present paper neglects the effects, 
calculated by Jukes and Tidman,  of the different mean free paths 
for energy and momentum equilibrium between the proton, and elec- 
tron gases,  as well as the different temperatures of the proton and 
electron gases inside the shock.    Our   )\   corresponds more closely 
to Tidman's   /„. 

For the CABe of no dissipation {<H /Arj -■* tu),  the singular point at 
the back,   B,  becomes a center, and the trajectories in the phase 
plane are closed curves around B.    Thia situation is discussed in 
the appemlix under the heading <HcC Ji- ) —* «>■    I» particular,   the 
solution starting from the front (whica previously corresponded to 
the shock transition)  returns la the front,   and thus now corresponds 
to a finite amplitude solitary wave,   rather than a shock wave.     The 
solution for thia case can be found in closed form and is given in 
the appendix. 



On   (A), -r- = +. ra and   3~   h*6 opposite signs on opposite sides of 
(A).    Thus »ny curve passing through   {&)   corresponds to a solu- 
tion  0(y)   which is not single-valued,    In this case there is no con~ 
tinuous s&lution to the shock problem: however,   wc expect that 
there ■will be a discontinuous solution8 which can be obtained by con- 
sidering the limit salutione,   for vsniehing viscosity,   of the higher 
order set of equations in which viecoslty is includsek    These dis- 
continuous solutions will not be discussed in this paper. 



TECHNIQUE OF PRSSSURE MEASUREMEKT 
ON AW AIRFOIL IN A SHOCK TUBE 

,?. Ray Rwetenik 

INTRODUCTION 

The meaeurBment of the blaßt loading on airfoils has been under- 
way at M.I. T, for the |>aBt 5 yeara,'"^   At anuill angles of attack, good cor- 
rci&Uon of tha lift mear£ureTn«nts tias been obtained with linearised indicial 
and guat theory At subsonic speeds, in both the diffractive? and poal-diffractive 
periods;!"' aad at oonic speed, in the diffractive and early post-dlffractive 
periods. 3' '   At large angles, where stall occurs, large increases in the lift 
axe observed due to strong vortices shed from the leading edge, followed by 
oaclUtttdons and subsequent reduced lift.2   A program is currently underway 
at M.I. T. to study the latter condition of transient stall. 

The measurements to date have been made primarily with the in- 
terferometer.    But at large angles where stall occurs, the viscous effects on 
the upper sur&ce are larger,   so that the determination of the surface pres- 
sure is quite uncertain.    Therefore direct pressure meaaurementa are re- 
quired. 

The boundary layer on the shock tube wall also works against the 
inte Her ome trie measurements,  which measure,  of course, wall to wall.    Un- 
fortunately the tDuiiüAry layer thickens with time, awd the interacts with the 
flow over the airfoil more at large angles of attack, increasing the difficulty 
of measuring this stalled conditinn.    By measuring the pressure near the 
midspan, the sensitivity to wall effects can be reduced.    With finite span air- 
foils the pressure must necAaoarily be measured directly. 

It is expected that pressure measurements will not displace in- 
terforometric measurements, at least for twe-dimensional airfoils, but that 
the pressure transducer will measure at several points and the interferometer 
can fill in the details. 

TRANSDUCER REQUIREMENTS 

The basic requiremonta for a pressure transducer to measure 
airfoil prnasure distributions in a shock tube, even aa large as the M.I.T. 
8'     X 24-iiich tube, are miniaturisation,  good low-frequency response, ac- 
curacy, and inoanaitivity to acceleration. 

A 4-inch chord airfoil with a IP-per cent thicknoes ratio is about 
the ma»mum model size tolerable, which means a transducer must be about 
0.1 inch high.    Fr^quencywise, tha test period extends from 0.2-50 milli- 
seconds,   BO the transducer must be flat to on© per cent from 0. 03-4, OOf) cpa. 
Tha accuracy problem is common to blast testa: at low particle speeds the 
shock overpreaeure is large compared to the dynamic praaaure,  e.g. , at a 
particle Mach number behind the shock, M^,   of 0. 4 the dynamic pressure ia 



only 25 per cant of the overprestsure.    Thorefore, for a normal-farce coeffi- 
cient   cu»»!,  to measure   c^   to 10 per cent,  the local overpressuTe must 
be measured to 1-1/'. per cant oi the shock overpraesure.    At higher Xtach 
numbers the accuracy requirement is not so severe.   However, it is Impor- 
tant to note that a differential transducer^  one that measures the difference 
and is inaonsitlve to the pressure level,  would onoly have to measure to 10 
per cent.    An electrical differencing will be described later. 

Acceleration sensitivity and signal from straining of the airfoil 
can be reduced by proper design,   A considerable advantage of these crystals 
la their email sixe and ma.se involved. 

There was no commercial pressure transducer that fulfilled the 
size and frequency requirement. Therefore, a pressure transducer was de- 
veloped in this laboratory. The major portion of the development of this 
transducer is reported in reference 10. Since the work reported in reference 
10 was completed, the pedestal has been redesigned and a series of measure- 
ments have been made of the acceXeration sensitivity. These will be included 
in this paper. 

CONFIGURATION 

Barium titanate not only has the large open-circuit voltage sen- 
sitivity to pressure of quarts and tourmalino, but fumiahes a significantly 
larger charge,   about equivalent to Rochelle salt.    This is important due to 
the capacitance of the lead and amplifier input.   Barium titanate has several 
desirable mechanical features.    The piezoelectric axes are easily aligned; it 
ie a ceramic,   eo that it is readily formed into a variety of mhapea; and the 
temperatlve effect is less than in Rochelle salt. 

A sketch of the transducer is shown in Fig.   1,    The barium- 
titanate element is a circular disc C. I25-in.  in diameter, and0.050-in. high. 
It is cemented to a steel pedestal,  which, will be described below.    The pedestal 
and airfoil serve as the ground lead.    The voltage to be measured is across the 
disc.    The polystyrene disc insulates the disc electrically and thermally from 
the silver diaphragm.    The prOBOure is applied through the silver diaphragm. 

One of the early problems was the large thermal signal from the 
shock-compressed gas.    A Polyvinylchloride sheet is cemented to the outside 
of the silver,  oerviag as an insulator.    The little heat that does penetrate the 
plastic is largely conducted away by the silver, and finally the polystyrene 
dit ; is also a gooä thermal insulator.   A balance must be reached between 
large thicknesses for thermal insulaUon and small thicknesses to keep the 
pressure signal large and for miniatur:   jtion. 

The wire cemented to the crystal is teflon insulated to minimize 
signal from wire motion.    The signal ia fed to an electrometer tube in a 
cathode follover stage, and then to a conventional amplifier.    By careful 
control of the charge loakaga,  the time constant can be extended without sac- 
rificing the signal.    The electrical aspects are described in detail in reference 
10.    Incidentally, it in possible to use other configurations of the barium titanate 
which produce somewhat larger signals, but the disc has the advantage of 



mschaiüctl eimplicity and low charge leakage; actually a very large pfonsure 
sensitivity was obt&lned wish thin simple configuration. 

AIRFOIL BSNDING 

Th« problema involvod ia the airfoil motion, ar« ohown la Fig, 2, 
The «enaitlvity to the airfoil bending «nd elongation B.riöes from the ssnai- 
tlvity of the barium tltanete «lament to a strain in any of the principal direc- 
tions.   Placing the slemant exactly on the airfoil centarlin« would eliminate 
the elongation, but it does noc eliminate the bending effect,  and as a matter 
of fact, the centarline cannot be found close enough to even reduce the elonga- 
tion senaitlvity sufficiently.     Several isolation methods were attempted, but 
"standing the transducer on a pin".  Fig. 2a,   waa the most aaticfactory.    The 
podeetal is necked to about l/10th of the crystal diameter. 

This method of isolating the element was tested as follows:   One 
crystal was cemented directly to a bar, and a second crystal which was 
mounted on a pedestal was cemented to the same bar,   la ecus tawi filiß »tttx 
was stretched, and in the second teat it was bent in üueh a way that the outer 
skin of the bar was curved only.    The aenaltivlty to ?>oth elongation and bending 
was reduced by the pedestal by more than a factor oi 200, which ia the mini- 
mum signal that could be measured. 

With the transducers in the airfoil, and the airfoil mounted In the 
shock tube, a weight was placed on the airfoil equivalent to the load due to 
the maximum normal force which ia 2,4 pal.    The voltage across a transducer 
was measured when the load was applied.    The sensitivity was set so that a 
signal equivalent to 1/1000 of the mean pressure difference across the airfoil 
could be detected.    No signal was observed.    Therefore it was concluded that 
the sfensitlvity to strain was negligible. 

AIRFOIL ACCELERATION 

Sensitivity to airfoil acceleration was more of a problem.    The 
predominant acceleration is in the direction of the aads of the transducer.    The 
method of compensation is to locate a second crystal, hereon called a com- 
pensating element, next to the transducer and Isolated from the air pressure. 
Fig.  2,    The compeneating element is connected in parallel with the pressure 
element and polarized in the oppoaite direction,  so that ideally the portion of 
the aigna.1 due to acceleration is cancelled. 

The whole transducer was placed into a double-wedge airfoil,  and 
set at an angle of attack where   -JJ**!.    The whole transducer was covered, 
so that it would not measure the air presBurc,    A shock was fired and the peak- 
to-p«ak signal from acceleration was 7 millivolta.    The Hlgnal due to the mean 
pressure difference across the airfoil was abciAt 100 mv. , therefore the peak- 
to-peak acceleration signal wan about 7 per cent of the »ignal from the pres- 
sure difference.    The acceleration sensitivity was measured in a shaker test, 
and also calculated by aHsumlnR that the signal ia essentially from acceleration 
of the barium titanate. element.   The two valued of the acceleration seneltivity 
were about the.name 0.2 mvi£gr.where the pressure eeneitivity wa« 30 mv/psl. 
The atfrodyisamic load in the teatgave about a 60-g acceleration to the airfoil, 
which is quite large. 



Reducing the thicknee» of the burium titanate elwmont by oniB-half 
reduces the fraction of th« eignal du« to acceleration to oie-fourth.   Unfor- 
tunately this aliro reduce» the »enaitivity to pr«B»ur8 (not quite as fast as the 
roductiem in thickneaa,  dopeadäng upon th« oxtarnal capacitance).   Eventually, 
as the tblcfoiesa is reduced, the load from the wire, diaphragm, etc. on the 
crystal becomes predominate.    The agreement of the calculated and msasured 
values of the acceleration aignaj, indicate that the maes accelerated waa pri- 
marily the barium-tltsmate oloment. 

Teete were made with the compenBating element disconnected,  to 
evaluate the reduction In accöieration eignal by the element.    T1-^ tent« are 
as yet not conclusive, but in erne test the compensating element appeared to 
reduce the acceleration sensitivity to one-third.    The matching of the crystal 
dimenäiiniB and polarisation must be improved in order to make a more con- 
clusivfi statement. 

The Kigasil from the bending of the lead wire In the airfoil was 
tested by keeping everything intact and dcpolarlüing the crystal.    The signal 
was about 1 mv peak-to-peak when subjected to the same shock.    These teats 
all indicate that a further reduction in acceleration signal by a factor of two 
or three is all that can be expected. 

CAUBRATXON 

Since the response does not go down to D. C. ■  the transducer 
must be calibrated dynamically.   However, the charge leakage rate generally 
has a time constant of a minute or better,   HO a simple facility will serve. 

The device uoed ia a "reverae-dead-weight tester," Fig.   3.    The 
airfoil is shown attached to the cell that fits in the wall of the shock tube.    The 
section of a box beam is the calibration chamber,  which fits over the airfoil 
in the shock tube, and is clamped inplace by the second cell.    The chamber ia 
pressurised through a tee connno^tion to the manometer, a»d the latfer serves 
as the dead weight.    The procedure ie to rapidly release the pressure in the 
chamber to the atmosphere by the large clamp,  and measure the voltage jump 
on an OBcilloecope.   The box beam comes to atmospheric pressure in about 
50 mlllleeconds (a constriction in the manometer hose throttles the air flow 
from the manometer). 

A typical oscillogram is shown in Fig. 4a,  which is termed "pneu- 
matic", because air is the fluid.    A calibration curve with the transducer 
shunted by a 1000   /t,/.L £.  capacitor is shown in Fig. 5.    The data all fell with- 
in one-per cent of the mean line.    In fact, the silver diaphragm was removed 
from the transducer, a new diaphragm installed,  and the lower calibration 
curve wag obtained, which differs only slightly from the upper curve.    The 
ahock-tuhe moauurement was made by firing a shock,  knowing the shock strength 
and the local preasure coefficient.    The shock-tube data are within twn per cent 
of the calibration data. 

An improvement in the technique was obtained by filling the bos 
beam nearly full of water (hydraulic calibration).    An osciUogram is presented 
in Fig. 4b.    With this method the jump ia nearly Gat,  whereas the pneumatic 



caHbratifjR haa the constant voltage fallowed by a drift. Th 
to the cooling of the gas in the chamber by the expansion. ^ 
from the transducer, whereas in hydraulic calibration the t 
stant. 

For shock tests,   the amount of thermal insiilati 
reduce the thermal effect to a, negligible magnitude was dete 
ing the thickness of the thermal insulation until any furfhi 
thickness did not change the rise in signal at long delay t: 
maximum).    Actually no improvement waa obtained over 
of Polyvinylchloride,   0,002-in.,   that was tested,   so thie 

■used on the transducers.   Also,  the silver diaphragm wa: 
these tests.    Pneumatic calibration has shown that a 0.ÖOI- 
reduces the thermal efiect significantly.    Therefore, 
in, diaphragm is now used. 

APPLICATION 

lick eyrnmetrical- 
upper and lower 

id in Fig,   6,  for 
m this airfoil. 
,ted to the pres- 
cord of the lower 

Two tranaducers we; 
double-wedge airfoil at the 35-per cent-chord station on the 
surface. A pair of simultaneous pressure records is presc 
a M, = 0,4 and oC = 8. 3 deg. At 8. 3 deg. stall first occur 
The larger oscillations in the upper-surface signal are attr 
sure fluctuations of the unsteady flow on this surface. The 
surface waa always smoother. 

The erroro in obtaining the difference in prcssuie between the two 
surfaces from two oscillograph traces arc doubla. and at IOM Mach n 
it is the problem of a email difference between two large signals, 
i test was run wherein the signals were differenced elect) 

s transferred 

rmilied by increas- 
ncreaoe in the 
B (50 milliseconds 
minimum thickneas 
kness has been 
0005-in.  thick in 
n. -thick diaphragm 
fety factor a 0.001- 

a ingle Whe; the airfoil v alibr; :ed the two signs 1B 
lugh a differencing amplifier to s. single null signal at th. 

faulting difference aigral, for the shuck condition of Fig, 6 i 
oscillogram of Fig. 7.    The oacillations show that the unceriainty, at later 
times,  of an average over several mi" 
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CONCLUSION 

The effort has been directed toward achieving a 
pressure transducer which has good reliability.    It is not be 
ultimate in miniaturization for the requirements stated above 
tions are that the transducer could be scaled d( 
0.140 in. to about 1/16 in.    This would reduce the accolerati 
even further, and enable measurement of the pressure near. 
airfoil.    Some reduction in signal from the present 80 mv/p; 
capacitor) would occur.    Further reduction is primarily litn 
height. 
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THE APPLICATION OF PRESSURE AND FOHCE TRANSDUCERS 

IN SHOCK TTJMNEI. AJEHODYNAMIC STUDIES 

C.   J.  Harris and E.  M.   Kaegi 
General Electric 

Miaslle and Ordnance Sy-ateins Departrnent 

SUMMASY 

Dynamic operating conditions and teat section flow properties 
in a shock tunnel have imposed stringent performance specifications on the 
preseuro and force instrumentation required for important; ranges of tunnel 
operation. Available pressure sensing transducers and circuitry have been 
evaluated for application to shock tunnel facility and model measurements. 
Pressure and axial force measuring aysteme have bjfen developed and tech- 
niques applied for accurately calibrating and using these systems. 

NOMENCLATURE 

Electronic Add«; 

Electronic t 

Constant volume 

Axial force ' 

Electronic divider unit 

Length of cavity-bleed hole 

Flow Mach number 

P re e s ur e 

Model cylinder or base radius 

Seaistance X capacitance 

Reynolds number 

Distance along model surface measured from 
the model stagnation point 

Temperature 

Volume of pressure gage cavity 



f Frequency 

n Ratio of bane ptesBure to free stream preasuru 

r Model nose radius 

}h micro (10"6) 

APS Change in model stagnation pressure 

ÄPj^ Change in model surface presauce.   other than 
at the stagnation point 

AP P2 * Pl 

SUBSCRIPTS 

Driven tube initial conditions 

Region behind the incident shock 

Region behind the contact zone 

Reflected region 

Cylindrical portion of a blunt model 

Initial conditions in the teat section 

Teat section free stream 

Model stagnation point 



INTRODUCTION 

To improve continuouaxy on knowledge in the relatively new 
aarodynamic problem ureas associated vvith hypersonic flight and atmospheric 
re-ontry,   several experimental laboratory tools have,   in recent years,  been 
developed and extended beyond their earlier capabilities.    For exampln,  the 
shock tube has proven to bo a useful device for aocio types of re-entry testing, 
since it can provide high energy,  lots Mach number,  quasi-ateady flows for 
perioda of time during which useful model data can be obtained.    Another 
Laboratory facility - th« shock tunnel - provides test flows that more closely 
simulate true flight environments than does the shock cube for many flight 
regimes.    A 6-inch shock tunnel has been under development and operation 
for three years in the General Electric Missile and Space Vehicle Department 
And has been shown to be a satisfactory device for the studv ojtmany of the 
hypervelocity aerodynamic problems of current interest.  '   ' ' ' 

Utilization of the shock tunnel and its application to hypersonic 
aerodynamic testing have required the solution of several instrumentation 
problems peculiar to this .'acility. The flow or testing interval in the MSVD 
shock tunnel is I to 6 milliseconds in duration depending upon the test con- 
figuration and conditions. During the test interval, oquilibrium air temper- 
atures ast high as 5000 "K have been obtained at the stagnation point of a blunt 
model located in the expanded nozzle flow,  and higher values are feasible. 

This paper reports on recent work carried out in adapting fast 
response pressure and force instrumentation to aerodynamic model testing 
in the shock tunnel teat flow environment.    This includes measurement« of 
model surface pressure,  model axial force,   and model lift and pitching 
moment.    Heat transfer instrumentation problems and their solutions have 
been discussed previously,   '^J 

Attention is given also to pressure instrumentation required for 
the monitoring of such pertinent facility parameters as combustion driver 
pressure hiatory,   driven tube shock wave velocity and driven tube pressure 
histories.    Accurate meas'.iremerita of these parameters are required to 
determine the fret- stream test section flow properties reliably during shock 
tunnel mode] studies. 

For the applications mentioned, it has been convenient to employ 
available transducers ano circuitry in various combinations, paying particular 
attention both to the over-all measuring accuracyof the system and its fre- 
quency response and to the temperature characteristics, pressure sensitivity, 
loading and damping charactPristica, physical dimension«, and dynamic cali- 
bration repeatibility of each transducer. These items are discussed where 
appropriate throughout the paper. 

The paper is divided into four sections. The first describes the 
wide ranges of conditions encountered in shock tunnel testing and the pressure 
instrumentation techniques that have been developed to monitor the facility 

i parenthesis refer I t th« end of the paper, 



parameters oi interest.    Section two is a description of the techniques used 
for the moaBurement of model surface preasuree in the tunnel.    In the third, 
calibration techniqu«o for pressure measuring systemo are discussed and 
evaluated.    Section four is a summary of the force and moment meaaurament 
techniques that arc now being used and developed. 

FACIUTY PRESSURE INSTHUMENTATION 

The driver tube preosmroB are usually produced by the corabu«- 
Uon of a mixture of 70% iLelium,  20% hydrogen, and 10% oxygen (mole percent- 
ages).    Other mixtures have been used.    In driver combustion ettidies conduct- 
ed both at MSVD and at the G.  E,   Reoearch Laboratory t3',  it has been found 
that the 70% helium and mixture ha« a characteristic rise-time to peak pres- 
sure of between 10 and 20 milliseconds. 

The strength of the normal shock wave in the driven section and, 
thereforoj predictable shock tunnel operation is achieved when the combustion 
process ia efficient and diaphragm rupture occura close to or during peak 
combustion pressure.    For satisfactory diaphragm rupture - no free pieces - 
it is also desirable to have the diaphragm break near the peak pressure value. 
The efficiency of the combustion process can be determined from combustion 
pressure-time history obtained both during constant volume conditions and 
during diaphragm rupture.    The transducer required to monitor the changes 
in the driver environment during combustion must be capable of accurately 
detecting pressure changes from 500 to 10, 000 psia,   have a frequency re- 
sponse of 1000 cps (at least five times the highest frequency to be measured], 
be relatively temperature insensitive during the pressure recording interval, 
and be mechanically capable of withstanding erosion due to the products of 
combustion. 

A transducer which to a large degree meets  these specifications 
is a commercially available quartz crystal pressure gage.    Figurn 1 shows 
one of these transducovs before and after use in the shock tunnel driver.    Be- 
cause of its rugged construction,   it has been continuously used in 200 com- 
bustion driver testa without appreciable mechanical deterioration or change 
in its calibratioii constant.    Without s high pressure adaptor,  this gage is 
capable- of me&suring pressure changes to about 3000 psi.    With a special 
adaptor,   its  range may be extended to 30,000 psi.     Values aa high as  12,000 
psi hiive been measured with this gage. 

The pressure pickup system uaing this gage is shown in Figure 2. 
The transducer is used in conjunction with a special low noise pickup cable and 
a pieEQcalibrator box.    The piezocalibrator contains an electrometer tube 
circuit with an input iinpedan^e of 10'* ohms which matches the transducer 
output impedance.     The quartz transducer  is constructed with a composite 
membrane face which prevents the introduction of spurious preeffure signals 
due to thermal and mechanical strains which may occur in the transducer 
housing.    Further,  no organic material ia used inside the transducer so that 
it withstands high temperature satisfactorily. 

High impedance transducer circuits of the typo described operate 
readily in a shock tunnel facility.    In a facility in which radiated electromagnetic 
fields cause electrical interference,   the use of auch high imoedance instru- 
mentation (VJ   1 ^ is not feasible. 



The piezocalibrator box provides output aignala compatible with 
äeciUosf:ope or recorder pro-arapUtter input circuits.    A selector switch 
changes tihm input capacitance of the pieeocalibrator in such a maimer as to 
pernnit a toted output voltage for different magnitudes of input electrostatic 
charge.    The calibrator provides pulses of known voltage amplitude at its 
output.    The magnitude of these pulses is controlled by a dial calibrated 
directly in psi.    However,   it is necessary to perform a calibration on each 
transducer and piezocalibrator as a set in ordar to obtain an accurate applied- 
press ore-change to dial-setting relationship.    The calibration is carried out 
with the ammetor on the piezocalibrator »et accurately at I. 00 milliampere. 
This is necessary since the voltage gain of Jhis calibrator can vary from 0.96 
to 0.23 as a function of calibrator voltage.  'W   The quarts transducer may be 
calibrated statically and/or dynamically.    The calibration methods are dis- 
cussed in more detail in a later section. 

To monitor the history of the combustion driver pressure,   quarts 
transducers are flush mounted in l^inm tapped holes located along the 20-foot 
driver of the 6-inch shock tunnel.    This driver,   which is 8-lnch in diameter,   is 
shown in Figure 3 with the pressure instrumentation and spark plugs in position. 
The preeeure transducer is sealed in position by means of a commercial spark 
plug gasket.    Typical pressure-time histories obtained with this measuring 
system are nhown in Figure 4.    Shown here are a constant volume combustion 
record for a maximum praesure change of 2000 peia,  and a typical 6~lnch 
shock tunnel driver combustion record with a rupturing diaphragm.    Other 
presaure-tim« hiatoriee shown were obtained in the 3-inch diameter driver 
of the 2-inch shock tunnel.    This facility has been used in support of the 
larger tunnel program.    The pressure change shown here is 4500 psia and 
the high pressure adaptor was applied.    Also shown is the third of three 
successive constant volume combustion testa conducted using the same adaptor. 
It indicates that care must be taken in using the quartz transducer with ita 
high pressure adaptor.    While the transducer shows no ill effecta due to the 
combustion process, the adaptor does tend to corrode quite rapidly and bintl 
a/tor repeated use.    Better performance is obtained by removing the spring 
and fitting a small 0-ring into the adaptor to prevent leaks. 

Figure 4 also shows a driver pressure-time history which 
indicates that detonation rather than combustion of the mixture occurred. 
The peak pressure shown here is off scale and well over 6000 psia.    The 
quartz transducers checked after such an incident are found to »till function 
properly.    When detonations are encountered and it has been poaoiblo to 
observe peak pressure values,  the ratio of the peak pressure to initia.l driver 
load pressure is about fifty. 

The shock tunnel may I    operated as a shock tube,  or with a 
straight-thro ugh aoxxle or a reflecte     x-zxle.    Figure ö shows these tunnel 
configurations.    Pressures of the order of magnitude of the driver combustion 
preseure can be encountered in a portion of the driven tube of the reflected 
noszle shock tunnel.    The pressure in this portion,  the reflected end of the 
driven tube, is one of several parameters which must be known accurately 
in order to determine test section flow conditions.    The quarts transducers 
and associated circuitry are readily applicable for presffiure monitoring here. 
The quarts transducer hau a natural frequency of 48, 000 cpa while fhe piczo- 



calibrator at full gfein haa a flat response up to 4000 cps and 40,000 cpa at 
reduced gain.    A piezoamplifier ia available for uee with the quarts transducer 
and this unit haa a frequency response to 150,000 cpa and a voltage gain of five. 

To prevent adverse effects from mechanical vibration, the pres- 
aure transducer is placeü in a housing and mounted with Q-ringa in the side 
wall of the shock tube reflected region.    Figure 6 shows pressure records 
obtained with and without shock mounting.    The present prugram being con- 
ducted with the 6-inch shock tunnel has required reflected region pressures 
of 30QO psia or leas.    The present shock tunnel mechanical design limits the 
reflected region pressure values to 5000 psia.    Typical reflected region pres- 
sure-time histories are shown in Figure 7 for   P-   values of approximately 
3000 pal and 250 pai.    The former condition was obtained at a shock Mach 
number of 2.    With a shock tunnel no*»lo area ratio of 190 this gives a taat5 
section flow Mach number of 8,   a test section Reynolds number of 9.4 x 10 
per inch and a model stagnation temperature of TOO'K.    The latter reflected 
region pressure was achieved at a straight tube shock Mach number equal to 
5.    The nossle area ratio used ia this particular test was ZZ, 500 and yielded 
a teat section flow Mach number of approximately 20.    Figure 6 gives an 
indication of the correlation achieved between experimental measurements 
obtained with the quartz transducer system and theoretical equilibrium air 
calculations for the reflected region.    The parametera chosen are   Pg/Pi VB 

M     where   P^   is the reflected region pressure. 

The quartz crystal pressure transducer system is also used to 
monitor incident shock wave velocity.    Shock mounted quartz transducers are 
placed along the side wall of the 112-foot driven tube.    The shock wave arrival 
produces a step function type pressure rise.    Pressure changes are of the 
order of 1 to 300 paia.    The pleaocalibrator selector switch permits operation 
of this system over this full range of side wall pressure changes. 

The calibrator outputs are fed into three velocityrecording sya- 
temo.    These consist of an electronic counter,   a rotating drum oscillograph 
and a raster generator system.    The counter and raster system require only 
a pulse signal upon shock arrival to yield the required shock velocity infor- 
mation.    The oscillograph affords a complete pressure-time history at many 
positions along the driven tube downstream of the diaphragm.    These preasure- 
time histories in addition to yielding shock velocity irformation aJao give an 
indication of how the shock is being formed,    A typical oscillograph record 
obtained using the quartz transducers plezocalibrators ie shown in Figure 9. 
The arrival of the reflected wave is also determined from this record.    Shock 
velocity information obtained with the quartz gage system also affords a mnane 
of determining incident shock wave attenuation in the driven tube which can 
have important effects on model teet data.  ('' 

MODEL. PRESSURE INSTRUMENTATION 

Meaaurcment of model aurfsce pressure in the 6-inch shock 
tunnel test section introduces problems not encountered in the previously 
referenced facility teat regimes.    Figure 10 indicates the test flow conditions 
that can be achieved in the G,   E.   6-inch shock tunnel. *"'   The points shown 
indicate test flow conditions where actual model studies have been conducted. 



The model stagnation point pressure values and cylin-ler pressure values 
(based on the Modified Newtonian Prediction) for the given test flow condition 
is also indicated.    Thus,   it ia seen that model pressure changes from less 
than 0,001  paia to greater than  100 psia can be obtained and must be accurately 
meaaured. 

The duration of the uaefui test flow in the shock tunnel is gen«r- 
aily between 1 and 6 milliseconds.    Therefore,   it is necessary to have pres- 
sure instrumentation with short response times (less than 100 ^.B) and high 
natural frequencies {above 10,000 cps). 

The size of a gage is now an important factor.    It is desirable 
to obtain maximum model surface coverage daring one shock tunnel test.    The 
quartz transducers have been successfully applied to the meaaurement of 
model surface pressure changes above 0. 1 psia.    However,  the eine of this 
transducer greatly limits the number of test points that can be obtained on a 
model of practical size.    Typical model (Figure 11) diameter and length ranges 
are four to six inches and three to twelve inches respectively.    It was there- 
fore desirable to obtain a smaller transducer which woulcl permit the accurate 
measurement of pressure changes to as tow as 0. 001 psia.    Several transducers 
were considered and evaluated and are shown in Figure  12.     Transducer A 
had attractive dimensions and a resonant frequency of 250,000 cpa,   but proved 
to be relatively sensitive to temperature changes and has a low voltage sensi- 
tivity (1/8 that of the previously discussed quartz transducer).   Transducer B 
has a desirable resonant frequency and voltage output sensitivity.    In addition, 
thia transducer is available in an artifically cooled housing and therefore may 
be used in high temperature applications.    However,   its siae is prohibitive 
for the conditions of interest.    Transducer C,   a strain gage type,   is being 
evaluated in the Aerodynamics Laboratory now.    The G.   £. Research Labo- 
ratory has designed a barium titanate transducer (Transducer D) especially 
for shock tunnel model application.     This transducer has been used extensively 
in the 4-inch shock tunnel at the Research Laboratory.     Both C and D have 
desirable physical dimensions.    An additional transducer,  being evaluated 
now because of its small sine,   has an ammonium dihydrogen phosphate crystal 
as the active element; it is rated to have a pressure sensitivity ten times that 
of any other transducer tested at MSVD to date. 

Transducer E (Figure 12) has been used successfully to measure 
model surface pressures changes of as low as 0. 006 psia.    This gag« is com- 
posed of cylindrical tubes of either stabilized barium titanate or lead zirconate. 
The latter material has the better sensitivity stability with respect to temper- 
ature.    For example,  the Curie Point (the temperature at which spontaneous 
polarization oi the piei:oolcctric crystal occurs) I'J for lead zirconate is above 
300*C while it is only 100'C for barium titanate.    Shock tunnel test section 
flow field studies involve high temperatures of a few millisecond duration. 
The effect of temperature on the pressure transducer response ie dependent 
upon the heat transfer to the model surface during the teat interval.  ''0J   In 
one test regime (0.005 - 0. 15 psi) where the barium titanate ffranaducer E) 
is being applied the heat transfer rates are low-of the order of JO BTU/ft^-sec. 
This transducer is constructed so that the pressure sensing element is em' 
bedded in an isolating material which provides a good thermal delay.    Thus, 
in shock tunnol testing the piezoelectric responae of the transducer is over 
before the pyro-electric response takes place. 



A portion of the thermal Isolation By-stem ia an epoxy coating 
over the trsnaducer £ace.    This coating contributes to the damping of the 
senaitivo element and insulates it from heat.    The propagation time of the 
pressure wave through thia coating and the sensitive element due to a face- 
on shock wave is of the order of s microsecond.    The transducer is further 
designed to isolatn the eensitive element from acceleration.    The design 
figure of pressure sensitivity to acceleration sensitivity is 200.    To reduce 
acceleration and mechanical vibration effects further,   the tranaducera tiaed 
in shock tunnel model surface pressure tests are mounted ia a firm rubbur 
sleeve (Figure 13).    The model sting is isolated from the facility. 

The low pressure system using the barium titanate transducers 
was initially limited to transducer voltage outputs below 100 millivolts by the 
pre-amplifier system.    This pre-amplifier was modified so that the high 
input impedance barium titanate transducers could be coupled directly into 
its input circuit without losses in the over-all frequency response of the sys- 
tem.    The impedance to ground at the pre-amplifier input was increased 
from 10 megohms to 120 megohms.    The percentage frequency drop-off for 
a piezoelectric transducer is expressed by 

{feH 1/2 

The pre-amplifier input circuit was further modified so that the one system 
can be applied over the full model surface pressure range of interest.    M 
extremely low pressure change conditions, oscillations due co model vibrations 
appear in the pressure record.    An electrical narrow-band filter has been 
applied when necessary to filter out this noise. 

The quartx gage model pressure measuring system is similar 
to that described previously under facility instrumentation techniques, 

Exampies of model surface pressure data obtained using the 
pressure systems discussed are shown in Figure 14.   The model surface 
pressure distributions are generally expressed in ratio form with respect 
to the model stagnation pressure   (P  ).    Note the improvement in data scatter 
obtained during the development program.    Actual data traces for these gages 
are shown in Figure 23, 

Manual reduction of the model surface pressure data usually 
involves ratlolag stagnation paint values and pressure readings from at least 
three time positions within the test interval.    To avoid the time, labor,   and 
inaccuracies encountered in the manual system,  an electronic analog technique 
has been applied,   yielding a continuous read-out of the ratio of model surface 
pressure to stagnation point pressiure during the full teat interval.    The dialog 
system used is shown in Figure 15,    The normal pressure model is instru- 
mented to provide up to eight prosaure atatkma per shock tunnel test. 

To increase further the sensitivity of the various preonur« sys- 
tems for more accurate measurir.g in theCOOl psia pressure change regime, 
efforts are being made to reduce attenuation of the transducer output signal 



which reauJU from CXCUBBIVC: cable capacitance.    The original cable required 
between the transducer and the impedance matching device wag 30 feet In 
length.    The cable capacitance i« presently being reduced by reducing cable 
length to 6 feet anil mounting the impedance m&tching device in the atlng of 
the model aystem,    Thua,  th« required electronic circuit will be within the 
shock tunnel dump tank during flow field teats.    This ao c&lled «Ung pack 
consiatB of aeven piexoamplifiera containing electrometer trsaeiatorised 
circuits.    The whole sting pack in shock mounted in rubber within the sting 
of the model-support syatem.    The atlag pack jFigiwe 16) ia 9-inch«e in 
diameter,  and 15 inches in length. 

PBESSUKE TRANSDUCER CALIBRATION METHOPS 

The three previous sections have oiUlined many of the types of 
pressure data that must be obtained during the operation of a shock tunnel 
and deocribed several systems and techniques that have been found to be use- 
ful in the different sections of the tunnel.    latereet in uaing these transducer 
syatema has lad to the development of calibration techniques thftt satiafacto- 
rily evaluate the systems and predict their performance in the proposed 
environments. 

The quartz transducers may be calibrated etatically.    This la 
passible because of:   (a) the high leakage resiatanco obtained by tho use of 
specially treated quartz: crystals, (b) the use of special high resistance cable, 
ic) the very high input Impedance of the pieKOcalibrator.    Tc maiittaia thia 
high impedance it is necessary to keep Che cable connection to t&a transducer 
extremely clean. 

Shock tube test« have shown that static* and dynamic cnltbration 
of 'rach quartz transducer yields somewhat different results (Figure 17). 
Since shock tunnel model teeting involves dynamic pressure changes of short 
duration, it is beat to adopt a calibration technique that closely simulatee the 
actua- teat environment. The discrepancies noted between »tati« and dynamic 
calibration of the quart» transdwear also have encouraged the adaption of 
detailed dynamic calibration techniqsies for all transducers used. 

Tho presaure transducers are dynamically calibrated in a 
straight shock tube.    The calibration Is carried oat in the M&ch 2 to Mach 4 
range where experimental normal ohock wave result» have been found to 
agr*e with shock tube tkooty.   t11' "2'   The accuracy of ahoek tabo calibration 
in this regime is determined by the accuracy with which Initial tube conditions 
are known and with which the incident shock Mach number ia msasured.   A 
McLeod gage Is used to determine   P.   to within a fraction a£ a micron of 
mercury.    An electronic counter iai used to determine shock velocity with «n 
accuracy of + 1%.    The counter triggering system is comparabla to the system 
detailed by Coalizr.  ^   3'   Transducer voltage outputs for determining tbe 
signAl strength of the gage systems per pai are displayed and photographed 
on calibrated oscilloecopee maintained at an accuracy of + 0,2%. 

-»"-—— ■■■• —— —- —~ ■ -~—^ -.——■,■,—,—.—. *~. 
The calibraiio,: technique may be considered static when compared to ehock 
tube calibration. The particular technique involved ft pjreseure bomb and a 
quick opening valve. 



Calibration of tha t/ansdocer is carried out with the transducer 
located both along the eide waU of a Z-inch round shock tube (Figure 18) and 
at the end of a 13-inch sting protruding along the axis of the tuba from the 
rear end plate.    Calibration in these two poiiition« reaeonablf well siinulates 
the tecfc environment encountered during model testing in Che expanded uhock 
tunnel noasie flow.    Environmental conditions in the driver tube can be sim- 
ulated {pressure and temperature values) in the reflected region of the shock 
tube.    Along the aide wall of the driven tube,   aa in the reflected region,  the 
transducers are mounted in a hevi-mot housing (Figure 19) which is shock 
mounted in the tube w*li.    The gage is also in a cÄvity.    The effect of the 
cavity is to reduce the initial crystal loading rate in comparison to that of 
a flush mounted gage and this is believed to be responsible for the elimination 
of the erratic transducer performance experienced early in the development 
program. 

This recessed hole also tends to protect the transducer from 
particle damage which is sometimes experienced after the useful portion of 
the tunnel test run. 

The use of shock mounting in a cavity and a transducer with a 
high fundamental frequency reduces the problem of transducer ringing.    This 
ie inherent in low resonant frequency transducers where higher frequency 
componentfi in the measured pressure change phenomena can excite the low 
resonant frequency of the transducer.    When this happens the transducer 
rings and obscures basic proasure information.    A transducer with at least 
a 30, 000 cps resonant frequency is rated to give linear respoiso up to 6, 000 
cps and is safe from excitation by higher harmonics in a relatively low fre- 
quency transient phenomena. 

The comparison of transducer response with and without a 
cavity is shown in Figure 20.    The improvement in calibration repeatibility 
due to applying the cavity technique is shown in Figure 17.    The cavity used 
in calibration is designed to match the cavity incorporated into the pressure 
models used in tunnel testing.    This cavity introduces a time delay In the 
pressure maaauring system.    The geometry of the cavity controls the duration 
of the time delay experienced.   U^)   It was observed that the general shape 
of the pressure-time history obtained using a cavity was quite similar to the 
shape of the voltage-time history obtained in a EC electrical circuit.    Ait 
analogy between the two was constructed (Figure 21).    Barium titanate pres- 
sure transducers were placed in cavities of accurately known gcoi.ietry and 
pressure reoponse curves were obtained during shock tube testing.    Assuming 
the bleed hole to a resistance (with a slight capacitance to ground) and the 
cavity to be a capacitance,  characteristic RC times were obtained.    The 
analogous RC time occurs at 63% of the total voltage change, and 99% ti the 
applied voltage change is achiov^d in five RC time increments.    Therefore, 
for the cavity geometries plotted,  a time delay of from 200 to 1000 micro- 
seconds may be expected.    Based on these results,   cavities used in pressure 
models are geomatricaliy designed to yield the smaller time delay value 

/ij^ o. I to 0. 2). 



The rsnge of preseures required for calibrating transducers 
for use in model testing can bo produced accurately in a ohock tube with a 
presäure-break driver system.    Two driver tube techniques are applied in 
the low pressure range.    One involves the use of a scribed-mylar diaphragm 
and driver gaa loade of helium and nitrogen mixtures to achieve diaphragm 
rupture.    Driven tube initial pressures of the order of 100 microns of mercury 
yield pressure changes    (P,  - P,)    of approximately 0. 02 pel at shock Mach 
numbers 4 or less. 

A dfiver system using metallic foil and a plunger1 ' to achieve 
diaphragm rupture yields comparable calibration pressure changes from 0.02 
to 0.01 psi, but at normal shock wave strengths of little over Mach 1. Tbuii, 
the effect of temperature rise on transducer response may be studied. At 
these low pressurei:, mechanical vibrations introduce stability problems into 
the oscilloscope and counter triggering circuits. The use of the thin dia- 
phragms and a preeaure-break driver hae helped to minimize this problem. 

To achieve accurate calibration of the transducers at pressure 
changes below 0. 02 psi,   it is necessary to obtain driven tube initial presaures 
below ten microns of mercury.     The original 2-inch ohock tube facility is 
unable to achieve thsae driven tube conditions because of its physical volume 
and vacuum pump capacity,   and because of the number of test ports located 
along the driven tubs.    A special low pressure calibration shock tube {Figure 
22) was constructed to allow low pressure calibration.    This is a simple 
shock tube consisting of only the driven section with four test ports along the 
aide wall for mounting transducers.     Cavities are built into the tube initially 
and the transducers may be mounted as in the pressure model».    The tube 
uses a thin diaphragm and a fixed one--atmosphere driver. 

Transducer response over a range of preaaure changes are 
shown in Figure 23, with the calibration curves obtained on four barium 
titanate transducers  in the 0.02 to 0. 15 pai range. 

The pressure transducers are calibrated as part of a fixEd pres- 
sure measuring  system.     The system consists of the transducer,   a particular 
output cable, an impedance matching device and an amplifier when necessary. 
This system is maintained as a unit during calibration and then applied aa a 
fixed unit in shock tunnel model testing or shock tunnel facility measure ins nts. 

AERODYNAMIC FORCE MEASUREMENTS 

The piezoelectric axial force balance ia shown ir. Figure 24. 
The quartz crystal transducer ia  used as the  force sensor because of its 
rugged construction,   U») A shaft,   mounted on metallic flexures,   ha« one 
end pre-loaded against the metallic face of the transducer.     The other end 
of the shaft provides support for the model.     The balance fits within the 
light-weight models g^nsraUy used.    Also shown in Figure 24 is the force- 
time history from the balance and the pressure-time history at the model 
stagnation point.    The balance output records show that the application of 
the fast response quartz transducer yields a fast response force indicator. 
The low frequanoy oscillations which appear in the force-time record are 
due to the  resonant frequency of the combined flexure-model mechanical 



ayetem.    To reduce these OBcillationa,  thin-walled magnesium models are 
now being   ueed in place of the original aluminum models-    The piesoelectric 
balance as shown, permits the flexurae to be interchanged.    For a given test 
condition,  a set of flexureti may be chosen to yield the desired sensitivity, 
resonant frequency and mechanical damping characteriatica. 

The magnitude of axial forces encountered during current shock 
tunnel testing range from 0. 1 to 100 pnunds.    Experimental axial force data 
obtained on simple shapes using this balance are shown in Figure 25. 

A utrain gage balance has been used to obtain axial force meac- 
uremonts over an angle of attack range of 0" to 8".    Bonded strain gages are 
used.    This system may be used at angle of attack by compensating for the 
initial un-balance in the strain gage bridge circuit.    The reeponse of this 
type of axial force balancB is quite satisfactory for shock tunnel testing an» 
shown by Figure 26,    Here the force-time history of the strain gage balance 
and the pressure-time history of a quarts gage at the model stagnation point 
are compared.    The lack of low frequency oscillations on the force-time 
history oscilloscope trace is due to the fact that the whole balance is potted 
in a foamy resin material.    This technique has worked well in damping out 
mechanical oscillations using the etrain gage system. 

Several approaches have been investigated at MSVD and at ether 
laboratories in developing a combined normal force and moment balance lor 
use in shock tunnel aerodynamic tasting.    The problsm is one of obtaining the 
short response times,  which are required due to the short test flow duration 
with sufficient instrument sensitivity.    A novel moment balance has been 
developed (I?) which involves a model ouep^nded in a magnetic field.    High 
speed photography may also be used to study the motion of a model freely 
suspended in a short duration hypersonic How field.    This system is under 
development now at the Naval Ordnance Laboratory*.    Also Wittlif and 
Budinger have described an accelarometer balance that has been developed 
at the Cornell Aeronautical Laboratory. '  8' 

.Efforts are continuing towards development of a mechanical 
moment and normal iorce balance using strain gagee or piezoelectric gages 
as the sensing elements.    The problem encountered in applying strain gages 
is that sensor members having stiffness high enough to respond quickly to 
the already short duration loading have inaisfficieni: aensitivity to yield accurate 
data.    Improved strain gagee and »train gage circuitry are presently being 
studied in an effort to overcome this problem.    Other techniques also being 
studied am the free flight method and an internal ctrain gage balance system 
eimilar to that described by Perry and MacDermott.   '  ' 

CONCLUSIONS 

The developed pressure and force measuring system yield accu- 
rate experimental measurements in the 6-inch shock tunnel during stttdies of 
steady hypersonic aerodynamic problems.    These measurements are obtained 
over ranges of flow conditions which simulate many aspects of hypersonic 
flight,   ballistic miasiio re-entry,  and satellite or glide re-entry situatioas, 

Seigel,   A; private communications 



Using available piezoelectric tr&naducera,   pressure meaauring 
aystema and techniques have been developed which permit the accurate de- 
terminationa of Bhock-tunnel-driver tube preaaure-time history,  ehock-timnel- 
drivea tube dynamic pressure,  driven tube shock wave Mach number,  and 
model surlace pressure dietributiono.    These dynamic pratteuxe phenomena 
span a range from 10, 000 psis to 0. 001 psia.   With the exception of the shock 
tunnel driver combuation process,  the events of Interest have a duration of 
1 to 6 milliseconds and rise times to peak preaaure of 1 to 2 microseconds. 
Relatively high gao temperatures and surface heal transfer rates exiat during 
the test interval. 

Static and dynamic calibration of the preaaure systems have 
been evaluated and shuck tube dynamic calibration techniques chosen and 
applied in auch a manner as to simulate adequately the different test environ- 

An analog computer concept,  which has been applied as a prea- 
aure data reduction aystem,   provides accurate model pressure data with a 
minimum of time and effort. 

Both strain gages and piezoelectric transducers have been 
applied in force balanca systems to yield accurate axial force meaeuremenCs 
In shock tunnel hypersonic aerodynamic testing.    Normal force and pitching 
moment baiances,  and free flight techniques currently being studied and 
developed appear feasible for application to shock tunnel testing. 

A continuing effort is being maintained to improve theae existing 
Byatems and to develop new pressure and force systems so as to extend the 
currently available measuring capabilities to wider ranges of operation. 
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Figure 1    Quart?,  Pressure Syste 
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SHOCK TUBE-QUARTZ    TRANSDUCER 
WITHOUT SHOCK MOUNTING 

2000 PSI/ 
FULL SCALE 

200 ftSEC/CM 

Figure 6   Reflected Region Pressure-Time Historiee 
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Figure 7    Shock Tunnel-Quartz Transducer-Shock I 
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Fig  re .0   Range of Test Flow Conditiona for G. E.  6-inch Shock Tunnel 



UNGUSSIFIED 

im 
CONTKOt ONLY 

«:—.—• Reproduced    by I _,J 

flrmed Services Technicai Isfermitioi flgenoi 
ARLINGTON HALL STATlONj  ARLINGTON 12 VISGINM 

i lir    i 



5 

"NOTICE:   When Government or other drawings, specification« or 
»ther data are used for «ny purpose other than in connection v»it 

3 definilelv related Government procurement operation, the U.S. 
government thereby incurs no    responslDility. nor any obligation 
vhatsoeveri and the fact that the Government may have formulate 

furnished, or in any way supplied the said drawings, specifications 
or other data i» not to be regarded by implication or otherwise a- 
in any manner licensing the holder or any other person or corpor. 

ton, or conveying any rights or permission to manufacture, use or 
sell any patented invention that may in any way fee related there! 





f I» 



-RUBBER SLEEVE 

SHOCK MOUNTED 
GAGE 

Figure 13   Model Mounting of Surface Preaeure Transduceri 

I- i 

'Sii^iH^rr^i:::' sdsm 



ai^ 



p. 

IV * .60 

\ 
R 2.0 m 

MODIFIED—^' 
NEWTONIAN                  0 

M-IZ.6 
0        J 8 i 

o 

i 

O       M>IZ:6 

e     M ' 21 6 

HEMISPHERE E51 CONE CYLINDER 

0 5 10 2,0 2.5 3.0 
S/fn 

Figure 14(b)   Pressure Dias ribution for ZS-Degree Hemisphere - Cone - Cylinder 

ssaSiH 







(iSd)   9Niav3a nvia- 
aoivasinvo oidioaiaozaid 





/ 

h- CD m 
U, COCO o :D< 
to ceo 



< 



200r 

"150 
2 
O o 
LÜ 

O 
Q: 
CJIOO 

° AP=.I46 PSI 
E> AP=.08   PSI 
A AP=.049 PSI 
o AP=.035  PSI 

«63% 
OF  THE  TOTAL 

PRESSURE CHANGE/ 

50 

0.1 

RC=R{C|+CZ)«>-^'-- 

CAVITY 

TT© 

0.2 0.3 
LV 
Q" 

0.4 0.5 





l5PSI/Cki 

I MILLISEC/CM 

CAUISRSTION CURUES 
BARIUM TITANATE PRESSURE   TRANSDUCERS» 

DEC 1958 

SMV/CMBH      KSAGE 12 

I MILLISEC/CM 
>GAGE*!3 
> GAGE #2 
»GAGE J» 12 
>GAGE# 9 

*SV1TH A 6 FT LENGTH   OF MICRO-DOT 

#•50-3903 CABLE WITH »SS-SI MICRO-DOT 
CONNECTOR AND A 29 FT.  LENGTH 
OF RG 58A CABLE 
INPUT IMPED. 120 MEG 

.02      .04      .06     .08      .10      .12 
PRESSURE-PSI (AP-SHOCK  TUBE) 

! 23    Model Slapna 



OS 

8 ES 

4H1 



A BLUNT 
CYLINDER 

D 
P.R2 o HEMISPHERE 

CYLINDER 

MODIFIED NEWTONIAN 

APPROX. VALUE   FROM 
VASS, BOGDONOFF   & 
HAMMITT   PRESSURE 
DISTRIBUTION 

4 6 8 10 12 14 

FREE  STREAM MACH NUMBER [Mm] 



BALANCE RESPONSE 

■ i FOR  3" 
^HHBHEMiSPH 

200 LBS/   !■ IFOR  3" DIA. 
FULL SCALE H—HEMISPHERE 

I MILLISEC/CM 

MODEL STAGNATiON 
POINT  PRESSURE 

10 PSi/il - 
CM   :        m 

I MSLLSSEC/CM 

Figure 26    Typical Strain-Gage Axial Force Balance Oui.pu 



SHOCK TUBE STUDIES OF THE EFFECTS 

OF SHARP-RISING, LONG-DURATION OVERPRESSURES 
ON BIQL.OGICAL SYSTEMS" 

D.R. Richmond.   R. V. TaboreUi,  F. Sherping,   M. B, Wetherbe. 
R.T.Sanchez,   V. C. Coldiacn, ant) C.S. White 

Lovelace Foundation 

INTRODUCTION 

Shock tubes have been used succeaefuUy by a number of investi- 
gatora to etudy the biological effects of variationa in environmental  p r e B - 
aurea, (1. 2, 3)     Recently  an  unusually versatile laboratory presaurization 
source became   available with the capability of cunsistently reproducing a 
wide  variety   of preBoure-time phenomena af durations equal to and WBH 
beyond those aoHDciatec] with the detonation of nuclear devices. (4)      Thua it 
became possible to supplement  costly full-9Gale field re search in b 1 a s t 
biology carried out at the Nevada Test Side(*'"' by using an economical yet 
realistic laboratory t&Ql.    In one exploratory study employing preaeure 
pulses of 5 to 10 sec duration wherein the times to max overpressure and 
the magnitudes of the ovcrpreaaurea were varied, a relatively high tolerance 
of biological media to pressures well over 150 pai was demonstrated. (7)   In 
contrast,  the present paper will deecribe the relatively high biological SUE- 
ceptibility to long duration overpressures in which the pressure rises occur- 
red in single.and double faat-risiiig steps. 

ME THODS 

Shock   Tube 

The  shock tube used to achieve variations  in the  pressure   en- 
vironment has been described in detail elHewhere, (4' 8)      In brief,   however, 
the apparatus ooiasioted of a cylindrical pressure chamber 40, 5 in.  in diam- 
eter and 1? ft 5 in. long separated by a frangible diaphragm (Dupont  Mylar) 
(rovn an expansion chamber made up of sectiona of ateel pipe 23-1 IZ in,  in 
diameter and 25 ft long.    The reduction in diameter from 40-1/2 to 23-1/2 in. 
occuried over a 3-ft-lcmg transition Section upstream of the diaphragm station. 
The downstream portion of the shock tube was closed with a steel plate bolted 
to the end of the expaneion chamber.    See Figure 1,   Following preoBurization 
of the expansion chamber, which waa accomplished by initiatine rupture of the 
diaphragm with a .22 caliber bullet f; ed at an angle from a pistol mounted 
downstream of the diaphragm,   high-preseure gas oeCaped through openings 
in the wall of the shock tube and thua determined the rate  of pressure fall. 

Thia  work   waa   supported by contract with the Diviaio'n of E i ol o g y an( 
Medicine of the Atomic Energy Commission, and waa carried out   at   the 
ASC-Lovalace Foundation. Blast Tube Facility, San^ia Eaac, Albuquerque, 
New Mexico. 



Four   specie«   of animalB  were exposed i 
fhs dirnenaions noted in Table 1.    The cages, 

«'ere carefully sized to fit the animals  snugly 
losaible damage from displacement.    The cages wei 
t the inside of the end-plate of the shock tube  or we 
;es away from the end-plate,   e.g.,   I,   Z,   3,   6 and  1 

Table 1     Dimena: LC-na of the Animal Cage " 
Spe-Jies 

DimenBions of 
Individual Cage, Nu mber of 

Di\-ision of Openings 
in Wire Mash, 

in. Conn partments in. 

Mouse l-i/2X 1-1/2 y 3/4 5 1/4 X 3/4 
Rat 2 X 2-1/4 x a 5 1 /4 X 3/4 
Girinea Fl g               3X 3X 8-1/2 3 ■' I/4X 3/4* 
Rabbit 5 X 5 X 14 2 3/4 X1-3/4** 

Appro: 
«imately 60 pur cvnt open a rea (dia moiirl-Rhapp <*) 
vimatety 75  per cent open a rea (dia mond-ahape d» 

tee 

Prüf) eure-time data were  obtained using Wiancko   presaure 
transducers and piezoelectric gauges appropriately integrated with amplify- 
ing Hqui'.pmunt and  recorders.     The latter cünsisted of Consolidated galva- 
nometers and an oscUlograph for Wiaiicko data; and a Tektronix cathode ray 
oscilloscope mounting a camera to photograph the pieau gauge results. 

Pressure-time Environment 

Pressure gauges   were  located in the end-plate,   face-on to the 
advancing shock front and side-o« in the wall of the  shock tube,   1 ft and li ft 
from the end-plate.     The uppfir po'-tiOn of Figure 6 shows a faco-on prassuro- 
time trace.    The reader will note that the incident and reflected wave almost 
inBtanta-ievnisly activated the preeaure  tranaducer giving a sharp,  faat-riBing 
pressure pulne followed by a slow-rising crown.    In contrast,   the middle and 
lower  records of Figure 6,   taken with gauges located  1 ft and  H ft from the 
end-plate of the tube,   respectively,   ishow two fast-rieing stepa in the pres- 
sure pulse followed by a crown.     The first step was due  to the incident ahock, 
whereau the  second was caused by the pressure reflection from the end of 
the tube.    All overpreaeures were from 6 to B see in duration. 

PreHsurea to be reported lai 
vertically rising portion  of the record, 
shock represented only a small additions 
the reflected shock and was  considered i 

i  read from the peak of the 
>wn following the reflected 

tant biologically. 

in the latter portions  of the traces in 
experimenEs by using the arrangement 



shown in Fig, 7. As ahown in the figure, the eecotidary pressure reflections 
were absent and, as will be indicated later, they were probably of no bislogi- 
cal importance as far as the present atudy was concemod. 

1.    Animala Exposed Side-on Against the End-plate of the Shock Tube 

Four  species of animals,  listed in Table 2  showing their numbers 
and body weighto,   were exposed side-on in cages bolted against the end-plate 
of the shock tube to reflected pressures of increasing magnitude.    The mor- 
tality noted at 1 hr  or less after exposure is detailed  in Table  3,  and plotted 
in Fig.   8.    The latter shows typical Higmoid  shaped mortality curves.     The 
probit analysis of Finney f°i wae applied to the data. 

Table Z     Number and Species of Animals Used in This Study 

Number of Animals Egposed 
Body Weight Age,        Width    Against     At Vkri« 
(Me; , SE) months End-plate fro i End-plate 

Mouse (F) 
JWebafc-r Strain) 

Rat (F) 
(Sprague Dawlcy) 

(English Breed) '^-    ~ *' ^ 

Rabbit (F) 
(New Zealand Whii") 

18.6+0.15 g      1-1/2             1 115 

192.0 + 1,51 g     2 -2-1/2 1-1/i 145 

■1/2-4     2 140 

1732-f 35,8 g     2-1/2 - 3     4 55 

fleeted pres 
(LDsoK    Ae 

of the 

gure  9 shows a probit plot of the reaulta and  sets forth the re- 
re in pai aeaociated with 50 ps-r cent mortality in each species 
m be seen from the figure,   Che l^so  values arranged in ascend- 
ä 29.8 (+1.1),   33,4 (+1.2).   36.7 (jfO.7),   and 38.7 (+0.6) psi 

rabliit,   guinea pig,  and rat,   reöpectively.    Th« standard errors 
.oted in parentheses above were encouragingly small. 

Statistical tu, 
nificantly higher than tho 
pig. Though there was a 
mouse, such was not the 
rabbit and guinea pig. A 
guinea pig and rabbit WCT 
line for the mouse was ei 
epecias of animals. 

s showed that the IJDSQ value for the rat was  sig- 
! fur the rabbit and the mouse,  but nut for the guinea 
Ignlficant difference between the guinea pig and the 
■ise when comparing the rabbit and the mouse or 
o,   test» indicated the regression lines for the rat, 

ially parallel,   but the  slope of the regreseion 
ntly different than those for the othi • thr 

Ae previously mentioned, th 
ndarily from the compression chamber 
"or example,  a group of 30 guinea pigs 

; multiple reflection! 
did not add to the mr 
were exposed against 

iility rate. 



Table 3 Mortality* as Related to the M^ijnitude of the 
Reflected Shock for Animala Exposed Side-on 
Against the Closed End of a Shock Tube 

Overpressure in 
Reflected Shock Number Killed 

PBi Total 

Mouse; 
19.50 0/15 
24.50 0/15 
29.70 17/25 
34.80 19/25 
37.12 18/20 
38.8 14/15 

Rat: 
21.2 0/10 
31.D 0/20 
34.0 2/25 
37.6 8/25 
39.0 12/20 
40.2 14/20 ■ ■■ 
46.0 13/15 
53.5 10/10 

Guinea Pig: 
16.3 0/15 
20.7 0/15 
29.3 1/20 
36.3 a/zo 
39.6 19/25 
4Z.0 13/15 
46.7 15/15 
55,3 15/15 

Rabbit: 
25.5 0/6 
29.2 1/6 
32.9 4/8 
35.0 8/15 
37.6 7/8 
39.3 4/4 
52.7 6/6 

76.0 
90.0 
93.0 

20.0 
32.0 
60.0 
70.0 
86.7 

100 

5.0 
40.0 
76.D 
66.7 

100 
100 

16.7 
50.0 
53.3 
87.5 

100 
100 

Mortality at 1 hr t 



to the pressure pulse that lacked the repoated refLectiona (Fig. 7). Fifty- 
aeven per cent mortality was obtained with reflected shocks that averaged 
39 pei. In the other arrangement where multiple peako occurred (Fig, 6), 
initial renecled sh-.ick» of 38 pel produced 60 per cent mortality. The dif- 
ference in mortality between the two groupa was not significant. 

a from the End-plate 
)ck Tube 

Guinea Piga 

Experiments aimilar to those described above were perrormeti 
uaing guinea pigs except that the cages were located 1,2,3,   6 and 12 in, from 
the end-plate of tke shock tube at the time of exposure.    Mortality data for 
the several groupa of animals are summarized in Table 4 which,   for com- 
pariaon,  also includes i-esults for animals exposed against the end-plate. 

Probit analysis was performed on the data shown in Table 4. 
Mortality regrooaion lines and the reflected pressures associated with 50 
per cent mortality for the different cage positions are  shown in Fig.   10, 
Attenlion is directed to the results which clearly indicate a rise in the LDgQ 
values as the animals were moved away from the end of the tube being 36.7 
+ 0.7 psi againat the end-plate and 40. 8 + 2. 1, 48. 3 + 1, 3,  52. R + I. 9, 
^S.fe ■(- 1.6 and 57. 1 + 1, 1 psi for cage positions at 175, 3,6 and IT in. from ' 
the reflecting surface,  respectively.    The reader will note that there was no 
essential difference in the results obtained at the 6 and 12 in.   cage positions 
and that the rather large increase in pressure tolerance occurred at the 1 
and 2 in,  cage locations. 

This somewhat remarkable finding occurred even tliQUgh the time 
between the arrival of the initial Incident pressure at the animal position and 
the subsequent reflected pressure wa,B by measurement close to 1.4 msec 
for the 12-in. position and was much less at ataüons clcser to the end-plats. 
Apparently the biological system can and does distinguish surprisingly short 
time intervals when stepwiae pressure loading occurs with sharp-rising seg- 
menta of the pressure pulse. 

Mouse, Eat,  Rabbit 

To further eicplore the biolagical effects of atep-Ioading,   the ex- 
perimenta performed on guinea pigs described above were repeated 'ising 
mice,   rats,   and rabbits with two alterations in procedure: (1) a series with 
animala exposed against the end-plate was included,  and (2) the tube was 
operated at near constant compression chamber pressures of 58 psi.    The 
latter yielded reflected pressures,  which proved fatal for all ammals exposed 
against the end~plate (which averaged 53 psi -with a range fram 48 to bb psi). 

Results obtained are tabulated in Table 5 in which are also includ- 
ed appropriate portions of the guinea pig data described in the previous sec- 
tion.    A graphic presentation of the results are shown in Fig.   II.     From a 
study of the figure at least two results arc apparent.    First, all animal specii 
show a decrease in mortaility with increasing dial 
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Table 5     The Relation Between the Magnitude of the Reflected 
Shock and Mortality for Small Animals Exposed 
Side-on at V&riaus Distances from the F.nd-plate 

Specie« 
Number of 
Animal« 

Distance of Cage 
from End-plate. 

in. 

Overpressure in 
Reflected Shock, 

p.i* 
Mortality 
per cent 

Mouse 20 0 52 (52-52) 100 
(5 per shot) 

24 1/2 55 (53-56J 63 

24 I 55 (54-56) 29 

15 2 54 (54-54) 0 

15 3 54 (54-3*) 7 

Rat 15 0 52(48-551 100 
(5 per «hot) 

10 1/2 53 (52-55) ICO 

15 1 52 (50-53) 80 

15 2 52 (49-54) 13 

15 3 50 (48-52) 0 

15 i, 48 (48-49) 0 

5 12 55 (55) 0 

Cuin«a pig 
(3 per shot) 

20 
15 

0 
1 

48 (46-52) 
51 (49-53) 

100 
100 

18 2 51 (50-54) 72 

30 3 52 (50-54) 37 

21 6 52 (50-5 3) 24 

15 12 53 (50-54) 25 

Rabbit 1.2 0 42 (38-53) 100 
(2 per shot) 

4 1 53 (52-53) 100 

8 Z 54 (53-55) 83 

S 3 55 (53-56) 63 

6 6 52 (51-53) 17 

2 12 55 (55) 0 

Mean and range 



surface, i.e., with increasing time between arrival of the incident and 
roflecteö waves.. Secondly, the rate of decrease of mortality with increas- 
ing distance from the end-plate is greater for i.he smaller than the larger 
ar.imala. Actually, the exploratory nature of ite data do not justify- further 
comment beyond pointing out that (1) only a trend in the behavior of Spialogic 
eyatems haa been demonstrated, (2) the animals against the end-plate were 
over-shot, meaning that, the reflected preesurse were well above those re- 
quired for 100 per cent mortality, and (3) lastly, the number ofanimalaused 
to define each point were small, particularly in the case of the rabbit 
experiments, 

DISCUSSION 

General 

From the practical point of view,   when considering biological 
tolerance to ovorpresaurea of long  duration,   it is very important to dis- 
tingulsh between the incident and reflected pressures,   the rate of pressure 
rise,   the   character   of the rising portions  of the pressure   p ul a e   and the 
geometry of exposure »s it is interrelated with the above blaut  parameters. 
This is so becauee nuclear weapon effecte data as presented   in manuals 
showing the scaling laws for blast usually report the incident pressure^0) 
and aay that 30 pai, when referring to the incident pressure,  is a safe pres- 
sure for man.   Such otfttements can h&ve at least two inaccuracies.    First, 
30 pai incident in an appropriate geometry of exposure may result in sudden 
application of a reflected overpressure of 90 - 120 pai to a biologic target. 
Such reflected presaurea of long duration applied as a single step would no 
doubt be fatal to man.    Secondly,   a 30 psi incident overpressure in another 
geometry of eaposure might rise in two or more steep stepa due to reflection. 
Or might rise slowly to leao than 30 psi in a time meaaured in   several tens 
of millisecor Js and produce no significant damage whatsoever.    The point 
is that tolerance to pressure variations in a complex matter and considerable 
care must be observed in specifying safety criteria and in the design of pro- 
tective  atructures. 

Mortality from Single, Sharp-riaing Overpressures 

More specific consideration will now be given to the data com- 
prising the prfinent study, and a few comments regarding tolerance to single, 
fast-rising pressure pulses will be set forth. 

First, in apite of large weight range there was little difference 
in the l-Ogo flSulrea f"»" toe four species atndied ranging from about 30psj for 
the mouse to near  39 pei for the rat, with the  ra.bhit and guinea pig in between. 

Secondly, the range of the reflected pressure associated with 10 
and 90 per cent mortality was quite small in the order of+7 to 12 pai on either 
side of the i-Dgo reflected pressure. What this can mean in terms of the 
incident pressure is indirectly illustrated by the data in Table 6 allowing the 
relatl. i between the incident (P,) and reflected (Pj) overpressures as they 
occurred in the present study. The table jhows that there is approximately 
a ratio   of 3 between the   P     and the   P,   which means that a variation  of 



Table 6 Reflected and Incident Overpreseares Associated 
with 50 Per Cent Mortality for Animala Exposed 
Against the End-plate of the Shock Tube 

Species Refected (PE) Incident{P  ) vp
8 

Mouse 29.8 10.0 Z. 90 

Rabbit 33.4 11.3 2.95 

Guinea pig 36.7 12.1 3.03 

Rat i8.7 12.6 3.07 

Table 7     Reflected and Incident Overpresnurea Associated 
with 50 Per Cent Mortality of Guinea Piga Exposed 
Against and at Various Distances from the End-plate 
of the Shock Tube 

Inciden 
Overpres 

Reflected 
OverpresBure 
(P,)   (l.D50), 

Diffaren 
between 
Steps, 

0 12.1 36.7 24,6 ,-0 

1 13.4 40.8 27.4 0. !0* 
2 15.6 48.3 32.7 0.20 
3 16.9 52.8 35.9 0.30 
6 18.7 58.6 39.9 0. 63 

12 18.2 57.1 38.9 1.36 



about -ilt&lZ pax in the    Pf   would require  only a variation of nsar +2 to 4 pai 
in the'pQ.    Apparently the IvolQgical oyetem iu  reaponding in what might be 
calVjd an all-or-none rnanner to fast-riMing overpressureB,,    At least the 
r.'inge between near sero and 100 per cent mortality ia small and those inter- 
ested in protection ohonld take carefu.1. note of this fact. 

Thirdly, by way of speculation, it ia doubtful that the   L.DCQ re- 
flected overpi-egsures for fast--rising pulses of long duration applicable to 
the dog and to man are likely to be much above 40 - 45 psi if indeed they are 
that high.    Though the present study supports such a guess,  let it be clear 
that as yet there are no empirical data on which to base a firm opinion. 

t from the End-piate 

It is now useful to note the relationships between the incident and 
reflected pressures that were associated with 50 per cent mortality of the 
guinea pigs exposed against and at various distances from the end-plate of 
the  shock tube.     Table 7 details the data. 

The next to the last column of the table shows the difference 
between the incident and reflected pressures asBociated with equal biological 
response (50 per cent mortality).    The last column shows the time between 
arrival of the incidenl and reflected pressures at the animal stations.    When 
the incident and reflected pressures were applied almoot simultaneously, a 
sir.fjla, faal-riaing increase in pressure of 36.7 pßi was required for the LDgg. 
In contrast, progressively higher total reflected pressures were associated 
with the U3go   at increasing distances from the end of the tube up to the 6 in. 
position.    At the same time,   the magnitudee  of the incident pressures for all 
groups were not nKar the   LD50   value for a  single pulse.    Likewise,   neither 
were the magnitudes of the second pressure steps applicable to the 1,  2, and 
3 in. poaitiona all near the single step   L.D$Q figure (nee the difference column 
in TaJsle 7).    One ie forced to conclude that neither the incident nor reflected 
pulse alone was responsible for the mortality,   rather that both were   con- 
tributing. 

In the case of the 6-in,   and 12-in.   stations,   however,  a compari- 
son of Tables 6 and 7 ahoia that the magnitude of the second aU-.pwiBe rises 
in pressure -being about 39 - 40 psi - were above the single-step figure of 
near 37 psi associated with 50 per cent mortality.    Were the second step 
alone producing death,  a slightly higher mortality should have been obtained. 
That auch was not noted,   indicates that the presence of the initial shocks and 
associated preasurfts were giving  the animals  some protection from the second 
shocks and accompanying pressure rises through some adaptive mechanism 
not completely understood at the present time. 

That such protection is very real la confirmed by Fig,   11 and 
Table 8 which was prepared from the guinea pig data given in Tabl^ 5 refer- 
able to mortality noted at different exposure positions with near constant re- 
flected prsasures.     The actual incident and reflected pressures are  shown, 
and in the last column are noted the mortalities that might be expected from 
the second step rise in pressure were" they acting as single Hteps and alone 
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rcaponoible for the mortality.    Comparing  the figwrefl noted in the last 
column with those in the second given the observed mortality,   showe that 
for poeitione at 0,   1 and 2 in. ,  the oboervcd mortality was higher than that 
expected on a eingle-i-iae basis.    Therefore,  the firnt and eecond steps were 
both contributing to   the death« noted.    In contrast, for the 6-in.  and 12-in. 
poBitions,   the expacted mortalitieo were well above those actually found, in- 
dicating that the initial pressure had existed long enough to allov the animal 
tc adapt in a way thfat lent protection against the second rise in pressure. 

While the problem is under study,  it ifl not possible to offer any 
clear cut explanation to explain the facts noted above,    In all probability, 
howsver, the pressure diffcrentdals which exist at various times between the 
air-containing lung and the external pressure are of critical importance.    At 
least three factors could influence magnitude of the environment-lung pres- 
sure difference with time,  e.g. ,   {1J air could flow into the lung,  (2) the 
volume of air-containing lung could change because the external pressure 
puahed the chest walls inward and the abdominal wall and diaphragm in and 
upward,  respectively, and (3) fluid (blood and lymph) might migrate into the 
thorax and serve to reduce the air voluine and hence reduce the pressure 
differential.    Certainly, the speed with which these three adaptations could 
occur will vary and, in the absence of applicable experimental data,   one can 
only remark that while the second possibility noted above looks more attrac- 
tive for the time intervals set forth in Tables 7 and 8, all three factors no 
doubt contribute some to the adaptations which take place with overpressures 
of long duration. 

SUMMARY 

A   closed-end    shock tube was used to study the effects  of 
single and step-wise,   fast-ri.sing overpreseures of long duration on four 
species of experimental animals. 

for animals exposed side-on against the end-plate to single, 
sharp-rising presaure pulnes,  the reflected pressures necessary to kill 90 
per cant ILI>50) were as follows; for the mouse - 29.8 + 1.1: rabbit - 33.4 
+ 1.2; guinea pig - 36.7 + 0.7; and the rat - 38, 7 + 0. 6"psi. 

Animals located at short distances away from the end-plate were 
loaded in a two-step manner.    The steps corresponded to the incident and 
reflected shock fronts.    With stepwiae increases in pressure, animals toler- 
ated much Uigher reflected overpressures than when the pressure load con- 
sisted of a single-sharp »rising pulse. 

The importance of the time interval between step loads was 
pointed out and briefly discussed. 
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Figure  3    Rat Cage Mounted Against the End-plate of the Shock Tube 
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PROGRAM FOR THE NCEL BL.AST SIMULATOR 

Navy Civil Engir ng Laboratory 

GENERAL, 

Detailed deacriptiona of the HCEL. Blafät Simulator are contained in 
recttat publicatioiiB of the Society of American Military Engineers, American 
Society of Mechanical Engineers and the Society for Experimental Stress 
AaaJyaia.   Suffice it to aay thn oimulator >■ a aix-inch steel tube centered 
Inside a 2-ft slotted tuba which in turn is supported on four legs.    Skirts 
eight inches apart are welded to the larger tube alot to direct the blast down 
upon the test üpeeimera.    The simulator is centered over a reinforced cori« 
cret© pit 10 ft long. 9 ft wide, and IZ it ä*Cp.   Approximately 50 tons of steel 
and 17? tons of reinforced concrete were used in the construction of the simu- 
lator, 

ENERGY SOURCE 

The oimidator depends primarily upon the UBC of Primacord as an 
energy source.    Primacorcä is a high explosive detonating fuse which detonates 
at a rate of 20,COO ft p« sec.    One or more strands of the Primacord are 
centered in the 6-in. -diameter tube and exploded by the KHG of Composition C 
and two blasting caps.    Very high pressupee develop rapidly in the 6-in. - 
dicmete? tube and are vented to the 2-ft tube through 3000 holes drilled in the 
tube.   Baffles at 15 in,  intervals prevent reverberations in the tube.    In- 
tensity and duration of preaeure :.n the large tube are ccntcolled by the siae 
of the charge, by the addition trt nitrocellulose to the Primacord,  and by the 
eequencing of 22 quick-opening valves on the simulator.    Thea« valves are 
solenoid opur.atcd and the orifice io on« inch in diameter. 

CRITERIA 

The aimulator was designed to produi 
end of decay correapond to an atomic blast. 

i whase t 

The deaign criteria for the eimulator were as follows; 

Time of rise to peak pressure approx.   1 mseft 

Peak pressure 30 to 185 psi 

Presflure decay . 

p = PD<I - ji-i»   '<■ 

pTeesure duration variable from 0.4 I 



Capabilities 

The aimulator wan designed to tost simple or fixed-end beams of 
8 in. widths variable in depth from 8 to 12 in., and spans of 12-1/2 to 15 ft. 
Also, by utilising the pit immediately beneath the simulator,  8-in. -wide 
frames with heights of 8 ft and spans of 12 ft may be tested for either verti- 
cal or lateral loads. 

PROGRAM 

Beams 

Twelv« 8-ia. -by-10-in. -by-i5-ft reinforced concrete beam» have 
been tested for the following reasons: (1) to compare the results of previous 
small-scale beam    teats (Z) to Xeam more about the behavior under fiaad-end 
conditions (3) to meaauz'e the response to uniform dynamic loading, (4) to de- 
termine the plauti.c hinge formation and diagonal tensile strength.    Fartunate- 
ly it was found that the simulator «as sufficiently air tight to permit perform- 
ing static control testa.    The use of a Ncoprene gasket and Teflon wipora pro- 
duced almost no side frlctiofi and enabled the static and dynamic tests to be 
performed under identical support conditions. 

In sos^ucting theae tests the results of the performance of the simu- 
lator and the tost specimen are recorded by a 36-chännel CEC oscillograph, 

Theua taata demontrated the following: 

1. Uniform loads were obtained in the simulator. 

2. Good control waa obtained over the time of pressiare rise 
and decay. 

3. i to 95% beam fixity was atuuned. 

4, The dynamic magnification factor was 1,7. 

5, The spring-mass system is valid tor fixed-end beams. 

CONNECTIOH T&STS 

Approximately -tu apeclmens will be tested as a pilot program to 
determine the behavior of commonly employed connectionB under dynamic 
loading. Welded portal frame knees, beam-to-column connections, and 
column anchorages will be included. Portal frame members with square, 
curved, and haunched knees will be tested under both positive and negative 
moments. The beam-to-column connectionB will include shop-welded, bolted, 
and riveted specimens. 

records,   plus 



FRAME TESTS 

Twelve frame teets arc planned.    The prime purpose of these testH 
la the experimental verification of theoretical work already accompliahed. 
MoTnent-rotation diagranis will be obtained for fixed and simply supported 
Hteel and aluminum frames with a span of 1Z ft and a column height af 8 ft. 

Some of the frames will be subjected to a uniformly distributed load 
on one column; others will be loaded on one column and 7n the beam. Deflcc- 
tiona, pressures, accelerations, and straiua TKUI he mtiaäSrcu. 

ARCH   TESTS 

Dynatmc; loading of twelve arches is contemplated.    These arches 
will have a span of ton feet.    Uniform radial loading and lateral loading will 
be applied to arches of different atiffnesses and frith vat-ioua rise-to-span 
ratioa.    Instrumentation will be similar to that of the frame tests. 

DYNAMIC RESPONSE OF SOILS TO AIR BLAST 

It is desired to perform some basic studies on soils to determine 
their reaction to high intensity,  rapidly applied loads.    Initial dynamic testa 
will he made on dry, relatively cohesionless ■  type soila.   As the program 
progresses,  the complicating influences of soil moiaUirc and coheaiveneas 
will be introduced into the program.    Tha MIT.SlApld. JLoad Machine will be 
used to perform dynamic soil-shear-Btrength lest».    It is believed that the 
HCELi Bimulator can be effectively used to determine the dynamic soil bear- 
ing capacity.    Comparison will be made between die bearing capacity and 
modulus of reaction of eoila as determined in field tests and in the dynamic 
teats made on a smaller dimensional scale in the rapid load machine and the 
blast simulator. 

SOIL STRUCTURS MODEL, TESTS 

utilizing informatdan developed from previous tests,   o oil-structure 
models will be devised for testing in the blast simulator.    Tests will be made 
on earth-covered models of rings, bearaa, and arches placed between the 
blast simulator sitirtB.    Interaction of the models and the soil will be studied 
by meaaa of high epeed motion pictures made through transparent panels in 
the simulator skirts.   Deflections, pressure, and other meaismrementa will 
be recorded.    The effectu of the following variables will be investigated: 

(1) Flexibility Of structures 

(2) Configuration of structure 

(31   Ratio of structure span to depth of cover 

(4)   Soil environment. 

This program has been planned to extend over a three-year period. 
Results to date warrant an optimistic outlook. 



FACTORS IN THE DESIGN OF SHOCK TUBE FACILITIES 

D.  B. Sinaer 
Armour ReBEarch. Foundation 

of Ulinoia Institute of Technology 
Chicago,  Illinoi» 

The parpoao of thin paper is to discuss (several of the factor» 
which «liter into the deaign of shock tube facilitiea.    Theae factors can be 
grouped into four headings: structural integrity and economy,  personnel 
comfort,  utilities,  and public rclatians aspects. 

Structural integrity and economy can be achieved by carryiug 
out a dynamic analyaia of the foundation, and where the natural bearing 
capacity of the soil permits, to utilize the mass of the foundation mat for 
resistance to the extremely high impulae which develops when the tube is 
fired. To show in detail how this mass can be utilized, we give a» an ex- 
ample a brief dascriptioti of our experience with the foundations for the 
6-foot shock tubea installed at the Air Force facility at Gary, Indiana and 
a projected deaign for a new facility. 

The loads which develop ao a result of shock tube firing are 
very high. Figure 1 shows two peak preBaure-tlme loadings predicted for 
the tube in the new facility. The corresponding peak forces are 812,000 
and 340,000 lb which are of the order of magnitude of thrusts developed 
in the launching of current long-range missiles and satellites. To th£ 
structural engineer auch forces appear en-jrmou» in nature because, in 
the can« of the higher load, the force developed i» about as great as the 
wind load he might use in designing a 50-5tory skyscraper. 

The d-isigner'a first inclination ia to resort to batter piles, 
using a construction as shown in Figure Z.    However, a dynamic analysis 
of the foundation should be conducted to determine whether or not a some- 
what heavier mat would perform aa well aa pile conetruction.    An analysis 
of this type wa» in fact performed for the installation at Gary and it was 
shown that the mat foundation would perform as well aa a pile foundation, 
at a considerably lower price. 

For this reason,  the deaign of the projectiled facility was ap- 
proached in term» of the spread mat.    AB in the case of tha Gary facility, 
the behavior of tUe  mat was represented by single tnaaa acted upon by a 
dynamic load,  and subjected to a constant resißtance.    Some of these as- 
sumptions will be discussed briefly. 

The aasumption of a single mass is baaed on the fact that otresa 
waves in concrete will move at velocities given by the familiar 



which,   lor concrete,   is eomewhat lass than SO, 000 ft/sec.    Aßsuming a mat 
100 ft long-   it tuxnB out that a torca applied at the middle will reach the ends 
in about 5 mooc,  which ie conaiderably less than the durations of loading. 
For this i-eason we may conalder that the entire mat,  if it is tied together 
adequately from a structural point of view,   c;5.n he  regarded as a rigid hody 
under the action of a Bingle force, 

Tha  resistance to the  motion of t.h^  mat was assumed to come 
from three eourcea: (a) the estimated frictional reeiatance of the mat de- 
veloped at the mat-earth interface,  (b) the so-called passive earth pressure 
of the mat at the end,  and (c) the frictional resietanoe between the ohock tube 
sections and the mat.    These roaiotancßB are,  for the moat part,  approxi- 
mately constant throughout the life of the foundation.    We would expect only 
that Che passive earth pressures would not develop fully during the early fir- 
ings of the tube,  and that some compaction of the soil would take place.    But 
after this initial compacCion,   the soil can be relied upon to develop the pas- 
sive pressures it is given credit for.     To minimize this compaction,   it is 
recommended that gpeolfications for the construction of such fcicilitiea be 
exiplicit in reqijirino tha« backfill arouvri the foundation mat he carried out 
using good,   clean soil materials having a high bearing capacity, and that 
proper coneolidation and tamping procedures be employed. 

Using the above assumptions it was possible to write the equa- 
tion of motion for the mat,  and to aclve for ita tnaxiinum displacement,  start- 
ing with some asaumption as to its initial masis.    It becamea clear iifter a few 
trials that conventional mats »imply would not work; the relatively low re- 
■iotanca furniehed by friction and passive earth pressure resuUed in such a 
high initial velocity oi the mat that it had to move for an appreciable distance 
before the kinetic energy was dissipated.    To decrease this movement with- 
out using expensive meane,  only one avenue seemed open: to bring into play 
greater passive earth forces.    It was in this way that the idea of mat stems 
was born,  a device that has proved itself in the Gary inatallation.    Figure 3 
shows ä typical geometry for such stems.    Thi« device must be employed 
with care, because clearly spacing of the stems too close to each other will 
vitiate the tendency of ihe enclosed soil maeses to react passively to the 
stems.   Analytically,  a measure of the spacing is provided by computing the 
lateral spread corsesponding to a given height of naturally heaped soil.    For 
a good bearing material such as sand,  this lateral spread can be computed 
from the simple relation 

L = ZH/tanO',    as is 

shown in Figure 4,    9' depends on the angle   S.     which is known in soil me- 
chanics aa the angl? of internal friction of a soil.    For a S-foot high stem, 
the distance    L   is about 11 ft.    Using a somewhat high opacing,   then,   one 
is able to count reliably upon greater passive earth pressures and to pre- 
vent the mat from developing an oxoassive initial velocity.     The table below 
shows the results of various trials of mat widths,   thicknesses and stems, 
and the displacements computed for each combinf.tion (Figure ü).    It should 
be noted here that the incremental volume of concrete required for the stems 
and thickened mat is on the ordijr of 160 cubic yards of concrete,  which can 



Structural integrity is ulao affected by the placing DI steel re- 
inforcement. Svveral points «hauld be noted here. First, the longitudinal 
reinforcement in the central aectlcm of the mat should be aubatiuitial to pro- 
vide for lengtfa-CTise bending momsnte. Second, ths- stems »hould be rein- 
forced in their vesticaX fsce» to permit them to act as cantüevera, the re- 
inforcement being extended well into the mat. And finally, the toei of trte 
stems and the loner face of the mat should be reinforced to resist Eranaverae 
bending moments.    Figure 6 shows this placement. 

A necond factor in the design of the tube is personnel comfort, 
or discomfort, in experiencing floor shocks.   Psychologists have reported 
that for low frequencies up to about 8 cps, accelerations of 0,7g or less can 
be uapleasnnt, and even intolerable.    Theee mluea apply to a person in the 
Standing position facing the direction of acceleration,   sideways iolerance is 
much lower. 

Knowing the displacement"time history of the mat,  one can com- 
pute the peak acceleration It is subjected to, and compare this with data on 
human comfort asd discomfort as related to bodily acceleration.    This com- 
parison provides a guide to the choice of maximum permiasible displacement. 
The «lab is then proportioned to give a displacement not exceeding this amount 

The tube at Gary is being operated at leads somewhat higher than 
those contemplated in the original design.    Ths slight movement of the slab 
which has been noticed, ha« been estimated to be between 1/16 and 1/8 In. 
The new tube is being designed to have esaen&ally »era movement and con- 
sequently will have tolerably low accelerations, 

A word about utilitieB.    While a proper design should not result 
in appreciable longitudinal motions It Is entirely possible that some small 
motions und shocks may develop tn the early life of the foundation.    It is 
therefore desirable to attempt to bring in utiiiües, such as w&ter, power, 
und »aiffag* lins», in such a way that the longitudinal joint« in these Unes will 
bear the brunt of Imposed shocks.   Since such joints are usually designed to 
absoj-b osnal« mattoaa. no leaks in the system should result. 

Finally, the noise which accompanies firing of the tube mxy con- 
stitute a nuisanca fr»m » public relatioas viewpoint.    Two paths of action 
are op«n:   first,  one can consult acoustic» specialists for their recommenäa- 
titma in abating tfee firing noise,  or second,  one can locate the tab« at a re- 
mete; Bite.    This problem need not be a major problem it» designing a tube 
facility, but some thought should be given to it. 

We reir<ark, in summary,  that thti design of a shock tube facility 
Bhould be governed,  among other thinge, faff consideraUuns of structural in- 
tegrity and economy, paychulogical comfort levels, protection of utility con- 
nectione, and nalai« abatement in the community.   Dynamic analysis of the 
foundatiaa pffigBMes a guide to a practical solution of these problem!'. 



Figure  1    Peak Preosure-Time Loadi.-ige on Shock Tubei 



Figure 2    Conventional Foundation for Extreme  Lateral Load 
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Figure 3   Geometry of Mat Uaing Sterna 
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Figure 4   The Geometry of Natural Heaping of Soil 
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Figure 5   DiBplacements AäHi ed with Various Trial Mate 



Figure 6    Placing of Reinforcement in Mat 



THE SHOCK CHAMBER: 

A DEVICE FOR PRODUCING HIOI STREHGTH. 

SPHERICALLY EXPAMDIKG SHOCK WAVES 

Kcaastb Kaplan and A. B, WiUoüghby 
Si-oadvlew RenearcSi CorpoiratioB 

In studies of the loading of etructurea due to shock waves of high 
strength, it is deairabl« to subject the objects being studied to spherically 
expending wsve« .    While a,t the shack front the chRr&ctoristics  at   shack 
interactions with reflecting surfaces can be determined with shacks from any 
source, behind the front, the overpressure and flaw are dependent an the 
manner in which the   «hock wave is propagating.    This dependence Is es- 
pecially inapoftant In the high shock strength region because af the importance 
of dynamic pressure loadings in this region.   At a shack strength af only 5,6 
(an overpresfiu.x'e O? about 68 pel) dynamic pressure is already equal to over- 
pressure! ana at higher strength» exceeds the overpreBisure. 

An obvious shock source for investigating the loading of structural 
models subjected to high strength spherically expanding shocks is that of 
spherical high «cptosives detonatsd ist neroml anibieat coiuütians.   Hswaver, 
there are certain practical limitations to the use of these sources.    First, in 
scaling from certain full scale aituj&ti one it is. often necessary to nse large 
«jaanlitieB of THT |ord»r of hundrode of pounds) in order to mchieve the praper 
relation betTman pulse length and model length evea when oning the emtdlsnt 
modala which am he sui«q»atttly instrumented.   Second, any model which was 
subjected to shock from HIS soasces in normal asablent cfmäiticois would have 
to withsmnö the high actual overpressures associated with high strength shocks. 

The subject of this paper, the Shock Chamber, is a research tool 
designed to overcante these limitations on the use of HIS in normal air.    It 
consists hasiially, of a steel vessel which can be evactts&Bd, and in which 
small HE charges cun be detonated.    The rocuitog shock waves are then al- 
lowed te impinge on test models which are also in the chamber, and which are 
so Incsted that wall re&ectioas do not arrive sit the models until afier the time 
E£ measurement. 

In effect, by detonatLng a charge in reduced ambient pressure con- 
ditiona, the charge sine te increased in direct ratio to the reducuaa in pren- 
fmre.    Thus, if 50 Xb of HE are req^lrftd to produce the proper loading on a 
giwn model IQ noi mal air, in the shock chamber operated at 0.01 atmosphere 
only 0.5 lb would be required to conduct the same testa.   Is addltios. by using 
reduced ambiimt prseenre conditions, a desired shock strength cam be nhtalned 
without aceompsnylsg aKcesdwe actual overpressures.    For escample, a shock 
strength of ZC Indicates an actual «hock averpreeeure in free air of about 260 
jsei, hnt in sa %mbisnKt pressure of 0. 01 atmosphere the actnal shock over^res- 
atura would be only ahmst 3 pel.    The effect iß oven more striking for reflected 
»hook.fi (which would ordinarily determine peak rondel loading«).    In the; above 
cisaraspS« the strength af the reflected shack atter a normal reflection would be 
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about 122, carreapoaäiag to an overpressure of about 1780 pei. in normal air, 
but to only 17.8 p*i In 0.01 atmodphere. 

The operating principles of the shock chamber is found in the am- 
bieat pressure selling rcJjttioEahipy dd« to Sachs (for which there already 
exists same ^perjmental cemfirmatiun).    These relationships are shown in 
Figur« I, along with the normal cube root scallag relationships. 

Note that the quantity W/P0 in the Sache scaling fclatiotiship ap- 
pears in the same manner as does the charge weight W in the standard rs- 
lationBhip.    W/P0   has therefore been termed the effective charge weight. 

From these relationships it can be seen that: 

1)   P/Pj, = ahock strength will remain constant if the 
charge distance divided by the cube root    _ 
of the effective charge weight {(MW/PjVSj 
remftlns constant. 

2}   Time is unchanged if, in »dditiow. the effective 
charge weight is unchanged. 

Thus, both the «hock strength« and £uXse_lengths from a charge 
of   W   pounds in a normal atmosphere wculd be duplicated in an «unibient 
pressure of 9.01 atmosphere by a cbarg« weighing only 0.01 W lb. 

It is to be expected that this type of Dealing will break down at 
positions clo*it oaough to the charge so that the expanding ball of detmtatje?* 
gases Is daae to the ahoch front.   However this region in arainarily net use- 
ful to us since the purpose of the device is to produce the high shock strength 
waves ir- ai; rather thaa in gnseous detonation products.    W* are therefore 
limited to that portion of the pressure pulse in front of Eh« contact surface, 
that is, the surface between normal ai? and the gaseous detonation products. 

PHETEST CHA-MBSR DEVELOPMENT TESTS 

The development of the devlcn is proceeding in two stages.   Dur- 
ing the first stage a amall, pre-de#ign teat (or prstest) chamber was built. 
ThU was done for a number of raaaons, but primary among them wera: first, 
to verify the scaling relations at high shack strength; and second,  to investi- 
gate the relationship between the shock front and contact surface.    This 
chamber, at first con e true ted, is shown in Figure 2.   It is a cylindrical ves- 
sel 5 fest is diameter &nd 9 feet long fitted with four nozxles (in addition to 
that used for evacuation}.    The vammm pump in oa the left, and the vacuum 
msmltoriag gauges arw in the foregraund.    The nesääle OK the righi: provides 
a part far charge insertioa.    The charge Xocatian can be varied over a range 
of about 2-1/2 to 5-1/2 feet from the right hand tajik wall. 

The pressurea measuring probea are cylindrical and 1/4 isa. and 
l/Z in. is diameter where measurements wore raade.    They are fitted with 
barium litanata ceramic pressure senHorfl both in the prabe tips and alosig 
their sid»a..    The uensors at the prtfbc tips were lo be utLÜKed in th^ ansäüe 



directly oppssita the charge to detect the contact surface separating shocked 
sir from gaseous detcmatiou products. 

Difficulties were encountered, in these early testa,  in acquiring 
satisfactory preasur« records at »mbient pressures of 0.1 ^tm and below. 
Urafortunatsly it appears that these difficulties were due to the simultanemiB 
«ffaet tf a number of eausss. (e. g.  spurious ionimticn signals,  and non- 
uniform charge defoliation and reproducibility) making the elimination of 
&«m a somewhat langthy operation.   In previous tests under normal atmos- 
pbaric conditions the same charges (27 gin of Cotnp A) as were used in the 
Pretest Chamber proved very reproducible and gave rise to clean sharp 
framted shock waves.   However by reducing ambient pressures,  we (in a 
aeaasji moved much closer to our charge, where nan-uniform shock genera- 
tion is more likely to bake place. 

Inwstigatlon revealed that the best charge performance was ob- 
tained by making measurements on the axis of the detonator.    At the end of 
this testing period about half of the charges were yielding sharp shock fronte 
anä moderately smoath pulse shapes in the shock strength range from about 
10 to 50.    Typical pulses are shown in Figure 3. 

In the tests conducted during this phase the arrival of the contact 
surface during the early portion of the pressure pulse was not detected even 
for shock strength of 40 to 50. 

Following the Initial, tests,  the pretest chamber was modified by 
the addition at a 2-£aot diameter quick opening door and a stand on which to 
mount modele.   Several generalized topographic models of steel were fabri- 
cated which could be aeesmbled in a number of ways and in particular ao a 
15-degres symmetrical valley, and as 15 and 30~dngroa symmetrical ridges, 
Thaae modele are shown in Figure 4.    They are 24 inches wide (normal to the 
dirvetion of shock propagation) and, for meaaurements müde along their center 
line, are essentially infinite In width.    Esch slope is 3 inches long, and a flat 
portion 12 inches long in front of the shapes was provided for making monitor- 
ing meaaurements. 

For convenience,  throughout the teat program, a single ambient 
pressure of 0.05 atmospheres (and therefore a single effective charge esse) 
wan utilised.    Measurements were made both on the shapes themselves and 
on th« i2-ineh long Qat portion,  the lattnr serving both AB monitor meaoure- 
m«nts &Siä to provide flat terrain reference date.    Charge reproduclbility «.nd 
the ability of the 27 gm charges to generate clean shocks appeared to have 
been improved so that approximately twa-third« of the detooatlons produced 
retadveiy clean shocks. 

The reference datais shown on Figure 5, a«) a plot of equivalent free- 
air pressure !P/P0) voraus scaled diitance (d/lW/P^)1/3 = d/W,.1'''3). The 
stanclard deviation of the mean values of the measurementa (a« many as li> observa- 
tion s were made at certain scaled distant es} are alao shown. For comparison, 
two similar curves from the literature have also been plotted, one arrived at in a 
manner similar to that unied hare (in that ambient presaure as low as 0. 1 at- 
mosphere were uood).    However,  theae wsrc carried only to scaled distancto 



ot 2.    Tbe 8«simd curve wa« publiahed in 1956 after a.a extensive eeriea of 
testa In normal atmospheric consütioms with 1/2 to 8 lb spherical pentolite " 
charges.   It can be seen that the shock chamber derived curve follows the 
general trends of tue others, agreeing particularly well at smaJI scaled dia- 
tsne«« with that developed in a normal atmosphere. 

Toe ix», the moat intriguing results of thene tests were the effects g 
which were observed on the back slopes ot the ridge model». Thece effects 
were so fftrtklng that tbey could not be ignored, even though there was little 
time for their quantitative analysis. It was fnund that pressuTet) tfaroughout 
the shock waves, and the apparent positive durationo oi these waves were B 
reduced to a verv'Himifleant decree.    Indeed the effects were larse enoueh reduced to a very'Hj^iifleant degree. Indeed the effects were large enough 
to be attributed, at first, to some sort of gauge deficiency. This no lunger 
appears to be a possibility, however, for they were noted and appeared re- 
producible with a number of different gauges in various positians on the slopes 
Th« effect« are illustrate«! in Figure 6, which is a sketch of pressure-time 
readings take» during one shot at the center of the rioisg slope and at three 
locations of the falling slope. These readings have been narmaiized by 3i~ 
vidiag the measured pressures by predicted ELat terrain pressures (from 
Figure 5) at the various etationa. 

At present we ascribe this puXee shortening to the formation aiuJ 
passage dawnstream of a vortex at the cr. at of the moäel,   though further 
study would be required to validate this theaia. 

I 
I 
I 
I 

Although further development work Is needed in order to achieve 
majrimism utility of the shack chamber, the experiments just described have ^ 
demctsatratad the Utility of auch s. device. 

At the present time the design of the final shock chamber hait been 
catnpietad.    Us ^hajfts w«s orlglnftUy thought of as hemispherical with the ex- 
plosive charges'Jetcäutad at the center of the plane surface.    This shape, of 1 
coursa, is ideal for conducting tests with a large number of models.    How- 
«v«r,  tasting more than one Qr two model« at E üme seems unlikely because 
of the aKceseiva instrumentatici requirements for such testing; therefore, 
the he mi spbe r leal shape would be wasteful of »pace.    Consideration was given 
alaiB to using ctme-shapod and truncated-cone-ehaped vessels in which some . 
wall r«Sl«ctioaäi wnuld bs allowed-    However,  after analysis of these, it ap- 
peared that a ■vosse.'. with walls far enough removed from the charge to prevent             ' 
iotarfereaw;« at the measuring atatiOQ between reflected and primary wave« 
would be most satisfactory.    Such a vessel could, if economy of space were 
imporiant, ctmtsin aooic&l elements at loceUrsnw in which reflections from I 
thacr» waul^ not interfere with moaaurementa. but the best shape from a stand- 
point of simplicity of cenatruction and, therefore,  of coat appear» to be cyl- s 
indricaX,    The dimension of the vaosel for the äenireS scale factor and boundary 
conditions would be some 10 feet in diameter and about 20 feet loisg.   A drawing 
of the proposed vesael lo shown 1» Figure 7. 

J 



'Sä 
B. 
n 

K s« 
libs 

g 

S
ho

ck
 

C
ha

rg
 

C
ha

rg
 

S
ho

ck
 

« 
g, 





E        U 

{(Bd)  6jn:s8Jd.BA0   (Qnjsiff 



SB 
Sa 

BOB lei 

■«9 

•r 



[                                      1 

  Reduced 
 Condi 
 N o i m o 1 

Ambient 

500 

400 

\ 
\ 

■ 

\ 
\\\ 

2O0 
\\\ 

100 w . 
rVv __„ i w 

80 U i 

...  j 60 .     .. 
■ Ü- 2.0 

Scoieö   Dlstan 

Ficure  B      Equivalenl   Free Air Oy. 

[d/(w/pAJ- [d/w, v,,] 



Figure 6     Approximate Pulse Shapes al Stationa Ü,   7,   a, 
and 9 ot the  30-degreo Ridge Mod^l 

I 



r U 

r, / i    3 

:.      ■.;..:■. ■ ■  . ■ 



A ONE-INCH FORCE GAGE FOR DRAG MEASUREMENTS 

IN   THE   SHOCK   TUBE 

WiUiam G.  Zuke 
U, S. Naval Ordnance Laboratory 

I. PURPOSE OF SMALL FORCE GAGE DEVELOPMENT 

The Naval Ordnance Laboratory's participation in atomic field 
operations included mcaemrement« of drag force on simple tnodel shapes. 
After the field   data   had been parti&lly reduced and analyzed,  it   wao 
necooaary to conduct laboratory teeta in shock tubes and wind tunnels to 
help understand and elaborate the field data.    The field force gages ranged 
from 3 to 10 inches in characteristic dimension and the NOL shock tube , 
available for tests, had! a 4-inch by S-inch crass-section.    To test the field 
gages, facilities such an theBaUiBticReeearchLaboratory'a 2-foot diameter 
shock tub« or Armour Research FoundatioR's 6-foot diameter   shock tube 
had to be used,    When these facilities were usedi   each test aeries became 
a miniaturized field trip with the ■ saociated problems of scheduling, trans- 
portation arrangements,  inability to repeat testa after data reduction and 
analysis,  etc. 

Because of these difficulties It was proposed that a small force 
gage be developed for use in the 4-incb by 8-inch shock tube at NOL, It is 
the purpose of this paper to describe the development and characteriatics of 
that gage. 

II. CHAHACTERISTICS OF THE GAGE 

A. General Design Character is tics 

Gages used in the Oeld were spboree,  cubes, and circular and 
square cylinders.    The square cylinder, or parallelepiped shape, was select- 
ed for the initial model primarily because the design and test pEoblema for 
this ahape would be less complicated than for other shapes. 

The si»e of the gage waa limited by the emalleet practical size 
of the sensing element which could be uoed and by the size of the shock tube. 
The field gages had three orthogonal farce sensing axes. The new gage waa 
to have only one to measure the drag forces only. On the basis of size, 
strength, and sensitivity requirements, a four-pile tourmaline sensor made 
up of crystals 0.030-inch thick and 5/S~inch in diameter was chosen. T o 
allow for sufficient strength of other gage parts, a gage size of 1 inch 
was chosen. 

The gage design is very simple.    Tbsre are only four main parts 
to the assembly.    See Fig.   1.    The parts are: 



4.    a eleeve which is slipped over the uting in order to main- 
tain a uniform aerodynamic shape over the length of the 
gage.    A screw locka the sleeve in place. 

Before the gage can be uaed in the shock tuba, a ^rusaure seal rr.ust bs ap» 
plied at the ende of Che test section.    Thia is necessary because the plazo- 
clsctric force senaor is also a preseure aenoar.    The external pressure 
fielrl must,  therefore,  be isolated from the sensor. 

In the shock flow a drag force is applied to the test section (and 
sting}. This force pushes the force sensing test section.into the rigidly mounted 
sting. This squeezes the force sensor mounted between the test section and 
sting. It is thia squeezing of the aensor which causes a charge development 
by the sensor and thereby produces the force voltage signal. The basic de- 
sign for the parallelepiped is adaptable for other two-dimenaional shapes of 
similar aiae.    A circular cylinder model has also been constructed. 

B. Design of the Force Sensor 

Initially,  conventional four-pile tourmaline eletnente were used 
as the force sensor.    These sensors were held together with solder which 
acted as an adhesive and as an electrode.    Frequent breakage of the sensor 
occurred, and usually it was the solder bond which broke.    Thia breakage 
wa.« »o common that, after a while,  few good Bensota were available.   As an 
emergency procedure some of the broken sensors were bonded together with 
a plastic adhesive.    It was noted that the repaired sensors did not exhibit the 
loas of sensitivity that had been expected.    This was an interesting develop- 
ment becauBe it introduced the poaaibility of using non-conducting adhesives 
which are much stronger than    older.    It also showed that intimate electrical 
contact between crystals ana electrodes was not necessary.    The only modi- 
fication for the design of plaatic-bonded aensors was that separate electrodes 
wan,- provided between crystaln and at the end crystals.    Appropriate leads 
wart soldered to tabe  on the electrodes.    Figure 2 illustrates some of the 
steps for aeeemhly of the force sensor. 

■-■£■-■ 
Various plastic adhatf^es have been tried and the most satis- 

feätory Beams to be Fuller's ReMweld 105.    It waa among the atrongeat of 
the bonds tested (by impact testing) and it had relatively little effect on the 
over-all sensitivity of the sensor (the various bonds naeä did seem to affect 
the sensitivity of the sensor).    Resiweld 105 muet be cured at ISO'C for 
1-1 /£ to Z hours. 

Another interesting adhesive that was tried was Eastman. 910. 
It ia not substantially stronger than solder but it cure« almost im mediately 
after the mating part» are brought together.    Great care mußt be taken that 
parts are lined up properly when they are initially mated.    The sensitivity of 
Eastman-bonded sensors   showed   least difference from  solder -b onded 



aenBora, If additional strength o 
not an important reqairetnentj it 
assembly would b« much quicker 

soldered assembly.    Care i 

ional solder-bonded ECTISOTS is 
eems reasonable to uae Eastman 950.    The 
easier,   and cheaper and just as good a s 

taken,   however,   not to overheäil the' 
electrodes when soldering leads on them an this weakens the 
feasible.leads may be soldered to the electrodes before assembly or perhaps 
mechanically fastened to electrodes after assembly. 

For our purposes strength was ; 
i Rssiweld 105 was adapted for sensi 

Development Probiere 

i important factor;  tberefon 

Once the basic gage design had been accomplished; that la.   the 
gage parta had been constructed,  the assembled gage was subjected to sev- 
eral tests to determine its characteristics.    The gage was calibrated and 
found to be linear (force versus output voltage) from 0 to 30 pounds of force 
(Fig.   3).    The gage was then subjected to shock pressures in the shock tube. . 
Figure 4 shows the gage in the shock tube test section.   The resulting records 
wem excessively noisy.    The amplitude of the noise was many times the sig- 
nal amplitude.    Only by adding an electrical filter to the circuitry could the 
noise be reduced to approximately the amplitude of the signal.    With a filter 
in the circuit,  the noise/nignal level was 0, 61 at 10 psi shock pressure (4.4 
lb force} to 0.75 at 5 pai (1.1 lb).   Acceleration sensitivity was the immedi- 
ate analysis; however, it was soon found that stress was being transmitted 
from the stdng to the sensor also.    When a load io applied to the test section 
of the gage,  the sting bauds slightly; and,  since the sensor is in intimate 
contact with the sting, it also bends.    This bending of the sensor resulted in 
a voltu-g« signal.   Since the binding or flexing occurred at the natural fre- 
quency of the otlng aystem, corrective measures taken included beefing up 
the sting to increase the natural frequency, and the use of an electrical filter 
to eliminate these high frequencies.    The mounting of the senso- was   also 
changed so that the area of contact between the mmawox and the sting wa s 
minimized (consistant with strength requirements).    These measures helped 
to reduce the noisft/signal level of 0.25 a* 10 psi (4.4 lb) and 0.33 at 5 psi 
(1. 1 lb).    Figure 5 shows force-time recorda for varioua shock overpres- 
sures.   Another results of these refinements was to increase the response 
time to 1-1/2 or 2 milliseconds for a step iiaput. 

The pressure sensitivity of the gage (the response to static over- 
pressure) was checked by applying a static pressure step simultaneously to 
all sides of the gage.    In the prototype gage a strong signal was observed. 
It corresponded to an 11% error at 20 pei and a 33% error at 5 psi.    (These 
percentage errors are based on the drag furcea expected at these pressure 
levels.1'7)   The pressure seal was checked for leaks but found to be intact. 

Expected force if» F = AC0 q where A is the frontal area of the gage (one 
square inch), C0 le the drag coefficient (assumed to be 2 for the parallele- 
piped),  and    q   is dynamic pressure defined as 

2.5 (P   /P  r 

,    TTF-TFT where   P      is the shock overpressure 
and   P0   a» atmospheric pressure. 



At'cer aome difficulty it was observed thai the external pressure deformed 
the tent aectirxi.    When the test eactiun w&a deformed, it was displaced from 
the ating and this resulted in a stretching of the pressure aealia    rubber 
membrane).   Figure 6 Ulustratea thia  mechaniam.    The force due   to the 
stretched membran? pulle the test section against the nensor, thuü producing 
& pa»4fti*(6j force signal.   To minimize the displacement cauaed by the pres- 
sure deformation,  the front face of the teat section wae doubled in thickness 
(which theoretically should reduce bending by a factor of eight).    This cor- 
rection reduced the pressure scnaitivity to much less than 1% of the expected 
force for all pressure levels from 5 psi to 40 pai. 

The gage was next tested for temperature sensitivity.    When the 
gage was heated slowly by bringing a lit match or cigarette in proximity to 
it, il was evident that the gage was sensitive to temperature changes.    Since 
the gage would be subjected,  in actual application, to shock wave tempera- 
ture» for durations of only 15 milliseconds, a fast heat application mitthod 
had to be found to evaluate the temperature response.   A Sun Flash unit (used 
for flaqh pictures whera a bright light of relatively short duration is needed) 
was flashed at the force gag«.    The record showed a step pulse at the time of 
the flash,  then a decaying curve toward the original base line and  beyond , 
The step pulse waa not expected and was initially attributed to the electronics 
transients in the flash unit.    (This is not unreasonable since there are large 
current surges at the time the sun flash is triggered.)   Nevertheless the tem- 
perature response of the gage could not be evaluated because the thermal in- 
put at the gage was unknown.    Finally the shock tube itself was used as s. step 
temperature source.    The approximate temperature changes in the shock tube 
could he determined from Rankine-Huguenot relationships.   Since the gage 
response to temperature w«« desired, it was placed st the closed end of the 
expansion chamber '«here there would be reflected pressures but no fl ow 
and therefore no directed force.   Since previous pressure sensitivity evalua- 
tion indicated that the presanre would have a negligible effect,  any response 
could be attributed to temperature.    Records of the gage response under these 
csuditions showed initially & peaked signal in the direction of positive force 
then the decay to the base line and beyond.    Figure 7 «hows the temperature 
sensitivity recoraüf.     The decay wa« explained in terms of thermal expansion 
of the crystals.    Th<; effect waa therefore similar to that produced by ten- 
sion on the cryataJL.    The cause of the initial positive peak is not yet under- 
stood.    It is the source of the large pnaBsure-temperatitre error, being 7.1% 
affor 2 milliseconds and 1.6% after 10 millisecondB, 

IU. OVES-AX^L ACCUHACY 

A, Contributing Errors 

Probably the most pertinent evaluation 1 
eatimate of its accuracy The approach taken was I 
contributing aourcies of error and than to combine U 
ure of accuracy.     Five contributing errors were coi 

be made of a. gage is 
evaluate each of the 

(1) Time Constant. The nature of piezoelectric circuits, i.e 
such that there will be a decay associated with any aignal, 
tant (RC) is Small,   th« decay will be fast and greater erro 



wiU reHult,    The Ume constant for our gage circuit ia about 1. 0 süCond (RC = 
109 Dhms X 10~9 farada). 

(2) Praaflxire and tempei-ature sensitivitLea were determined by 
evaluaticm in the closed shock tube aa denci-ibed earlier, TMR bsot iBcluderi 
both presBure and temperature chätngee evisn though the preösure effect was 
determined to be very small. 

(3}   Calibration uncertainty refers to the variation from linesrity 
of the force-varpus-output cwrv«.    It Includes effects due to variability in 
electronics, variability in calibration forces applied and variability in the 
reading of calibration records, 

(4) and (5)   Calibration P.nd force readability refer to the vari- 
ability in the reading of the displacamenta of the voltage calibration step and 
the force step.    Force readability ia a large contributor to the over-all error 
because of the noise/BignAl level. 

B, Over-all Error 

The errors'ovaluated were both eyBlematic and random.    The 
systematic or consistent errors,  time constant and pr« a sure-temperature 
sensitivity,  were such as to cause the force to be conaiatently high or con- 
sistently low.    These errors if evaluated sccurataly over the whole range of 
conditions,   may be used as corrections to the raw force data.    It was be- 
lieved that complete evaluation of presaure-temperalure effects would be 
too time conBimifng,   Since the time constant error amounts to about 1%, 
thie would be too small a correction to be overly concerned with.    The de- 
termination of these errors was considered oufficient for an estimate of 
over-all error. 

The remaining errori 
about some central value. With i 
a»d procedures, the random errc 
the sum of the squares of each ei 
mates did not come from the sam 
equally reliable sine 
not necessarily the s 

are random, i.e. , they have + variation 
ome injustice to statistical assumptions 
:a were combined as the square root of 
-or estimafe. (The individual error ccti- 
; population. Each error estimate is not 

'i determining each is 

The total error (: 
im of the aystemat 

TOTAL, mRROR . 

The ovcraid aci 
ihan 85% (leas than 15% err 

<^ M- 
racy of the force gage is 



SUMMARY OF GAGS CHARACTERISnCS 

Ships:   cylinder of square crosa-aection. 

Size:   one-inch characteristic dimension. 

Desiga elixplicity; made in four unite. 

OMaign. »daptsbility; basic design «uit&bte for other two 
dimenftUnutl gages. 

Stronger plaotic banded iorce : hKis withstood shock 
pr«0euri!B of 15 psi. 

Senaitivlty: 24 nülli volts/lb vrith 1000 mmi: across gage. 

Ijise«T over calibrated range: 0-30 lb. 

Noiae/flignal level: 3.25 at 10 p»i (-4,4 lb) to 
0.33 at 5 pal (1.1 lb). 

Reapsmse to step pulse: 1.5 c 2 mUliaecOTid rise time. 

PreasMo «cnaifclTily is lea« than 1% of oatpected force 
at sll preBsure leirels. 

Preasure and temperature ocnj»llivity: 7.1% at Z mill.lsacoade t 
1.6% at 10 milliseccmda. 

OvBr-all £ less than 15%. 

A formal report concerning the fores gage will he published late 
in, »959.    It will be NAVOHD Report 6211, A Pieaoelfictric Force Gage for 
Meüsurlng Drag on Two-Dlmenaloisal Models in the Shock Tube, by William 
Zuke and Luther Slifer. 
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CHANGES IN DRAG CAUSED BY SHIELDING 

ABSTRACT 

Two ahield-target model configurations are tested durini; the 
shock overpreaenre range from 5 to 30 oai.    The dirterence of preesurea 
measured on the front and rear aurfaces of the target model are given for 
shields of heights one and two times the height of the target model.    Families 
of curves are gi-en for the two cases; difforential pressure,  considered to 
be drag pressure,   is plotted aa a function of the shield-target model spacing. 
These values of the drag preBsurc are compared to the values obtained for 
an unshielded target model. 

LIST OF SYMBOLS 

H height of model perpendicuiar to wail of shocK lube 

L length of model parallel to the flow direction 

M~ Plow Mach number 

P side-on shock overpreaaure 

P, ambient pressure ahead of shock 

P, pressure behind the shock front 

Pog stagnation pressure of the shock 

q, dynamic pressure 

RE/1, Reynolds number per unit length 

W width of model across shock tube parallel to floor, 
perpendicular to flow 



INTRODUCTION 

At the request of AFSWP,  the present shielding program was in- 
itiated at Che Ballistic Research L<abaratorieB Shock Tube Facilities to offer 
some explanation of certain field reeults obtained from a shielding «xperiment. 
Figure 1 illustrate» these reitulta by showing the comparative damage to vehi- 
cles resulting from translation caused by the flow following the shock wave. 

The vehicles were placed side by aide at the same ground die* 
tance from a nuclear test detonation.    The Input conditicna of the shock wave- 
form and preeeure coidd,  therefor»,  be expected to be the same at both prmto. 
Figure 1-A show« the resulting damage to the unshielded vehicle; Figure 1-B 
shows the shielded vehicle with a minimum of damage. 

The damage is clearly quite different for the two case». Because 
of this great difference, the present shock tube experiment in shielding was 
devisad to try to discover the shield-target configuration that would provide 
maximum protection to the target model. Only th» drag pressure in the di- 
rection of the shock flow ia studied in the present experiment. Other forces 
are not included in the study. 

NATURE OF THE EXPERIMENT 

The 20-inch square test section of the BRL 24-inch shock tube 
was chosen for the present experimem because here the models could bo 
mounted directly to the walls of the tost section.    Since the experim«^ was 
deaigned to measure primarily the change in drag pressure caused by shield- 
ing,  the msuy changes needed in tha shield-target model spacing could be 
accomplished rather easily in the 20-inch teat section, 

A variation in shield height as well as in shield spacing was 
introduced into the experiment by the use of t'.vo shields with heights equal 
to one and two target model heights.    The other dimeneiona of the shields 
wer« held constant throughout the experiment and were equal to those of the 
target model. 

The shape of the target model chosen wan a rectangular paral- 
lelepiped with dimensions 2-1/2 x 8 x 3 inches.    A target model was designed 
so as to give some indication of the pressure variation on the front and rear 
surfaces of the model.    This was done with the target model,  or net force 
modolf  which is ehown as a sectional viaw in Figure Z. 

The many small holes on the front and rear faces of the target: 
model were connected through small channels to two Consolidated Electro' 
dynamics Pressure Tranoducers,   Type 4-312,   50 paia.    The net pressure 
available for model translation was aeoumed to be the difference between the 
recorded average pressurea from the front and rear surfaces.    This differ- 
ence in pressure was assumed to be the drag pressure. 

Small lengths of plastic tubing were tiaed to physically couple 
the target modal to the gages which were external to the model.    This method 
of coupling removed unwanted vibration,  but it set the limit for the rise time 



at E or 3 millieecondn. Since only the steady drag pressure, after the dif- 
fraction phase wan to ho studied thia response was assumed adequate. A 
3 KC carrier amplifier system and a galvanometer-type oscillograph recorder 
complete the equipment. 

Since the msthttd of utilising small hoi«* in the net force model 
to measure presaure might lead Co average pressures on the suffaccs which 
did not represent the true average pressure,  two preliminary checks were 
made.    The i'irat check consisted of measurements from small areas on each 
of front and rear surfaces of the net force model.    These areas were obtained 
by masking the holes in the face plates.    The unmasked area would then be 
the sensing area.    The sensing area was then "moved" about the surface. 

It was found by this method that an approxlmatoiy uniform pree- 
«ure, somewhat below the theoretical stagnation pressure for the shock wave, 
covered the front surface of the net force model. The rear surface did show 
some few per cent variation, 

A second check was made with a strain gage force balance.    See 
Reference 1 for a description of this type of balance.    The values obtained 
for the unshielded target model using the strain gage balance were in fair 
agreement with thoe« values obtained from the net force model with the holes. 
The values compared to within j; 1 5 per cent.    It was felt that the net force 
model could be meed as the target model for the shielding studies.    A fairly 
accurate picture of the effect of shield.mg with variation m shield-target 
modol configurations could be obtained,   although there might be soms doubt 
as to the absolute values of the drag pressure. 

Before placing the shield-target model configurations.  Figure 3, 
in the ahocfe tube test sections preliminary «hock input wavoiorms were ob- 
tained.    One set of these records are shown in Figure 4.    The upper trace 
is that, of the side-on overpressure; the lower trace is that of the stagnation 
overpressure.    For the measured side-on presoure,  the correoponding meas- 
ured stagnation pressure appears to be lower than the shock wave theory 
predicts.  (Boference Z).    The parameters for the input shock waves are given 
in T&ble 1. 

Since the input waveforms all show an initietl rise time from the 
baseline of 2 or 3 milliaecoeds, the records obtained from th« ühislding study 
were read beginning at 4 milliseconds. Because of the tendency for the input 
records to increase in pressure after about 35 millisecondu, no record was 
read after thin time. These limit» held th« model study results to the inter- 
val 4-35 milliseconds. Average values for this interval were used from 
all the records. 

RESULTS 

The method above was used to obtain from the net force model 
the drag pressure for the unshielded target for the pressure range 5 to 30 
pai.    This range of preeaures was repeated for each of the shield-target 
spacing» from a diataoc« of one-half to ten model lengths,    (Spacing of 1-1/Z 
ijichea to about 30 incheu).    Thia was done for both of the ahieldo,    T^igures 



5,  6,   and 7 ahow typical racorde obtained from the rot fot-ce,  with no ehield, 
the 2-i/2-inch high shiald and the 5-inch high shield.    Tho ahiald-targot 
spacing wa» 9 inched. 

The remultt of ahleld-t«.rget data obtained are shown graphically 
in Figurea 8 and 9. For similar curvet of drag and shielding data «ee Sefer- 
«nce 3 and 4, The famlli«« of curve« of Figure 8 and 9 are for the two shields 
placed at distances itpstream from the target inodel. The graphs show, then, 
the change in drag pressure (Variation in the pressure difference between tho 
froot and rear surfaces of the net force model) as a function of the shield- 
target spacing far two shields. 

Notice that In both cases tho net pressures are initially negative 
for all shock pressures.    Ae the spacing is increased a transition point is 
reached where the drag pressure la zero.    This zero point ic a function of 
shock preesure.    These points occur at a shield-target distance of about 
throe model lengths for the low shield and about five lengths for ihs higher 
shield.    After the transition,  or crossover point,  the positive drag preeeure 
increases. 

The experiment did not permit shield-target model separation 
distances greater than 10 model lengths, however it can be inferred that if 
the separation distance were great enough the target model would be unshielded 
and the pressure difference value would be that of an unahielded target. At 
the lO-model-length separation distance the low shield permits the target 
ta reach 70 per cent of the unshielded value, while the high shield permits 
the pressure to reach only 45 per cent of the unshielded value. 

Figure 9 doea tint have eitlier the 25 or 30 pai ahock. presaure 
valuttu plotted. The recorded waveforma for ihtfsc pressures become quite 
complex and hence invalidate the establishment of a single average. 

CONCLUSIONS 

A study of the drag pressure curves presented shows that pro- 
tection is Indeed afforded a shielded target model in the shock tube as it was 
tn the field experiment.    The curven also ahow that the drag pressure may 
be separated into a negative and positive phase as a function of shield-target 
spacing.    The transition spacing where minimum drag occurs is a function 
of the shield hmighl.    For both shields studied,  the transition occurred at a 
separation distance of about three ti/sina the shield height.    This means that 
the higher shield did the better job of protecting the target model from the 
effect of tho shock flow, 

A more detailed analysia of the data could perhaps perir.il estab- 
liahment of usable prediction techniques switablo for use under full scale 
conditlonB. 
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Table 1     Shock Wave P^ramfltora 

V1*! p
0  ■/P1 M2 ^2 Ho/Ft x l0" 

5. 1 1.34 1.39 0.21 0.62 1.7 

10.6 1.71 l.SS 0,37 2.44 3.6 

15,6 2.05 2.42 0.49 5.12 5.3 

20. 1 2.35 2.93 0.57 7.96 6.8 

25.2 2.69 3.61 0.66 12.2 8.4 

30.9 3.07 4.41 0,74 17,6 10. 1 

Initial Conäiiiona:    P,   = 14.'/ ptti 



la     Unshielded  VeMclc 

lb     Shielded Vehicle 
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A COMPARISON OF PBESSUBE COEFFICIENTS OBTAINiCC IN WIND TUNNEI^S 

TO SHOCK TUBE AMP FIELD TESTS 

CaptÄin MÄrciiB L. Whitfield 
Armed Forces Special Weapons Project 

ABSTBACT 

Pressure coefiicjente for a 18Q-degree arch at Mach number« 
0.41,   0.51,  0,60,   0.71,   0.81,   1. IS and 1. 75 and for a 90-degrBe dome at 
Mach numbers 0.48,  0.58, 0.70,  0.79, 0.90,   1.18,   1. 57 and I. 75 with 
fieynaids numbera from $. Z x 10° to 4. Z x 10° obtained frcim tests in the Naval 
Ordnance Liaboratory supersonic wind tunnel are presented.    A compariaon 
ie made between the wind tunnel coefficients,   coefficients determined in the 
Air Force Six-Foot Shock Tube operated by Armour Resaarch Foundation and 
coe/ficionto derived from full-acale testing. 

BACKGROUND 

The purpose of this presentation is to describe aome raceiU data 
on pressure coefficicntB over the surfaces of arches and domes and to compare 
this data with that obtained from ahock tubeö and full scale tests.    Tha wind 
tunnel teeto were performod by personnel at the Naval Ordnance JL>abo*atury 
under the general aupervisioa of the Air Groimd Explosions Division. 

Early inveatigatora of air drag were only intereated in the net 
tranalational effects on shapes, termed th* drag coefficients. The aeronau- 
tical deeigner determined the net drag coefficient composed o£ parasitic and 
induced drag as a function of the speed of the plane in order to calculate the 
forcEB that must be overcome to permit flight. In recent years advanced 
design aircraft and miseiles noceaoitated the determination of supersonic 
drag coefficients. 

The advent of an atomic weapon initiated studios by structural 
analysts of means to adapt the wind tunnel drag coefficients to tronsitint shock 
loadings.    Also, the need for a diffraction hiatory of this shock front resulted 
in intiT^ferometer and «chlieren photography studies in ahock tubes.    With 
this knowledge the investigators designed full scale structures for teats «ndar 
atomic weapons.    Much of the full scale information obtained was at relatively 
low overpreasuraB.    For j-eliable pre-teat loading information for prediction 
purpoeea at higher overpressures,   it bccaiiie evident that more than just a 
net drag coefficient was desirable for the design of the structural components 
and prediction of response,  especially of arches and domes. 

Present «fforts are being directed toward the analysis of the 
loading on arches and domes by use of pressure coefficients.    The pressure 
coefficient in defined by the equation: 



whrnre   C     is the preesure coefficient,    P   is the messursd pressure,    Ps    is 
the aide-Bn pressure,   and   q   t« the dynamic preoaure.    The preaaure coef- 
ficient represents the drag coefficient over a unit area of surface and is 
primarily a function of particle velocity,   size and density JeapeciaUy in dust 
laden air), and Reynolcis number of the flow and of the dynamic pressure 
wave form.    Integration of the coe£fici*nt« over the surface should represent 
the net drag coefficient. 

Pressure coefficieius on arches and domes were first provided 
through s limited study from the Air Force Six-Foot Shock Tube operated by 
Armour Research Foundation.    With this Knowledge the inveatigatorfl designed 
full scale atructurep for testing in the environment oi the blast from nuclear 
detonations.    Correlation is difficult due to the non-ideal conditions and wave 
forms encountered in full scale tcata which csn not he reproduced in the shock 
tube; however, idealized diffraction phase loadings are now believed to be quite 
reliable.    Shown here are the drag phase pressure coefficient» published in 
"Blast Loading on Pomee and Arches",  AFSWP-522, by Major Ferd Andas-son, 
formerly with AFSWP,   who uaed data derived from full scale to«t«.    Figure 1 
repreaont» the pressure coef£ic:snts from a non-ideal wave form versus the 
radial angU from the front edge for a 180-degree arch.    This curve was 
extrapolated from full scale data on a 120-degree arch,    Anderson noted that 
the   Cj   at 0 degrees is lower than   C .   at 25 degrees because of the boundary 
layer Hear the ground surface and that,   in certain cases,   the value   Cj   equal 
to -0. 4 will give unrealistic negative valuetr for the loading scheme.    Careful 
study »hawed that in no caae did the loading go more llia^.3 or 4 psi below 
ambient and an adjustment in necessary when   q(£)   is large and   pjt)   small. 
Figure Z represents the same plot for a 90-degree dome with the drag coef- 
ficients shown as proesure contours connecting points of equal values.    The 
model uaed in this tset had a height of 10 feet.    Anderson calls attention to 
the fact that gage spacing precluded a study of the boundary layer effect; 
however,  since   C .   ia decreasing rapidly with increased angle oi,    the bound- 
ary layer reduction of   C ,   would not be enough to be apparent.    The previous 
note of caution pertaining to a value for   C,   of -0.4 also applies to the dome. 
Those roefficientB represent an average,   or weighted,  value for the entire 
dra^ duration.    Actually,   as found in full scale data,   this value may vary a.) 
illustrated by considering point   A   on the dome (Figure 2) which varies from 
+ 0. 4 to + 0. 7; point   B   from 0 to - 0, 5; and   C   from - 0, 1 to - 0. 5 under 
non-ideal loadings.    Figure 3 presents a plot of the Mach flow to be expected 
in msn-ideai high dynamic pressure waves. 

To complement the full scale teat results,   an additional shock 
tuba program was initiated at Armour Hesearch Foundation to further define 
the diffraction and drag loadings at shock stTeagthe of J - 3 to 7,0.    Cattain 
limitations are imposed on the comparison of thie data with that from full 
scalp.    Only ideal shock wave« of ehort duration are available in the shoc^ 
tube.    The dynamic presaures must be calculated from free stream over- 
pressure and measured point pressures which may introduce large errors 
in the drag phase becaueo of inherent instrumentation difficulties.    Although 
the drag coefficients during the diffraction phaae appears reliable, the drag 
phase coefficients computed may be open to question.    Figure 4 shows the 
pressure coefficients for a ISO-degree arch plotted as constant for the entire 
drag phase taken from a report    "Air Blast iLoading on Arches and Domes", 



by E.   V,    Gallagher,     AfiF.     FigUi-a 5 ahows the pressure coefficients OH a 
90-degree dome plotted as contours taken from the same report,    Considttcing 
time of arrival of the ahoch wave at the pressure gage as cero,  the time of 
initiation of the beginning for the drag phaKe is ahows in ratio» of height-to- 
tim« required for the shock wave to traverse the structure. 

From the rsauita obtained in the ahoclc tube studies a require- 
ment was developed for wind tunnel pressure coefficients at subsonic and 
aupersonic Mach numbers.    It was desired to relate the pressure coefficient 
to a given M^ich,  which under large duration blast waves might be used for 
response prediction metboda andjdesiKn of atructure»,   eepeciaUy arches and 
domes,   to sustain loadings imposed by blast inputs.    Arch and dome shapes 
were selected since these are the above ground structural configurations that 
can beet withetand the high overpresaures and dynamic preBsures. 

WIND TUNNEI, TESTS 

In order to use the wind tunnel data,   certain aaaumptions had 
to be made.    The Reynolds Number was computed,   based on free stream 
condition,  to be between 3. 2 x 10° and 4, 2 K lO*' and its effect on the preaeura 
coefficient was assumed negligible.    Published data indicates that this assump- 
tion is reasonable for high subsonic,  sonic and supersonic Hows (Reference 
4,  6 and 7),    This is difficult to prove without a variable density wind tunn«l. 
It wao also assumed that a relationship between the dynamic force and Mach 
number could be establiabed.    Thia is only possible for the case of an ideal 
decay behind the »hock front of blast wave parameters during which theoret- 
ical gas laws will hold.    The random nature of the non-ideal blast wave is 
such that the relationship cannot be accurately predicted.    The wind tunnel 
dynamic presaure is equal to   *• 4   times   Ps   times the Macb number aquared: 

/     1. 4 Pe M2) 

The model designs were chosou to give the highest Reynolds 
Number posaiblt- without causing blockage and interference in the wind tunnels. 
The models were mounted on a smooth ground plane which bisected the tunnel 
test section,   giving a. flow over the plane equivalent to free tunnel How except 
for boundary layer iormation.    Pressure taps were located so as tc give the 
most practical information for plotting contours,   and symmetry to the right 
and left of the flow axis was «usauirted.    Dimensions and tap locations are 
diown in Figure 6,  7 and 8.    Tents were conducted on 120- and IfJO-dogree 
archefl and on 60-, 90-,  and ISO-degree domes at Mach numbers from 0.4 
to 1. 75,    Only the I8Ö-d«greci arch and the 90-degree dome will be discitseed 
here. 

180-DEGiJEE AfiCH 

The 180-degree arch was tested at Mach numbers 0.41, 0.51, 
Ü.6ö,   0.7t,  0.81,   1, IS and 1.75 as shown isi Figure» 5 and 10.    Aa the Mach 
number increaeea through Mach 0.81 the pressure coefficients are nearly 
constant.    However,   at Mach  1, 18 there is a radical change as frottt face 
pressure coefficients increase from an average of + 0. 4 to a value öf +0. 9 



and a ahift of ths aero preoomfc coefficient from about 20 degrees to 66 dcgraes, 
There appears tu b« an increase in values on the rear face from -0. 1 to s 
-0. 6.    At a Mach of 1. 75 the front face value dropa to + 0. 6 .and the rear face 
to - 0. 2 aitd ths zero coefficient T-ioves to about 85-degreeB.    Thi« variation 
is compared to that derived fro'    shock tubt and fidl scale testa in Figure 10. 
No explanation can be offered for, the difference at thi» time. 

9Ö-DEGSEE JJOME 

The 90-degree dome was teeted at Mach Numbers 0. 48,  0. 53, 
0.70, 0.79, 0.90p   1,!«,   I. !'7 and 1. 75.    The praaeure coefficients are plotted 
as contaura and are »howr, i'* Figures 11 through 14.    Note the increase in T 
negative coefficient at t'je crown with increasing Mach in the subsonic region. 
Similar to the case of the archeß, the loading changes coneiderabl^ in super- 
sonic flow.    The pressure contours at Mach 1,57 moet favorably compare _ 
with those obtained from full scale teste as shown in Figure 15.    However, | 
the pressure contours at Mach 1. 18 compare very favorable with thoa.e ob- 
tained in the six foot shock tube as shown in the same figure.    The wind tunnel 
(fctft when compared to shock tube and full scale data showed reduced rear- 
face pressure coefficients at all Macha other than 1. 18; in fact,   a small £ 
positive cosffJcient was found on the lower rear face at all subsonic Mach 
numbers.    The lowest pressure coefficients were found to exist at the highaot 
Mach number.    The latter was also true for rear face coefficients obtained 
from full scale tests; however,  the front face coefficients at point   A   (Figure 
Z) on the dome increased from + 0, 5 to mora than + 0.7 with a change in 
Mach from 1.2 to 4.Q. \ 

SUMMARY 

Further analysis of the wind tunnel data will be necessary before 
any positive conclusions car. be made.    Oetermination of th& phase change 
from diffraction to drag in full acale blast waves is rather arbitrary; however, 
variations of pressur« coefficients may forniah a reference for cctabiiahing 
the point of change.    The contribution of the dual in the drag loading obtained 
from full scale testing has not been determined and could account for a portion 
of the deviation between fuU-scalo and laboratory results.    If the Mach-tmie 
history shown in Figure 3 is typical in tluit a variation about Mach 1 is indicated 
during moat of the dra^ phase, th-on wind tunnel derived coefficients when 
corrected to full acale onvironmontal conditiona should fae quite good for drag jl 
phase prodictionc,   particularily for those involving large yield weapons. j 
With a correlation of these coefficients and diffraction prceoure coetficienta 
determined from shoe]« tuba ntwtiee,a complete history- of the loading can he . , 
dofined where accurate loadings are nacesoary for laboratory computor 
investigations of response. 
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INTERACTION OF BI-AST WAVES WITH WINGS 

PAST I.      TEN-FOOT DIAMETER FREE JET SHOCK TUBE 

Harold B.  Pierce 
NASA Langley Research Center 

ABSTRACT 

As part of the NASA studies on the problem of the loads experi- 
enced by an airplane subjected to blast-induced gusts,  a ahock tube facility 
has been constructed to simulate the flight conditions for model testa.    The 
■hoch tube in 80 feet in length and 10 feet in diameter,  the  following dia- 
phragm rupture^ free iftt,is obtained giving steady flow conditions for peri- 
ods up to 30 or more millißeconds and up to Mach number» of 1.0.    This 
paper present« a discuaston o£ the applications of the shock tube to   bla &i 
loads atudiea and a description of the shock tube characteristics.    The de- 
scription covers the diaphragm rupturing techniquee,   the   flow  generation 
principles,  and model testing procedures. 

INTRODUCTION 

For the past aovoral years,  the NASA has been investigating the 
Interaction of blast waves with wings with particular emphaaie on the loads 
caused by the blast-induced gusts.    These studies were made   with w i n g a 
traveling at low speeds and involved two approaches.    In one   approach 
presoüre-inatrumenteä airplane models »f about 6-foot span were launched 
iato free flight at Mach numbers ranging from 0.1 to 0. 2 and subjected t o 
blast waves from actual exjiliooioTia.    The strength and position of the explo- 
aion were selected to impose angle-of-attack changes representative of two 
different operational conditions; the awsall angle change associated with the 
delivery of nuclear weapons, and the large angle change desired when blast 
waves are used as antiaircraft weapon«.    It waa found that additional infor- 
mation was needed to explain the character of some of the measured pres- 
sure distributions.    Accordingly) a second approach was instituted to exam- 
ine the flow phenomena through use of small-scale schlieren studies.    The 
next speaker will describe this second investigation aa part of his talk.    The 
results from both inveatigaUons have been published in claeaified NACA 
documents. 

It was desired to extend the study of the effects of blaat-induced 
gusts to the transonic and supersonic speed range and also to examine the 
I.Mide produced during blast-wave diffraction.    The easperienee gained with 
fie free-flight testing technique at »low speeds showed,  however,  that this 
technique would be very difficult, time consuming, and expensive to apply 
at higher speeds.   In order to overcame these shortcomings and also to per- 
mit more systematic testing,  the NASA recently constructed the Ground 
Blast Apparatus at Wallops Island.    This equipment utiliEes a   10-fool- 
diameter free-Jet shock tube and stationary model to provide flight aimula- 
tioa but continues wHh the use of actual explosiona to provide the blast wsws. 
This paper will point out some ai the design con aide rations for „his Ground 
Blast Apparatus and describe the upei.-ation of the shock tube. 



DESCRIPTION OF APPARATUS 

The elements compriaing the Ground Blast Apps?atuii are ehovm 
in Figure 1 an they would appear during a teat. The free-jet »hock tube is 
shown shortly after a thin metal diaphragm mountod near the exit has been 
rHptnred. The model is immareed in the flow of air iaeuing from the shock 
tube, and the blaat wava £iom the explosion ia rapidly approaching from the 
right. The flight condition simulated in this figure is that of an airplane in 
level flight being atruck by the blast wave from an explosion directly below. 
Other flight coaditions may be simulated by changing the explosion point or 
by changing the roll attitude of the model on it« sting support. 

Figure Z shows the dirnensiona of the tubs.    It ia 10 feet in diam- 
eter and the pveasurixed section is SO feet long.    A fiufcot extension down- 
strenro of the dUtphxagra prcrente the ruptured diaphragm sections from 
opening too far and tearing off.    The lO-foot diameter of the tube permits 
the n»o of models having a wing spin up to 6 £B«t.    Aa explosive such a s 
Composition C-4 or HBX-1 produce« the blast «avea and the amount used 
depends on the speed range of the flow from the tuba.    In the Mach aumif*r 
range of 0.1 to 0. 3, a charge weight of 150 pounds is chosen,  while at flow 
speeds in the Mach 0.7 to 0.9 sange,  a charge weight of 600 pounds le used. 
The free-jet shock tube i^ currently undergoing calibration teate and has not 
been used with the airplane models to obtain research data. 

An important part of the equipment not yet mentioned is the in» 
strumeutation used to measure pressure at the wing surface.    The pressure 
inat7umexLta.ti8it ueed previouoly in the free-flight tests had a respenoe flat 
to I kc which was just adequate to provide measurementfl of the effects of 
the blast-induced gusts at the slow (light speeds.    This responwe is not, how- 
eTer, high enough to measure these effects at the higher speeds nor to obtain 
information during the diffraction phase.    Accardnigly.  the NASA developed 
a very email flush diaphragm pressure gage,   together with a carrier ampli- 
fier system,  which has a combined response flat up to 20 kc.    This gage and 
the ratrtier amplifier are described in the appendix of this paper. 

DSSIGN CONSIDERATIONS 

A general over-all description of the Ground Blast Apparatus has 
been presented.    There are, however,   several additional points concerning 
the shock tube and the selection of the proper model location that are of in- 
terest.    The free-jet shack tube or shock tunnel is, in reality, a blowdo^n 
tuxmel using a diaphr&gm as a quick opening valve.    The finw issuing from 
the tube is actually the "cold flow" of the normal shock tube.    That is, it is 
comprised of the air initially preseurixed inside the tube which is accelerat- 
ed out of the tube at steady velocity by the ra refaction wave formed on dia- 
phragm rupture.    The air continues to move out of the tube at constant veloc- 
ity uatil the rarefaction wave, which initially move» into the tube, is reflect- 
ed back to the exit.    The Mach number o£ the flow depends on the initialpree- 
anre; for example, a pressure of about 2 pounds per square inch gives a Mach 
tusmber of 8.1 while 38 pounds per square inch gives Mach 1, which is the 
naaxiTOum velocity attainable with the straight tube.   For the 80-foot tube 
len.gth, the flow duration ranges from about 0, 15 second for Mach 0, I down 



i at the flow la 

To avoid density changes between the boundary oi the jet and thp 
BiirrDunding atmosphere which might hinder passage of thft hlaet wave pro- 
duced by the explasive charges, the pressuriised tirinttide the tube is pre- 
heated by electric heaters.    The preheat temperature is chosen so that on 
eÄpansion of the air to atmobpheric pressure in the free jet,  the temperature 
will sJao be atmospheric. 

Having indicated how the desired flow of air from the shack tube 
is produced,  the next point is the proper location of the model during a teat. 
AaaXy&la showed that this location depends priaiarliy on three conaideratlona: 
(!) the mechanism by which the blast wave pToduces the desired angle-af- 
attack change on the macel immersed in the jet, (2) the desire to locate the 
model away from the tube to avoid the local dlatortiona of the blaet wave 
which occur when it encounters the tube,  and (3) the conflicting reqwirement 
that the model be placed close to the mouth of the tube to minimize the ef- 
facts of the free jet mixing with the aurrounding atmosphere.    The two plan 
view sketches in Figure 3 have been prepared to Illustrate the blast-wave 
effects.   Jn the upper sketch, the conditions existing as the blast wave ap- 
piroaches tba model are portrayed.    The tube has been in operation long 
enomgh to proviJo steady flew over the model, and a blast wave chosen to 
produce a certaia angle-of-attack change at the model is rapidly approach- 
ing the model fram the side and, in this illustratinn, in a direction norcnai 
to the jet flow.    The lower sketch shows the conditions a few milliseconds 
later when the blast front has just inoved past the model.    First, consider 
how the test location of the model depends on the way fee blaet wave changes 
the angle of attack.   During passage through the Jat, the blast wave deflects 
the particles of air it tincounters into a new resultant flow directioi;   which 
the model recogniaes us the angle-of-attack change.    This deflectJjn of flow 
has moved the jet boundary through which the blast wave has passed but has 
not aa yet affected the other boundary.    To keep the model in the ilow,  then, 
it is necessary to locate it off center of the original jet flow in the direction 
of blast-ware passage. 

The major diBtortions of the blast wave that result from the pren- 
ence of the tube are also illustrated in the lower sketch.    Oaa,  the reGection 
from the Bide of the tube, which could be a serious problem, has been trapped 
by a baffle aligned perpendicular to the blast front and prevented from ar- 
riving at the model until the teat is completed.    HojMng this simple could be 
devised, however, to prevent distortion of the blast wave on entering the open 
end of the tube and a resulting alteration of the daw field due to the expansion 
wave which is formed at this time and moves out toward the model.    Naturally, 
to b« sure that the conditions of the test are not altered, the model Bhould be 
placed £fcr enough from the tube «Kit that this expansion wave does not reach 
the model during the test period.    It is felt, however, that since the initial 
portion of the esspansion wave is quite weak,  it may be passible to allow this 
portion of the wave to pass over the model location before the test is completed 
ftnd not seriously aifest the reaults.    With a test duratios of 10 milliseconda, 
which is the dtu-atlon of the positive phase of the blast wave used in the tests, 
the model would be located about 15 feet out from the mouth of the tube. 



OPERATIONS 

As implied previously,  the operatioaa have tisi« far been limited 
to ijevclaitinefft testn with the tube proper, Th« major problema concerned the 
diaphragmsp primarily bsc&väe at tixeiT lÄrge si»a.    Theae problems toclusäisd 

■ ijel*tti&ji af material, fabrication, clanr<plng,  and rupture.    Stoel diaphragms 
are curreatly being used for flow speeds in £he region of Mach 0.7 to 0.9. 
For ihn lower speeds of Mach 0,1 to 0. 3. di&phrBgma made of cloth and plaa- 
tic are being developed.   Since the major interest is felt to be in the higher 
Jet s^ssd»,  only the development of th« steel diaphragms will be discussed. 

Because oi the large sise .>f the diaphragms, it was necessary to 
fabricate them by welding together several sheets of steel.    The material 
presently used is 1O1D-1025 cold rolled annealed sheet steel.    To avoid asym- 
metrical streeaeB, the «eld pattern shown in Figure 4 was chosen,    AH welds 
are butt we'd«, and extreme care is taken since the material i« only 1/32 to 
3/64 of tat. inch thick. 

The diaphragms are clamped in place between heavy flangoo us- 
ing 100 bolts,  each 1-7/8 inches in diameter.    To avoid slippage, the special 
clamping ring shewn in cross section on Figure 5 is insartad between the 
Oangee, downstream of the diaphragm.    A 1/16- by 1/2-inch land is «hown 
on the r^ag, and in the insert it can b« Been that SWe .myrEaee oi" ths) latwl has 
btsen msehlned in a aovies of »mall sharp ridges.   With the entire clampiiig 
force of the bolts concentrated on this small «rent   the vidgss actually dig 
into on«, diaphragm metal and DO far have pravanta^ any slippage. 

The lO-foot-dtsmeter diapbrAgnui presented « difficult rupture 
problem, pariicaiarly in preventing the diaphragm segmeats fromi going 
downstrexm following rupture.   In addition, with tho cold flow being used, 
it is particHlKrly important that, following a>peningp that seginants lie close 
to the tube w«ül in order to present a minimuna obstruction to the flow.    Th« 
method used wais derived from «JcpariBnc« with »tSTBali eHrcular shock tubee 
which Indicated that aatiafAcUivy fiucKt» --xavld Si« obtained if the diaphragm 
were ruptured along predetuv-nin«« lines into pie-shaped segments.    Since 
scoring the IQ-£oet diaphragm sn^ allowing it to seXf-burat would not be 
practical, teats ware made in s Z-feot-diaoaioteff shock tab« which showed 
that primacord could be used to cut the diaphragm.   This method has the 
additional advantage for the Ground .BJast Apparatus that the explosion of 
the primncord can be timed precisely with raerpeot to the explosion of the 
charge producing the blast wavo. 

As witli any new piece uf af^tiX&t».», ». Tiwmfcer of unsatisfactory 
bursts have been made,  however. Just recently üMS proper combination of 
material with number of diaphragm segments was evolved so that tho dia- 
phragm opens quickly and no pieces fly dowuotream.   As mentioned previous- 
ly, low carbon steel proved aatis£actDry for the diaphragm material.    The 
■atisfastory itwmber of pi«-shaped aegmants in which to cut proved to be 
eight.   In the course of the development tests, it was found that exploding 
the primacord en the inside or pressure side of the diaphragm mjbstaaitiÄlly 
reduced the apening time, and Figure 6 -show» a diaphragm with the primacord 



so arranged    Tha cighE legs uf primacord are fixed together to the center 
of the diaphragm, and the explosion is initiated at thli paint.   Since the dift- 
phragm bvdgca out about 18 inchea under pressiire, it creates the problem 
a{ keeping the pz-imacord in contact with the diaphragm.   Since no exceasive 
tension shoalsä be placed on the primacord, «mall vooden blocks with hale» 
in them are fastened approximately every 6 inches alcmg each leg to act as 
fair leads.    With the primacord thua arranged an the inside, the opening time 
appears to be somevrhere between 5 and 10 milliBeconds.    With it an the out- 
side, the opening time is increased to 30 millisecondu. 

Although rupturing the diaphragm by exploding primacord appears 
at present to be tbe best method, it has one aerisus disadvantage; namely, 
the blast wave it produces upon explDaiDn..    The pnrticm oS this wave that 
moves out of the tube is not troublasam«, but a strong shock wave alsu movee 
into the tube and superimpoeeB itself on the normal shock tube piOceKoes.   A 
qualitative view of the sequence of events, Including the primacord effect, 
has been obtained from a total-head and a static-pressure probe mounted in 
the flow 15 feet in front of the tube, and this is presented in Figure 7,    The 
ordinate la pr^aoure increment, and the abscissa is time.    The upper trace 
ia derived from the total-head probe, and the lower from the static probe. 
The first disturbance to reach the probes is the combined shock wave from 
tho diaphragm rapture and the explosion of the primacord, and the traces 
from both probes are eimiiav.    Juat aa this disturbance dlea out, the olower 
moving cold flow which expands from behind the diaphragm reaches the probe 
location, and the pressure increment recorded from the total-head probe 
rises and levels out.    Then follows the period of steady flow with the jet at 
atmospheric pressure during which a model wowl.d be subjected to a blast wave 
and the teat results obtained.    The next deflection of the records occurs when 
the portion of the blast wave fi-om the primacord that initially moved into 
the tube is reflected back and strikes the probes.    As with the beginning shock 
wave, both probes again show similar records.    Shortly after this,  the cars-    - 
faction wave returns to the tube exit and stops the flow.    The early return oi 
ihe primacord  «Hock wave substantially reduces the period of steady How, 
and its initial entry into the tube probably caused a delay in the start of the 
flow.    FortiBiately, the flow period remaining la of sufficient duration    to 
ccuduct some of the blast testa.    If a greater duration is required in the 
future, this can be obtained by Increasing the length of the tube or by finding 
an equally effective means of rupturing this large eiae diaphragm without 
producing an added shock wave. 

High-speed motion pictures of diaphragm opening have been takes, 
and a few enlarged frames from one of the movies are shown as figure S. 

CONCLUDmC REMARKS 

The application of the lO-footf-äla&oeter f&ee-jet shock tube to 
Mast loads studies has been discussed.   Also presented were some of the 
design problems unique to this work, together with a description of the opera- 
tions.   Since calibration of the shock tube has not been completed, no research 
results could be presented. 



APPENDIX 

A ponrr SOURCE THANSIENT PRESSURE MEASUREMENT SYSTEM 

Richard W.  Morton 

SUMMARY 

A cTriaL. electrical presum-e gage hs.a been developed at NASA 
l^ingley Research Center which i» suitabie for the meaourenseBt of shock 
tube and btsst px-eaeures.    This gage evolved from previous deaigne that 
were intended for the carrier frequency rang« from 3 to 25 kilocycles (Ref- 
erence 1),    The preaent gage is approximately a point source at 20 kilocycles. 
To complement this gage, a iwo-channel carrier amplifier aystem of suffi- 
cient bandwidth wa« developed.    The carrier frequency of this eystem was 
put at 120 kilocycles. 

DESCRIPTIOH OF THE PRESSURE GAGE 

The gage under diacusainn is a fiuah diaphragm inductance gage, 
details of which are shown in Figure 9. It hafl an outalde diameter of 3/16 
inch and a thickneae of 1/10 inch. The length to the point of lead attachment 
is 0.281 inch. A coil of 125 turns at copper wire ia placed around the pole 
piece. The diaphragm thlckneaa for the 30-psl gage ie 0,002 inch. The air 
gap is 0.004 inch. FiiU-acale pressure produces a deflection of 200 micra- 
Inchss. 

JDifferent full-scale preseure ranges may be had by changing dia- 
phragm thicknesa.    Doing thia,  of course,   changes the natural frequency.    A 
D.QOlS-inch diaphragm has a full-scale range of lb psi and a natural fre- 
quency of 42 kilocycles.while a 0.Q02-inch diaphragm has a range of 30 psi 
and a natural frequency of 50 Uilocyclea. 

The free diameter of the diaphragm is 0. 120 inch.    Estimating 
that the equivalent free piston is one-half of thia. it can be aaita that the gage 
performa as a point source up to 20 kilocycle» (Reference 2). 

The linearity of the gage ia +1 per cent of full scale and the out- 
put due to acceleration is 0, 2 per cent per lOOg's. 

DESCREPTION OF THE CARRIER AMPLIFIER 

The inductance gage forma a single arm of a four-arm bridge. 
Figure 10 »howo a block diagram of the ayatcm.    The bridge is powered 
with 10 volts at 120 kilocycles.    The bridge output is fed through a  trans - 
former and onto a coaxial cable.    The cable then runs to the carrier amplifier 
proper.    At thio point all residual carrier voltage in the bridge outpuliabal- 
.ancod out by adding an equal and opposite bucking voltage.    This bucking vol- 
tage io fashioned in a circuit containing two potentiometers and derives its 
120-kc input from the carrier power supply.    A signal will appear only when 
pressure is applied to the gage.    The signal i» now fed to an attenuator for 
gain control purposes.    Next it enters a two-stage feedback amplifier!    This 



amplifier has a minimum feedback of 40 db over tbc band of intereat. Veom 
the amplifier the signal is put through a bandpasa filter, then iiato a similar 
amplifier, and a socond bandpass filter. The function of the bandpass 
filter a is to eliminate harmonica and reduce the effect of microphemics. 
Next, the signal is led to a phaHB-8ea»itlve demodulator where it la 
converted to d-c. Finally, the Bignal is sent through ts low paso filtei and 
oat into an oeeilioiicope. 

.In ordnr to operate the demudulator,  carrier voltage   of ad- 
juatsble reference phawe muat be provided.    This is fumiahed by a reß»lv«r 
which convarta the conetant-phase..   i20-kc.   IG-volt supply to 10 voltB at any 
desired phatta.    Being able to adjuat the phase of the keying voltage has the 
operational advantage that the polarity of the carrier output may be reversed 
by a 180" rotation of the resolver shaft. 

The carrier voltage ia generated by a crystal oaciilator which is 
amplitude BtafaiJi*e?id with a pair of avalanche dioöes.    The oscillator output 
pasBoe Into a power amplifier which delivers 10 volts at 10 watts.    T he 
powe? amplifier is a feedback amplifier with 40 db of feedback. 

HE£J3'OHSE OF SYSTEM 

The linearity of the carrier amplifier is at least+0.5 per cent 
of full scale.    Sensitivity to cbaage in the 60~cp» supply voltage is 0, 03 per 
cent per volt at 100 volte.    Figure 11 shown the variation of sensitivity with 
line voltage.   Senponee to tnicrophonics can simply be said to be   good. 
Striking the moist sensitive tube with a pair of pliers produces an output less 
than 10 per cent of full scale.    Tbis performance can be attributed to the 
bandpass filters. 

The transient reaponse of the system ia limited by the output 
filter. Figure 12 shows the traneient response. This filter cuts off at about 
22 kilocycles. 

CONCUJDmG aEMARKS, 

The combined linearity of the pressure gage and carrier eyntem 
is approjdrnately +1.5 per cent of full scale.    The frequency response la auf- 
ficiently high considering the frequency at which the gage begins to depart 
from being a point ar>nrce.    The over-all system sensitivity to eKtemal dis- 
turbances is low. 

It is felt that the deacribed syetem is adequate to provide reliable 
measurements of transient pressures encountered in shock tube and blast 
work. 
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Figurfj 4   Diaphragm Fkbri 





figure 6     Primacord i 





Figure a      Initial Opening of Diaphri 











INTERACTION OF THE BL.AST WAVE WITH WINGS 
PAIU II.     WAVE-TABLE STUDIES 

Donald R. McFarland 
NASA I^sngläy Reaoarch Center 

In one of ths large raoms of the gaa dynamics laboratory at the 
I^angley Research Center thisre haa been for some time a »mall-acaie »pheri- 
cal blaat-wave facility which wc have called the wave table.    Thio blast-wave 
table conoist» of a large flat steel surface,   li. by 15 feet,   over which are 
detonated small,   spherical bare high axploBive charges.    The spherical blast 
wavea which are produced have proven to be very cloaely scaled and readily 
controllable laboratory veraions cf large high exploeive and atomic blaetfl. 

Varioua types of optical studies have been made on the wave 
tabl«,   including time-resolved measurementB of Mach-atem formation and 
growth as a fiinctlon of bur at height,   wave attenuation due to rough surfaces, 
and the transient flow field about bodies and winge.    Because of the small 
scale of the bodies which have been used,   the placement of pressure trans- 
ducers has been generally limited to the table surface and used mainly for 
checke an the blast-wave pressure-versus-time characteristics and any 
wave reflections which may be pi-esent. 

Because of the experience that had been gained in the use of the 
wave table in these types of studies,   we have been involved in a combined 
program with the gust loads personnel on the study of the general problem 
of transient loads imposed on aircraft encountering blast waves. 

Figure 1 shows the arrangement of an earlier investigation that 
was made by placing a small wing model in the air stream from a low-speed 
free-air jet located in the blaat-wave table.    This air jet simulated the for- 
ward motion of an aircraft in flight prio..- to encounter with a blast wave. 
The strength of the blast wave used was nufficiant to change the angle of at- 
tack from 0° to 30* during  which time the optical studies of the transient 
flow were made.    Good correlation was obtained of the movement of vortices 

■■?;ii«,i-i:fieiiiurface  of the wing and the movement of the pressure load poak ob- 
tained by llhe  gust loads group from their previous flying models, 

Mr. Pierce has already told you of the ground facility involving 
a targe shock tube which is to be used to? extending these studies to higher 
velocities. In order to gain some preliminary insight into the feasibility of 
this idea as well as to obtain some optical data on the transient flow occur- 
ring at the higher Mach numbers, we installed a small scale version of this 
facility on our wave table,  using a shock tube 6 Inches in diameter. 

Our small-scale facility arrangement is shown in Figure 2.    The 
blast-wave table consists of a 2-inch-thick boiler plate approximately 12 feet 
by 15 feet,   over which is detonated a small 15- to 50-gram bare pentolite 
charge.    The shock tube tunnel is 4 feet long and fe inches in diameter which 
ia a one-twentieth scale :)f the large  shock tunnel descvibed by the   previous 



As pointed out in the previotie talk,  this type of snock-tube-tunnel 
operation uses the ao-called "cold flow" of the shock tube.    Normally,   thia 
part of the flow is not uaed for testing purposes in shock-tube work.    Since 
all this "cold flow" must paos over the open diaphragm it ia essential that 
the diaphragm pieces lay completely against the shock-tube wall to reduce 
any interference with the flow.    Also, as was done in the large-scale facility, 
the air in the tube was preheated by electrically heating the ehock-tube wall, 
in   order   Lo minimize reflections of the blaat wave with bhie cold  jet   air 
Btraam.    Diaphragms for the 6-inch-diameter tube were hrase shim stock 
and wero scribed in four pie sections.   A remotely controlled hammer and 
plunger arrangement waa used to burst the diaphragm at the desired praa- 
aure.   Schlieren phntographa were obtained at different blast-flow times by 
the use of a variable-delay generator triggered by the blaot front which then 
fired the schlieren spark light source. 

As I mentioned previously,  a 0, 10 Mach number steady free-air 
jet was used with the wave table prior to the use of   the   ahock   tube.    To 
acquaint you with these low-apeed data,   some aahlieren photographs of   the 
vortex pattorns are shown in Figure 3.    The picture at the  top of the figure 
shows the UIäBI HOW normal to the jet flow and of auch strength as to pro- 
duce an initial angle-of-attack change of 30'.    T.us angle of attack,  of course, 
decays as the biasit flow decays with time.    The first schlieren picture was 
taken ahortly after blast front arrival.    The aecond picture ia in the order of 
300 microsoconda after blast arrival.     In order io show the vorticen some- 
what more clearly,  the model was set at a 30' angle of attack,   to   the   blast 
flow with no initial Cow that ia, no jet flow over the wing model.    The result- 
ant flow velocity over the model is matched tc that ■if the jet-flow case   by 
moving the charge closer to the modal,  thus increasing the blast-flow veloc- 
ity.    It must be remembered here that although the resultant flow velocity ie _ 
the aatne immediately after blast arrival,  there are some important differ- 
onceis to be noted for the blaac-alone caae.    There is no initial flow or flow 
field about the model prior to the blast,  and there ia also no change in angle 
of attack with time during the blast.    Both the   forward   and   normal 
components of the blast flow over the wing decay rspiul/ with time tor this 
case, whereas only the blast velocity,   or that velocity normal to   the wing 
decays with time for the steady-jet-flow case.   Despite these differences, 
there ia good correlation between these two caaee, if one relates the vortex 
movements to the free-stream fluid movement about the wing,  rather than 
to the wing itaelf, 

Figure 4 shows the photogrsphaobtained from the present method 
and using the shock-tube flow at a forward MacK number of 0.35 which is an 
intermodiale subsonic cass. In the first picture the blast front can still be 
seen as it hae just passed over the model. The vortex regions are still 
diatinguiithable, even though the nhock-tube flow is not as clean as the flow 
In the previous case of the free-air j^t. Here again the blast flow along at 
30' angle of attack i« shown for comparison. 

The final figure ahowa a high subsonic Mach number where 
super-criticai flow has already been set up on itis wing model by the shock- 
tube jet flow before bls.3t-ws.vs ai-iival.    The identity of the vortex ueems to It 
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be lost in the region of the compreBaibility ahack,   although the region of din- 
turbance is still very evident.    The blaat-wave front shown in the first pic- 
ture appears to be even more distorted than before.    This is probably due to 
p^saing through a stronger mixing zone at the edges of the circular jet flow. 
With the blast flow alone, as in the previouo case,   the vovticeB seem to be 
more clearly defined,  even at these higher velocity flows. 

In conclusion,  it ia felt that thead optical studies have provided 
a better insight into the nature of the transient flow over a wing .at different 
Mach numbers,  when the wing encounters a blast of sufficient magnitude to 
suddenly change the angle of attack fay a large amount,    TI:eae results should 
prove a useful supplement to the pressure loads investigations to be carried 
out in the large gust loads facility. 

i   \ 













EXPERIMENTS AND THEOBY ON EXPLOSIVE DECOMPRESSION IN THE 

SIX-FOOT SHOCK CHAMBER 

I. INTRODUCTION 

The object of this paper is to solve the general decompreasion 
problem,  and to apply this solution to calculation of the orifice area between 
two chambers for preecribed dccotnpreaeion rates,   and to compare the theo- 
retical rates with actual preBsare-time records obtained  in the aix-foot shock 
tube which Armour Research Foundation operates for the Air Force. 

Decompression rates can be ctasEified as slow or fast depending 
upon tho ratio of the sonic transit time {i. e, ,  a characteristic tlimenaion di- 
vided hy sound velocity) to aome characteristic time of the decompression 
proceae-the decompression duration,   tor example.    If this ratio is small com- 
pared ts unity (alow decompression) the local pressure gradients are negligible 
and a pseudosteady-stiite analysis is permisBible.    If this ratio is of the order 
of unity or larger,  no pseudojiteady-state analysis is permiesible.    The bulk 
of this paper deals with the »iow decompression case, 

II. STATEMENT OF PROBLEM 

Consider the problem of two chambers  Sfiparated by a no^aie or 
orifice.    One chamber is initially at » higher pressure.    The temperature of 
the gaa in both chambers is initially near the same.     At a given time the gas 
ia allowed to flow through this noazle.     Ore would like to determine for the 
high pressure chamber (he pressure-time higtory. 

Assuming adiabatic-isentropic flow conditio..-;, and neglecting 
heat loss through the chambers and Eicross the nozzle, the problem can be 
proeented aa follows (ace Fig.   1). I . 

The quantities    Vj,   V,,   Pj,   PI,   TJ,   T-|    and   Ao,    shown in 
Fig,    1,   and some other pertinent symbols uFUized in this  paper are defined 
as follows' 

V. ,   V, = Volume of Chambers  1  and i 

Pj,   P' - Initial pressures in Cbsmbera 1 and 2 

TI^JT! S Initial tcjmperature in Chambersi 1 and 2 

A : Area of noszle or orifice 

m'-jin, H Initial mass of gas in Chambers 1 and 2 

P,(t)   ,P-(t) = Pressure-time variation in Chambers 1 and 2 



Tjd) = Temperature 

/^(t) = DeitaUytima variati- 

ij(t),n^(t} = MaoB-time variation 

Wo(0 - Mass rate of flow tbi 

a! = fjiitial sound velocity 

ariation in Chamber 1 

on in Chamber 1 

Chambers  1  and Z 

gh noBEle 

Chamber I 

BASIC EQUATIONS FOH THE SLOW DECOMPRESSiON CASE 

Aesume a perfect gas,   then 

= Gas cona'ant 

ntropic flow process 

«Vl) m 
Pi f, 

k » Hatio of specific heats 

Considering the gaa propertiea to change »lowly compared to the 
time required for a sound wava to travel several characteristic ditnensions 
of the chambers allown the uas of steady flow equations through the nor.zle, i 

If   W jt)   is the mass flow through the nozzle,   the following two 
expressiong are olnained for choked and noncboked subaomc flow. * 

(a)     Choked flow in. nogzla 

B nrm 

See,  for eKample, 
Gompraasible Fluid Flow",   Vol.   I,  tKe~I 
83VB5. "  

hermodynart 



Th« Mach numar of the flow an th« throat ia 

This condition exists when the prcn: 
i groattir than the critical pressure ratio, 

(b)    Subsonic Qow in nozzle 

Whsa. the pressure ratio ficraaa the ooizin drops below the 
mure ratio, the How will be subaonic.    The mass flow through 
! then giver, by 

The mas« flow through the noxxle ? 
change of mass of each chamber: 

ist be equal t 

1 mM 

The volume   V;   is ao large compared to   Vj   that it can be 
considered infinite and,  hence, the preaaure rise in   V.   can lie neglected 
Thus,  toward the end of decompression one, will actimfty oht.iln eiightly 
higher pressures in   V,    than that indicated by the aubfi«queni anaiyaia. 

RESULTS 

NormRlisnig the above equations by i 

■Vt) 

troducing the masa 

and the pressure ratic 

ml 



one obtains,   by manipuiating Eq (I),   (2),   (3) and (5),   the following different^, 

(a)     For choked flow 

Subject  lo the boimdarv conditions 

iijlt)  - i for t = 0 

where on« dafineH 

t&'^r- "iLmJ ■' 

.,(.), [i+i-^L^rj  ' in) 
The normalized pressure ratio is a more convenient quantity to compare for 
experimental obaervationa and ia obtained from E4 (2) aa 

TT-jO)  = «l,tt>k (12) 

(b)    SubBPnic flow 

We again normalise in terms of    sij(t)    and    u,(t)    and define 

P; 
p s —i- 11 i) 

P2 

and,  by Rianipulating Eq (1),  (2), (4) ai"i [5),  obtain a differentia! equation 
analogous to Eq (6) aa 

d u.{t) iii=-ypi(1,-'P--.]'/ 
where the »tarred quaotitiea   ^     and   P     pertain to conditione at end of 
choking. 



By Introducing a quamity 

k - 1 
,-Tr- 

m • »,(1) p 

one can csparma the varisbioe in Eq {14 
explicity in torm at   ft   and,  hence,    u. 

'J^-4;)*i's 

ee In Eq (14) and obt&in a genaral aolution iax   t 

.stunt    {16) 

The conatajit in Eq (i&) is evalimled irom the boundary- co.idUion 

UjCt) = 1 (corresponding to (* - 1.2) /or t - 0 (17) 

(c)     Solution match for ehokqd and Buügtintc flow 

The end of-ctaiklng If ay^in tifinoted bj' atttrred quantitiea.    One 
obtalna, by «olvtKg Eq ( l^ for tha n^rmaJlssd tlms {^0      in tarma of % 
and equating it to £MJ      of Eq {1$ 

O'T' :tvÄ-.] 
Vfe »'^AII il,lii.isi,-ai.i> the preceding theory with a numericiii ax- 

ample of a slow decompression experiment (of Che order of 1 second duration) 
which we portormad fo*- the Air Force.    The full seal« ttocomprsiflfllon evont 
was performed In the «hock tube by- using a shock chamber bounded by a flings 
on the oao end and by a heavy aiumiRutn diaphragm on the other for th« pron- 
suriised cabin.    A decompresalon was Initiated by puncturing a etraased plaatlc 
diaphragm which covered the appropriate orifice araa,    t»at«lled in this 
chamber WHS equipment furnished by Sperry Oyroocopa Con>p«nyt  (Fig.  5). 

An eKploslve decom 
enced during high altitude flight i 
»a a result of enemy fire. 

Incidentally,  our progi 
tural reapones of (he  unit. 

Consider at this stage 

ee^ion event such aa thia would be axpasi- 
i preesurl^ed cabin wao suddenly vantod 

i permitted the evaluation of the «iruc- 

■«e of the preocribad end points.   I.e. , 



k = 1, 4 

Pj'   =:   10.7 

pJ =3.4 

P.*        1.89 P, 

and,  by Eq {11), 

[MJ* -0.377 

signifieH the end of choking. 

!n ordar to utilize a common 
choked case,   one  calculates the ratefl  -£—      for Eq (10) 

k -   1 

ale for the choked and t 

SL. ^ 2.23 i-.= 2.23 «J* 

and Eq (16) becotnei 

,»> = - 0,765 /7T7(|t|)+|lg^..tvf?77) 

The end of deoompretsBion denoted by barred quantities is reached      £ 
■ at the f>oint where the preaaure drops to   Pi,    corresponding to   |Z *1    in 
Eq (15) and (24) giving,  for  Eq(l5), ü | 

Sj^O.63 (25) 

and from Eq (24) f 

Tf = 



Tbc total dimensioiUesa decompreasioa duration is obtained from Eq (22) and 
(26) a. 

(^»'C^'Jl^]"1-137 12V, 

corresponding to 

;,* 3.   = 0.438 

wbereL^t i   ,    u ,    ajtuJ ir    are the uos-nializcd darations,  mass flow rate«, 
and pressu^ vafu«» at the and of decomproasion. 

The combiaed solution for the eatire range of dacompreaaion 
for a,(t) and ^At) are plotted in Fig. 2, Figure 3 is a feplot of Fig. 2 
with eise preseurea expreascd in terms of psi absolute. 

VI,                     CAiXPLAYIQNS OF CHAMBSK SIZE AND ORIFICE 
IKOZgUE AUSA)        — -~~  

In addition to the decompreseion end points epeclfied by Sq (I?) 
the following quantities are also fixed: 

The volum« Vj = 352 ft3 (30) 

Tho initial tamperatiwe Tj = i&0"F, (31) 

corresponding to a sound velocity in air of 

iij = 1225 ft/aec, (32) 

and finally the desired decomproeaion duration is taken aa 

t0 =0.8 rec (33) 

For the simulated decompression problem in the six-foot cihock tube 

Vj = ^^ i, = 352 ft3 (34) 

which,  combined with Eq (30) and 

D = diameter of shock tube = 70. 5 la, (35) 

gives the chamber length,    1>, 

I. = 13 ft. iU>} 



1 Eq (29) and (33) one obtains for the final decompreasion parameter: 

^-^--^■^ <"> 

Eq (10), (19),  (30),  (32) and (37),  one calculate» the orifice (nozzle % 

k t i -j rnrrrr , , I 
a) 

Figure (4) presents tha calculated pressure decompresB^on tirnc 
curve in term» of absolute presuurc aiid time as obtained from Fig.   3,  with 
.A - 1. 42 together with the actual rate ohtnined experimentally by means of a 
Kiatler preasore pick up at the center nf the front face of the Sporry unit 
(Fig.   5),    This point id roughly 4 ft behind the center of the diaphragm. 

An seen from Fig.   4,   the agreement between decompreesion 
predictions and measurement is quite satisfactory.    Seven further measure- 
ments were t&hcn at other points at the front, middle asction,  rear and in- 
terior of the Sperry unit which gave roughly the same result as shown in 
Fig.   4 indicating the pseudoBteady-state approach was justified. 

VU. THE FAST DECOMPBESSION CASE 

The fast decompreselon case is illustrated in Fig.  6,   7,  and 8. 

Figure 6 indicates the conventional shock tube flow diagram, 
where now our area of interest is the high pressure region ahown to the left 
of the diaphragm in Fig.  6. 

The non-linear different! 
dimensional, iaentrcpic, non-Btoady-1 
operacirmal form aa 

leading to the solutions  for the first of Eq (39) z 

k -  I 
c +  „j—  tx = constan 

d K ^ it 
a-r = u + CSÄr 

(40) 

(41) 

I 



s 7 üluBtratei« these Riem*nn invarienta for va 

The abovs Eq HO) and (41) can be solved with the adiabatk 

to give a relationship between the normalized presaure   -p- 

time   —■-■- : 

r -H^ 

and normalized 

Thio relatic 
rting point 

ship ia plotted for the interval from the deco 

to the asymptotic valu t infinity 

K-Q^l 
This relationship is shown graphically in Fig.   8. 

VIII. THE EXPERIMENTAL SET-UP 

The Sperry Navigation Unit (Fig.   10 and 11) waa installed in the 
Air Force SiK-ft Shock Tube facility (Fig.?) located at Gary,   Indiana. 

Kiatler preeaurc gages and calibration unita (Fig,   12) were used 
throughout the teat.i.    This  gag;i UOISB b quartz crystal as the sensing element 
and because of it» very low output per psi muat be used with a Kistier cali- 
bration unit. 

The output of the caiihration box was fed directly to   a-c   pre- 
ampa for the faat decompression teete and to   d~c.prcampB for the slow decom 
pieasion testa.    The output of the praampa was used to drive the oacilloacopes 
A drum camera was used to photograph the faces of four   CRT   tubes.    Most 
of thia  equipment ia shown in Fig.   13. 



IX. COWCLUSIOM 

CloKed eolutlonu have been obtained for the general decompret: 
aton problem.    In the case of alow decompreaeion,  these aolutfona have bee: 
compared to Actu&l decompresBlon teats performed on Sparry Equipment 
inatBlIed in thv Air Force 6-ft shock tube.    Agreement between theory and 
axp«rltnent Is eati a factory. 



Figiirn 1   Compresaitm and Do compress ion Chambcra 
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THEORY OF FILLING PHOCiSSS FOR CHAMBERS^ 

SHOCK TUBE AND FIELD TESTS 

In this  paper an analysie for the filling pioceaaot a. chamber 
or ravity which is connected to the atmosphere by a channel or tunnel ie pre- 
aeotüd.    A blast wave propagating through the atmoaphefe sweeps pstal the 
entrance and initiates flow into the chamber configuration.    The basic as- 
sumptionB used in the analyaia of two specific cases will be discussed and 
the reHult of the first cane will be compared to experimental results obtained 
for essentialty the identical conditions in the Air Force 6-foot Shock Tube 
Liaboralory,    Some comparisons will be made for the second case which dupli- 
cate a configuration tested in full seals field teats. 

One aspect of weapon effects research ie that of determining 
the transient forces or pressures acting on structures or objects of a wide 
variety of geometrieB.    In general,  the solutions of these gas dynamic prob- 
lems are not obtainable by analytical means.     The flow is governed by a sys- 
tem of non-linear equations which usually involve two or three special di- 
mensions in addition to time.    We are therefore forced to rely,  to a great 
extent,   upon experimental obavrvations,  either full scale field teats or scaled 
laboratory experiments, for the required information. 

There axistü a class of problems which are amenable to analy- 
sis, that is, those probtema in which only one spatial dimension is involved 
can be solved analytically by the method of characteristics. Quite naturally 
then, geomfiirics which consist of channels in which the length is long com- 
pared to the diameter (or some characteristic dimension of the section) fall 
into this category. This is the type of problem which will be discussed in 
this paper. 

Slide 1 is a photograph of a model of a ship (guided miesile 
frigate) in the Air Force 6-foot shock tube.     The model was used to determine 
the forces acting on a ship when a blast wave interacts with it.     Of course, an 
experimental approach WBB the only possible approach in this case.    However, 
along with the interest in the loads on the exterior of ships,  there exists some 
interest in determining the pressures in the boiler cavity of the ship,  as well 
as in determining the pressuraa in the funnel which connect the cavity to the 
atmoaphere.     In connection with the experimental work on ships,   some ex- 
psrimer-^U. reauSt» were obtained on a model which had an interior cavity and 
eimulai .J a typical boiler-funnel configuration.    A portion of the analysis 
presented herein is for this particular geometry and we will be able to make 
some qualitative comparison of the results.    The second portion of this paper 
ia concerned with the cae« of a personnel shelter connected to the uurface by 
a tunnel. 



Slide 2 illuatrates the actual boiler funnel configuration. 
The significant features of the channel are the transition region where the | 
cruss-bactional area changes by approximately 60 per cent,  the two bende 
and the slight flare at the cavity end.    Illustrated also is the position   (x)   of 
tht free field static pressure gage   iff'),    two gages (1) and (2) in the channel, 
and a gage   (i)   in the cavity.    In order to make the problem amenable,  cer- 
tain assumptions must be made.    Solutions obtained by the method of charac- ■ 
teriatics are usually obtained by numerical methods (graphical in thesef'ex- 
amples) and changes in cross-sectional area are. relatively easy to handle.   In 
thia example a single step change in area was used,   thus resulting in uie toss 
of some detail in the neighborhood of the transition.    The slight flare in the 
funnel could be treated in a similar manner, but sine? the changes in area                     a 
are small (as well as an increase in area) they were neglected.     The bends 
in the funnel cannot be treated easily and therefore are neglected.    However, 
in this example the bends are rather smooth (no sharp corners) and have a 
radius of curvature of the older of several funnel diameters so that the bends 
should have little if any effect on the problem.    In the second „.^liiiple which 
I will discuss,  there existed many sharp bends in the entrance tunnel.    The 
effect of these bands was to auperimpose many pressure fluctuations (the 
frequency of which were associated with the sonic transient time between bends)         g 
on the pressure records.    These fluctuations could be ignored thus yielding / 
the lower frequency fluctuations which are of interest to the effects analysts.                4, 

/ i 
This analysis assumes that the gas is a perfect gas with con- /    " 

stant specific heats and that the flow process is isentropic.    This latter as- 
sumption is also valid across the existing shock wave of the first example / M 
since the strength of the shock wave is sufficiently weak that the change in    / I 
static sound velocity can be neglected.    The pertinent variables are presented 
in a dimensioniess form in Slide 2 and are summarizöd in a list of aymboJ.^ m 
at the end of this paper. The pressure in the chairiJ-er is determined by / 
monitoring the mass flow into the chamber and asa iming that the pressure 
change in the chamber is due to an isentropic process.    Thus the equation of K 
continuity of mass must be used.    This equation,   together with the dimension- 
lees form,  are also given in Slide 2.    The volume of the chamber normalized ■ 
by some characteristic  volume of the tunnel is a significant parameter in these 
filling problems.    This parameter will be discussed briefly at the end of this 
presentation. 

The basic theory of the method of characteriatic a.s applied to 
ottc-dimenoional non-steady flow problems in constant are» channels will not 
be discussed here,   since it is adequately presented in the open literature, 
rather then the application of this theory to this particular problem will be 
prenented. 

Slide 3 presents the "state plane" (i, e. ,   the sound velocity- 
particlt) velocity plane) with some typkal paths and a schematic of the entranci 
channel,    Su   represents the state of the gas outside the funnel,    S     the state 
of the gas .fust inside the funnel,    S   and   S'   the states of thu gas on either 
side of the area transition,    S     the state of the gas at the chamber end of the 
channel,  and   S,   the «täte of Uie gas in the chamber.    The state of the gas, 
S. ,     outside the funnel is a given boundary condition,     The shock overpreaaurc 
is given in a typical form as 



P^O = P^o) e l-(i-t/to) (1} 

that is,   the pressure increases suddenly (by a shock procoas) and then slowly 
decays tö approximately the initial ambient pressure.    The relationship be- 
tween the states   S.    and   S ,    and   S     and   S.   are similar in principls,   pro- 
vided that,   in each case,  the flow is m a aimAar direction (i.e.,   either 
"Inflow" or "outflow").    For the case of "inflow" the assumption is made that 
the flow proces« is iso-energetic such that theState   S     (or S )   lies on the 
curve given by the energy equation: 

<^ 
The value of the constant is determinst1 from the pressure of the gas at State 
S.    (or S.)   which, of course, varies with time.    The effect of the dynamic 
pFeaaurebehind the shock wave (of State SjJ has been neglected.    For weak 
shocks this simplification »hould introduce no error. 

For the case of "outflow")  two conditions can exist.    When the 
flow at the end of the channel   (State S    or   S )   is subsonic,   then the pres- 
sure mast equal the pressure just out/ide the channel   (State   S.    or   S,). 
When the flow is sonic or supersonic,  the pressure ac the end 01 the channel 
can be greater than the outside pressure.    If the flow at the and of the channel 
is accelerated due to a drop in the outside pressure,   the flow will become 
"choked"   at this point and the maximum Mach number of the flow will be unity, 

The supersonic State can only exist if it is due to the flow from within the 
channel.    Such a condition exists, briefly,   in the second example which will 
be presented hare. 

The relationship between the States   S   and   S'   must satisfy 
the equation of continuity of maes,  viz, 

A' «.2/k " ' ^ ■ A^ " ' (I . (3) 

In addition to this equation we have assumed that the flow through the tran- 
sition is iso-energetic and the energy equation must be satisfiud.     This is a 
reasonable assumption since the actual transition is smooth and gradual. 
Slide 3 illustrates the mapping of a characteristic of States   A   into the locus 
of States   S'     which satisfy the above conditions.    When the flow of State   S 
becomes eliokcd    (State S.)   the flow of   State   S1    is illustrated by   S  '.    It 
ia possible that State    S'    must,   due to thu  influence of the chamber,   Secreaae 
in pressure.     If this  is the case (it occurs  in the first example),   then it is 
no longer possible for the flow to be iso-ancrgetic,   however,   Eq (1) will be 
sufficient to determine the State of the gas of State    S".     A standing shock 
wave will then exist within the transition zone.     In handling this type ol area 
change,   if is poBfliblc to select something other than an assumption of ;so- 
energetic flow,   such as for example,   a modified i 
incorporates some flow losses. 



Slide 4 presents the iniliai phase of the solution of the flow in 
the ship funnel.    The increm'snt in the sound velocity ^Sx   used in this cotn- 
putation was 0,02.    This value was s^iectad because it yields a reasonable 
degree of resolution of the solution.    The State   S       represents the ambient 
conditions in the funnel and chamber.    The shock^ntera the funnel configu- 
ration at a time   t = 0   and its strength is determined by satisfying simul- 
taneously the Bankine-Hugoniot equations and the condition of iso-energetic 
flow.    State S_0 satisfleB these conditions.    When the shock wave reaches the 
transition it is transmitted, slightly woakanad,    A system of centered rare- 
faction waws propagates back upstream from Che area transition position. 
State S,,. satisfies the Rankinc-Hugiomot equations and is related to State S_. 
by the equations governing the transition flow.    The centered rarefaction 
wave interacts with the upstream boundary and results in the reflection of a 
compression wave such that the (low velocity increases (also the pressure) 
in the resulting flow State {State SQ,),    Thf slowly decaying outside pressure 
results in the propagation of a. rarefaction wave down the funnel. 

The shock wave which propagates down the funnel propagates 
out into the boiler chamber and reflects about within this chamber.    Mass 
begins to enter the chamber and the average pressure in the chamber begins 
to increase.    When the shock Interacts with the downstream end of the funnel, 
a rather strong centered rarefaction wave is generated.    The flow (State 66) 
is subsonic so that the pressure of the State is identical to the pressure in 
the chamber.    As the pressure in the chamber increases,   signals (compressio; 
wave«) are sent upstream.    Thus the pressure in the channel at the boundary 
end begins to increase (States S,- and SiA and the flow velocity decreases. 
The strong centered rarefaction wave,  «rtfich is moving upstream interactc 
with the area transition and transmits rarefaction waves until the flow in the 
smaller tube becomes choked at the transition position.    The remainder of 
the strong centered rarefaction wave reflects at the area transition and de- 
creases the pressure in the lower part of the funnel. 

The wave diagram for a larger part of the solution is given in 
Slide 5.  "Tj = 0    refers  to the chamber end of the funnel.     A discussion of the 
details of the flow will not be given here, other than to note the time the flow 
remains choked in the transition (approximately 2 <t< 3) and the generation 
of rarefaction waves at 1^" ^   *hich indicate the reduction of theoutside 
static pressure.    Also the generation of compression waves at  7= 1    which 
indicate the buildup of the pressure in the chamber.    At the time "C" 8 
(indicated by the arrow in Slide 5),  the chamber pressure reaches a maximum 
?d the flow raveraes itself.    Thereafter,   rarefaction waves are generated at 

= li   these indicating the reduction in the pressure in the chamber. 

The pressure variation   (p,    and   p,)   at two stations in the 
funnel (Indicated on the "^ axis by two arrows),   the pressure variation in the 
chamber   (p.)   and thß blast wave overpresBure   p~-'U)   variation are shown 
in Slides 6 and 7.    The aaalyais utilized a dimenaionless presentation, how- 
ever,   for the purpose of comparison, the pressure and time scales are given 
in pounds per square inch gage and milliseconds respectfully so that a direct 
comparison could be made with the measurements observed in the experi- 
ments in the Air Force 6-foot shock tube. 



Slide 8 presents the pressure records obtained in the shock 
tube.    The pressure scale ie not given since final calibration constants for 
the gage were not yet available.     The shock overpressures used in this ex- 
periment were slightly larger than those used in the calculation,   however, 
in thia  range of shock Strength,   no great change in  shape of the pressure 
curves  should occur.     The time dots  given on the upperniOSl time axis in 
Slide 8 are equivalent to one millisecond intervals.    A detailed comparison 
of the computed and measured pressures indicates a very good qualitative 
comparison.     The calculations based upon the above-dislined assumptions 
and theory yield a good prediction of both the gross  behavior of the pressures 
in the system and some of the finer structure of the pressure variations. 

The second example which was treated was that of a shelter 
subjected to considerably higher presaure and a somewhat distorted static 
pressure variation in the blast wave,    Slide 9 presents the wave diagram for 
this case, 7,= 1    is the chamber end jf the tunnel.    This solution contains 
some phenomena which did not occur in the previous solution.     The outside 
static pressure was sufficiently large ao that the flow in the tunnel was ac- 
celerated to supersonic speeds.    As a result the rarefaction and compression 
waves which were propagating upstream were at least temporarily swept back 
downstream.    The compression (or weak shock) wave was actually swept out 
of the tunnel and into the chamber,   such that a standing shock wave    would 
exist momentarily at the end of the tunnel.    As the flow velocity decreases in 
the tunnijl due to the decay of the outside pressure,   the standing shocks reform 
and propagate back upstream and eventually reach the surface end of the 
tunnel.    The time of flow reversed occurs at approximately T "^ 2. 5. 

Slide  10 presents  the pressure variation with time of the blast 
overpressure   (P  ),    the chamber pressure   (P.),    and the pressure variation 
(P.)   in the turnief near the chamber end.    The ilide also includes a prediction 
of the chamber pressure   (P.1)    which was computed on the basis ofquaai- 
steady flow using the conventional orifice equation for compressihie flow and 
computing the mass flow rate as a function of the instantaneous  pressure 
differences between the outside and chambei- pressure..    Such a computation 
does not allow for any tinne delay in the pressure buildup in the chamber and 
does not give any indication of the flow details  in the entrance tunnel. 

The above calculations demonstrate that the filling proces« for 
the chamber which are exposed to blast waves can be predicted with reasonable 
accuracy.    The analyses are rather curnbersome in that numerical or graphical 
methods must be  utilized to solve a specific  case.     In addition to the details 
of the flow process,   the ratio of the peak chamber pressure to the pea« out- 
side pressure can be predicted.    This ratio is significant in weapor effects 
research in that it is a measure of the protection obtained or the lo>,^s to be 
designed for in tunnel-chamber configurations.    The Volume of the chamber, 
the tunnel length,   and the duration of the blast wave are all important parame- 
ters which affect the chamber pressure.     The ratio   (V/LA)    varied between 
the above two calculations,  however,   a direct comparison of the ratio of the 
peak chamber pressure to peak blast pressure is not meiningfti! due to the 
rather large difference in shape of the blast wave. 



P or p 

LIST OF SYMBOLS 

pressure 

gas constunt 
temperature 
ratio ai specific heats 

sound velocity 
dimensionless sound veiocity 
particle velocity 
dimensionleiD particle velocity 

length of tunnel 
dimensionlese time 
distance 
dlmansionlesn distance 

mass flow rate 
tunnel cross-sectional area 
Mach number 

state o£ gas 
constant 
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ence quantities 
s to chamber end of transition 
s to chamber end of tunnel 
s to surface end of tunnel 
a to chamber conditions 

:er8 to outside (surface) conditions 
to a blast overpressure 
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DIAPHRAGM   CALIBRATION   TECHNIQUES 

IN A 2,00-mGH DIAMETSR SHOCK TUBE 

George H,   Twwney 
Boeing Airplane Consp»ny 

ABSTRACT 

f ince the Second Shock Tub« Symposium at Palo Alto, California, 
in March 1958, the Aerodynamic Teat Group of the PUotleBB Aircraft Division, 
Boeing Airplane Company,  has designed,  built,  and   operated a 2.00-ifich 
inside diameter,  cold-gas driver,   shock tube. 

Considerable operating experience has been gained in thi» facility 
during th« past few montha.    In particular, a number of diaphragm material« 
and techniqueo have been teoted, and good calibration data have been obtained. 
Hsretafore,   there haa been a scarcity of published literature describing dia- 
phragm burst techniques, with no reftuitff published in this cwintry,  and only 
on« or two scattered references in British and Contiaemal literature.   Pre- 
sented in this paper is a review of diaphragm experiences in this shock tube 
to date, including summaries of the behavior of varioun diaphragm materials 
for both low and high prensui-e ratios, different diaphragm holding techniques, 
matuial and overload burst techniques,  and illustrations of various type dia- 
phragm failures,    lit particular,  a new and somewhat unique method for the 
prescoring of metallic diaphragms is described.    Numerous photographs of 
various diaphragm rupture patterns are  shown,    A  brief  description and 
photographs of the complete facility are also presented. 

Diaphragm calibration data and "Bur a I techniques are given in a 
manner that should prove most useful to other facilitiaa, and should   »;ive 
considerable time and cost in the design and development of   suitable 
diaphragm techniques in other laboratories. 

INTaOOUCTION 

A great deal of work has been done in the  pa ft t  few yaars on the 
design,  development, and application of shock tube teasing facilities.     Con- 
siderable emphasis has been placed on the use of such facilltieB in bath basic 
and dovelopmental research,  particularly in the field of gaa dynamics.    De- 
spite Ihs large volume o£ shock tube literature pnbliBhed in  recent  yearn 
{e.g. Reference 1),   relatively lifile information of a syatematic nature has 
been puMiahed on the behavior and bursting cbaractcriatics of various dia- 
phragm materiale.    This has resulted in a critical l£.ck of vital iaformation. 
since tb» successful operation of any shock tube hinges largely on the burst- 
ing chariscteri*ticB of the diaphragm.    Developing suitable diaphragms during 
a toot program is utiually very time  consuming,  particularly when metallic 
diaphragms are used at large pressure ratios.    No diaphragm results of any 
detailed significance have been published in the United States to this author's 
knowledge,  iReference 6 presents some data) and quantitative results have 
appeared in only a few European papers (Eeferencee 2,   3, and 4). 



Thia paper attempts to pre«ent a comprebonsive review of dia- 
phragm experiences irr a amall shock tube aeaigned and constructed by the 
Aerodynamica Teüt Group of the Pilotleee Aircraft Division of the Boeing 
Airplane Compajay. 

This ahock, lube facility was designed and built with thi-ee basic 
purpoaea in mind: 

I.    Understanding and becoming familiar with the deBlgn 
characteriatics of shock tubes in general 

Z.    Becoming familiar with the characteristics of such 
tubes through actual operation 

3.    Providing a facility in as short a time as possible, 
whi^h would be adequate for as wide a range of basic 
research and developmental testing as possible. 

If is of interest to remark that the time interval for this facility! 
from the data of conception ta the bursting of the first diaphragm,   was e»- 
sctly twelve working days.    This included the preparation of all shop design 
drawings and complete fabrication of all the hardware. 

This paper attompta to present diaphragm calibration data and 
a review of «everal bursting techniques in a manner that should prove of 
coneiderafile help to other facilities. 

The author ia indebted tn his co-worker,  Mr. Floyd D. Jones, 
for much detailed assistance In the operation cf the facility and the prepara- 
tion of thia paper. 

DJSSCRIPTION OF THE FACIUTY 

A somewhat detailed description of the facility and its instru- 
mentatiaR is presented in Reference 5.   A photograph of the complete instal- 
lation looking downstream toward the driven end, is shown in Figure 1.   A 
partial view,  looking upstream toward the driver end, is shown in Figure 2. 

The driver is six feet loe.g,   3,25-inch inside diameter> with a 
wall thlckauas of 0.625 inch, and is made of No. 4340 Shelby seamless steel 
tubings    It Is capped on the aft end, and at the forward end. Is designed to lit 
into the diaphragm holder section which will be described later.    The driver 
is mounted on a movable stand rotting on tracks,  which allows it to be easily 
rell«d back tn facilitate changing diaphragms.    Pressure ia built up in   the 
driver by connecting it to standard,  commercial gas bottles, available up to 
masimum pressures of 2200 psi.    Calibration runs and test runs made thus 
far have utilised nitrogen only, but the facility can also accommmiate helium 
-» other bottled inert gases.    A bleed valve is provided on the driver see^Bon 
for purging iha complete section after a blow is completed. 

The diaphragm, which can be either metal nr plastic, is securely 
held between two metallic rings (nicknamed the "cookie holder"),  which   in 

m 



turn, is threaded into the downstream end of the traimitlon section.    This 
enables a diaphragm aeaembly to be made on the bench,  thua reducing the 
titne lost between blows.    Thus far,  plantic,  aiuminum, and copper dia- 
phragmti have been succfiasfully blown.    This paper will present tl»e rviults 
of considerable calibration work to determine Ihc breaking characteristics 
of various type diaphragms over a rangt of t.hickneBsee and with varying 
depths of scribe.    Teats have been made by rupturing the diaphragm.through 
overpressure only.   A mechanical spear was installed at one time, but the 
results were natte too satisfactory and it has since been discarded. 

Tk« transition section is shown,!» Figures 3 and 4.    It is made 
of two large flanges machined from toot steel,   one mouMtod on the driver and 
the other on ihm mating end af the driven tube,   with the diaphragm holder be- 
tween aa «taaaribfifi previoiiBly.    Figure 3 shows the tranaitinn section open; 
the large gauge ca the left is the   Pj    Wsliace-Tiernan indicator.    Fig-XT* 4 
■hows a close up of the trsnuitian section looking toward the driven »nd fltinge. 
The two flanges are mated and ticcured with a Marm*n-type clamp ■■.-iBig£- 
ment prior to a blow.    Future improvements will involve the «vefltual elimina- 
tion of this clamp, and the insertion of thn diaphragm directly i» th* transi- 
tion section each time.    The present diaphragm holder,  disassembled,  is 
shown in Figure 5.    Phonograph grooves to help prevent diaphragm slippage 
are clearly visible. 

The driven end of the aseembly is made of 2. OO-inch inside diam- 
eter X 0.25-inch wall 4130 seamlese tubing.    The total driven length is in 
three •actions, an initial 16-foot section,   plus tvo consecutive 8-foot sec- 
tioas,  each securely joined by t*o (langes.    This incorporates a certain flexi- 
bility In the driven section by allowing tests to he run with 16-foot, Z4-foot, 
and 32-foot lengths of driven end.    At present,  the driven end is also capped, 
but plans are In process for incorporating an expä;'Bibn-type, hypersonic 
nozzle on this end. 

The driven mbce, and also the driver, are mounted on A~type 
frames which support the complete assembly at a convenient working level 
of three feet abova the floor. 

The driver, as described pr' .ioualy, is compressed by bottled 
gas and is mstrumentsd with a. Statham pressure transducer. The projisure 
buildup is continuously recorded On a Bristol strip chart recorder. This 
provides a permanent record of the rate Of pressure rise and the maximum 
pressure »t the time of diaphragm rupture. The only other instrumentation 
an the driver is a Meed valve for purging the system. 

The driven end is evacuated to the desired evacuation pressure 
by a W. M. Welsh duo~aeal vacuum pump. The evacuation pressure is con- 
tinuoualy indicated on a WaUace-Tieman pressure gauge. When the desired 
evacuation pressure is reached, thic gauge can he tacked out of the eyotBtw, 
thus providing a continuous, Visual recorti o£ the atarting evscuatlon preflsuro 
and, at thv same timu, protectin;; the gauge from the pressure buildup in the 
system when the diaphragm ruptures. 

HHS 



Calibration, insti'unientatiDn at the end of the driven lube consists 
at present of equipment suitable for tneaBuring shocik valocitiee and iiressure 
impulscB,    Two Endevco piezoelectric pressure pickups are mounted at one- 
foot and at nine-foot distances from the downstream end of the driven tube. 
Each JBndevco ia wired to a cathode follower-amplifier,   which,   in turn,    is 
wired into a Tektronix Model 545 odciiloecope equipped with a  recording 
palarold Land camera.    Time intervals are measured and visually recorded 
on a Berkely Universal Eput and Timer.    When the shock   passes   the 
upstream Endevco pickup,   the first scope is triggered, the pressure Impulse 
is photographed,  and the timer is activated.     When the shock passes the down- 
»tream pickup,  the second scope is triggered,   the pressure impulse is photo- 
graphed,  and the timer syslem is stopped, with the elapsed time permanently 
indicated on the Barkel/ timer. 

The foregoing instrumentation has been provided only   for   the 
purpose of the initial calibration runs of the facility.    Further refinements 
and improvements are contemplated as specific test programs are initiated. 
A set of Kistler gauges and amplifiers are now on order. 

DIAPHRAGM   CALIBRATION 

Somewhat more than 300 blows have been made since the facility 
was completed.    Approximately 200 of these were   made   specifically  for 
calibration purposes.    Much of the primary effort has been directed toward 
securing an acceptable diaphragm rupture.    Various diaphragm materials 
have been experimented with,   ranging (roir 
diaphragms made  of aluminum,   copper and 

The primary problem in securing euitable rupture is involved in 
the type of scribing used to force the dianhraum to rupture into four uniform 
petals,   at the  same time preventing fragments from, being blown into  the 
driven end of the tube.     Reference 4 suggests that no scribing is necessary, 
but experience in thle facility has proven otherwise. 

In order to develop a preliminary "feel" for the bursting charac- 
teristics of various diaphragm  materials,  a number of tests were run in a 
small bench facility known as the poi teeter.     This machine consists of a 
simple pressure tank of approximately one gallon capacity,   with provision 
made for holding a diaphragm 1. 5 inches in diameter, and building up a high 
pressure on one  side of this diaphragm by m^ana of laboratory comprecaed 
air.     The maximum capacity of this tester is  only 500 psi.  but it does givs 
an excellent visual indication of the burst characteristics  of various mate- 
rials.    Some  repreEentalive Mylar and celluloid samples are  shown in Fig- 
ure 6,    Obviously,   it is pot f^asibUi  to    scribe plastic diapbragmo but the 
comparison between Mylar ind celluloid as indicated in this Figure iü quite 
marked.     The Mylar diaphragms,   ropardless of the number of plies,   rupture 
by combined deformation and tensile failure only,   without ejecting any frag- 
menlp downstream.     On the  other hand,   the celluloid being much more brittle 
in nature, actually fails by separation and propels a large number of small 
fragments downstream into the driven and.     This is undesirable from a test- 
ing point of view,  ao nny such fragments would seriouuly (?rode teat models 
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Aluminum diaphra-gni aampl 
and sortie experimeiitinf; wan dane here wi 
illustrates ^ riumber of these samples, 
thai a^y atlemptto acribe the diaphi-aßtr 
since it rcBults ir. eithar a pinhole failu: 
diaphragm downstream. In thsae sarlit 
daublt scribed lines orienttd at, 90°, thi 
petals, gave the beet rüEults. Under sc 
Bulte rnay be abtair.üd without scribing, 
of metal liöwnatream ia greatly increaBi 

■ere alao tried in the pop teeter 
rious types ol scribing. Figure 

i ubvious from thi? samplefl sho' 
> many äegmenta is not deairabl 
jr the actual loss of part of the 
nch testa, it was learned that 
viding the diaphragm into four 
circumatancea, satisfactory re- 
the risk of propelling fragmenle 

Various techniquea have been tried in order to arrive at the best 
method of impressing the scribe lines.     These have included hand scribing 
with a sharp tool,   pantograph scribing,   milling machine cutting,   photo etch- 
ing,   and finally die stamping.     None of these techniques have proven very 
succesaful except the photo etching and die stamping.    Photo etching is an 
ideal procoss (or  copper Jiaphragmn,   and results in a  smooth and precise 
acribe line,   without any tearing or roughness,  and with accuracies  to 0,01 
inch of scribe dapth,    Its oiüy apparent -äieadvanlage ia the inability to pre- 
pare diaphragms right on the teat aiie.    For    liia reason,   die otamping with 
a throa-inch blade l.aa he<;n uaud in all the calibration data presented in 
these results,     Thi» is a very convenient technique,  and can be done at the 
tirr.e of the test,  with a degree  of accuracy sufficient lo provide  reasonably 
reliable calibration data. 

Figv.re 8 Uli 
for calibration cevnrage 
show the per cent of mal 
material remaining if d, 
effective thi-^n'-.BB is th 
ing the depth of scribe t: 

Blratea the range of diaphrag: 
in the testa,    Thi« figure is a ba 
irial left after the acribe lines a 
fined in this paper as the effect!' 

materials  selected 
a.i- chart arranged t: 

»1 i ±tor. 

s set up with the 

ength of the mate 

During the caUhration runa, th'3 ahtick tube w 
driven end 16 feet long. The test technique consisted of i 
end,   and then preasitriKing the driver until the rupture at 
rial was reached.    Gauge pressure data were recorded at lime of fa iiu re , 
for diaphragniH with graduated amounts  (if effectivs thickness. 

Before the diaphragm holdeiS  AS previoualy iiluotrated in Fig- 
ure 5,   was devcl^pad,  it passed through sevBi-al preliminary utagee  P£ de- 
sign.    Some of the earliest runa1 in the facility indicated that considerable 
difficulties could arise in attempting Co hold lh.it diaphragms  BO they would 
burst in the deaireo mannsr.     Figure 9 illustrates some  of the  results ob- 
tained with the init.al holder.     The irioal apparent short-coming of the initial 
design was the narrow flings,  and tht tendency of the diaphragms   to   alip 
under high pressure.     Typical faiiurea resulting from thi» slip   are  illus- 
trated in Figure 9.     While it was possible to attain succeaBfiil rupture in the 
initial holder,   the repeatability was not good and the holder was redesigned 
into the final form ahmvn in Figure 5.    With one or two exceptions,   there 
has  aince been aimoat one hundred per cent repeatability in more than sev- 
eral hundred blows.     The major change involved in the redesign consisted  of 
increasing the   width   of the (la.iRe in order lo ailow the O-rmg seal to hold 



completely.   Some of the faikirca show» in Figure 9 are rather intcr-jiting 
in that a number of the diaphragms actually shattered and drove numbers of 
fragments dawn thu tube with terrific force. 

Figure 10 shows the results obtained with aom* Mylar diaphragms 
in the vride flange holder.    Aa was determined in the preliminary runs made 
in the pop tentar, celluloid was not at all suitable and it was not tried in the 
shock tube.   All plastic diaphragm teats have concentrated on the use ttf Mylar. 
All the failures chown in Figure 10 are quite satisfactory and as far as could 
ha determined,  no fragments went downstriNim.    Since it is not possible to 
pr«<iGTibe a   plastic diaphragm,   the rupture patterns in Figure 10 may ap- 
pear to be somewhat non-uniform but this is not dee.ned undesirable in a sub- 
stance aa elastic as Mylar.     Undoubtedly,   at the rime of rupture,   the Mylar 
was pressed tightly against the walls of the transition section, and did not 
obstruct rapid formation of the shock pattern.    For low pressure ranges, 
possibly up to driver pressures of 200 pas.  it would be difficult to improve 
on Mylar as a diaphragm material. 

Figure 11 shows some typical «-i'Je flange,  suft-coppcr diaphragm 
failures.    The reverse flow failurea are interenüng,  ineofar as they illustrate 
how the diaphragm petals car. be completely bant back on themselves when the 
shock goes through on the return journey.    Even in the case of Incomplete 
ruptu.-e,  thene petals can be ae-'erely bent in the reveroe direction.    On sev- 
eral   occasions,  ruptured petals have been found in the back end of the driver 
section.    The underexpanded diaphragm shown in Figure 11 is typical of wfant 
can result when too strong a diaphragm is used for the driver pressure de- 
sired.    An undarraxpanded diaphragm would obviously affect the shock forma- 
tion,  since the diaphragm petals Ars not completely expanded against the 
wallo of the traapition section.   A scribed and an unscribed copper diaphragm 
failure are also abown in Figure 6.2.4 af Reference 6. 

A attnilar  series of wide flange,   soft^&iuminum diaphragms is 
sshosm i;i Figure lZ.    Some interesting reverse flow patterns are iadicated 
here, and the lower group of four shows a nice sequence of progressively 
tmd er expanded diaphragms.    Obviously,   those shown on the left would have 
a very undesirable effect on the formation of the shock pattern.   Several 
eatisfactory example« are shown to illustrate the manner in whlck als taar 
petals can be mad« to fully expand against the wall» of the transition section. 
This expanaian obviously takes place in a very short interval of time,  with 
almost instant formation of shock.    Studies of the time interval involved for 
shock formation have been reported in Reference 1.    A photo of two unscribed 
aluminum diaphragm tsituree is shown in Figure 13 of Reference 4,  to com- 
paire with those illustrated here, 

Figure 13 prcaeuts a Mylar diaphragm bur sit-pre saure calibra- 
tion curve.    Actual MylKr thickneas {in this caoc,   synonymous with effective 
ihickneaa since there arc no scribe lines),  in plotted against driver pressure 
P^.^SWhera is some ecarter in the data, but this ia to fas expected at the low 
pressures involved.    The single thickness diaphragms seem to present a 
fairly smooth curve, but ttuira i" & slight shift in tha curve as multiple thick- 
nass diaphragms »re introduced.    Data are atiil »omswliat inconcluaive at 



fication fur using multiple thicknees plastic 'liaphragme, 

A graph ai effect!v'o thicknesq plotted against driver preaßurc 
for the sofi-CJippftr calibration diaplirsgrns is shown in Figure  14.   Inevit- 
ably,   there will be  som^  scatter in the  data throughout the range of pres- 
sures for any given diaphragm thickness.     Generally the  scatter is reduced 
as the thickness and preasures are increased.    At the upper rangpg,   re- 
peatability is an good as 5%.  while at the lower ranges,   depending on dia- 
phragm thickness,   the scatter may be aa high as 10% to 15%.    It seems ob- 
vious from the curves shown in Figures 14 and  15 that,   for a desired driver 
presaurei   there is a band of the best effective tWcknt'ss of the diaphragm 
for the pressure desired.    For example,  on Figure  14,   one would not tend 
to select a diaphragm in 0. 062-gauge at driver preaturee of Ö00 psi  or less. 
In thio pressure rangt,   one  would prefer to drop down to an 0,046-gaugQ 
diaphragm. 

Figu: 

that the E 
per diapl 

! 15  shows a graph of cffe<:tivp thickness plotted against 
>r the soft-alummum calibration diapHragmo.    IS appearu 
the data for aluminum ia somewhat less than for the cop- 
No explanation can presently be  offered for this better 

that there exists a moat suitable diaphragm thickneas for a given pressure 
ranye.    As an illustration of this fact,   consider the curve for 0.091-gauge 
between the driver pressures  of 750 psi and  1750 psi.    Between these rangei 
th« curve is comparatively smooth,   whereas,  below 750 psi there is a oub- 
stantial change in slope.    Hence,  for driver preaBures below 750 psi,   one 
would drop down to 0. 07i-j;augei,   or still further to 0. 051-gauge. 

Only a few stainless sleel diaphragms have been tested in this 
program. Generally, they have r.ot been too successful. The material ia 
hard, lacks ductility, and his too great a tendency to release small, sharp 
particles downstream. Other experimenters have used cold rolled steel, 
even in multiple thicknesses, with some success (References 6 and 7), but 
present results show no apparent advantage to be gained in using steel in- 
stead of soft copper or aluminum. The latter appear preferable for their 
ductility,  if for no other  reason, 

CONCLUSIONS 

1, Burst patterne and calibration data have been presented 
for Mylar, soft-copper, and soft-aluininum diaphragma 
in a 2. 00-inch diameter shock tube, up to driver pres- 
sures as high as 2000 psi. 

rve.s for Mylar, copper 
e ia a range of etfectivu 
able for a desired prea 

diaphragm thick- 
:ure range. 



Both crdinary celluloU and atainiea« steel arc con- 
sidered unsuitable for diaphragm materials,  because 
of their undue tendency to shatter and contaminate the 
air stream with aharp particles resulting in serious 
damage to models. 

Several scribing techniques are described,   and rec- 
ommendation a presented for photo etching and die 
stampmg,  which appear to be  more practical and to 
produce more consistent results than other methods. 

Recwrr .mendations are made for the bur atins of d ia- 
phragr na in a four -petal p^tt ern, rs ,ther than any large; 
mimbe .o petal« at 

Several unsuccessful and successful methods for the 
holding of diaphragms under high pressure have been 
described. ,    _ 
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CLOSING BEMARKS 

Roman S,   Birukoff 
Air Force Special Weapons Canter 

It was my duty aad a privilege to organise all three Shock 
Tube Symposia for Che Air Force Special Weapon« Center,   and I can't help 
but observe a graduaU/ increaolng int«rB«t in thic yearly svent.    Since, to 
my knowledge, only a few organißätiontf require a mandatory rehearsal for 
members presenting a paper elsewl^ra, I took the liberty raqiustinf; each 
participant in this S/mposium to tirre and rehearse his topic beforehand. 
A marked improvement in timing And quality of presentation was obvious. 
Therefore, I suggest that all organisations follow this practice in the future. 

In co)icluslont   in behalf of the Air Force Special Weapons 
Center,   I wish to thank Jack Kelso of AFSWP and Jim Shreve of Sandia 
Corporation for assisting in conducting the SympooimvK  Yr'.fz^sirs sf NASA 
for providing projection equipment,  and participants and attendance«,  each 
and all, for taking part in this Symposium. 
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