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ABSTRACT

The problem was to determine the unsteady shock
wave interaction at a tee junction, angto measure the

transmitted shock strength,

Two tee-junctions of different crossesectional
shape were constructed, and instrumented with three
piezoelectric pressure transducers and two hot wire
anemometers, Tests were run in air for a Mach
number range of 1,5 to 3,0, the different pressure
ratios being obtained by varying the degree of

vacuum in the driven section of the shock tube,

A shock diffraction pattern for the tee is
proposed and the transmitted shock strength is
compared with the existing theories on shock

diffraction around large corners,
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NOMENCLATURE

spesed of sound

hot wire diameter

body forces
circuit transconduectance for hot wire
shock tube performance factor

small change in hot wire heating current

‘complex unit /1
_hot wire length '

angle to the wall at which the dlfffacted
shock curvature begins

numbey of‘discs-in,a'piezm transducer

pressure

heat transfer per Uﬁit mass and, time

radius
time
velocity
velocity
eosordinate

co~ordinate

area

constants of 1ntegratlon subscripted for the

specific heats

diameter

energy~

hot wire heating current

piezceleetric.modulus constant

" Mach number

time constant
overhéating ratio
rarefaction
entropy

veloeity

velocity

2.



curves describing successive shock positions
rays; curves orthogonal to x

ratio of specific heats

small increment .

change in flow direction at an oblique shock
transforms bntd the pseudostationary plane

oblique shock wave angle

angle
Subscripts
1 conditions ahead of the incident shock
conditions behind the incident shock
kL conditions in the driver before firing
e end
£ calculated at the film temperature
g gas
r reflected
w wall
9X  partial derivative
EES

Upper case letters A,B,C,0,E,F,G,H,S5,T, are also

used to the tapping positions in the tee,
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INTRODUCTION - GENERAL

The shock tube is essentially a device for
generating shock and rarefaction waves, and for
generating the resulting high speed gas flows of
very short duration. With modern development its
use has beeh extended‘to a multitude of applications
ranging from simple one-dimensional gas dynamics to
the production of extremely high temperatures for
hypersonic flows, Jhock tube theory has also been
extensively developed and as a,result has become a
rather standard tool of compressible flowp research,

In its simplest form the shock tube usually
consists of a long tube separated into two sections
by a diaphragm across which a pressure differential
can be created. The high pressure side is called .
thgvdriver chamber, and the low pressure side the
driven chamber; When the desired pressure ratio is
attained, the.diaphragm*is ruptured, generating a
pressure wave propagating down the driven chamber,
Within a short distance from the diaphragm the .
pressure wave steebens into g%harp preésure
discontinuity forming a shock wave, The shock wave
.accelerates.the_gas it moves into up to some speed
less than that of the shock wave itself, but in the
same direction.

A rérefaction, or expansion wave, travels back-
ward'intq the driver chamber and also accelerates
the gas it moves into, however in opposite direction
to itself, or in the same sense as the shock
accelerated gas, The gas particles that before
ruﬁture have been at the two sides of the diaphragm

have different entropy values: After rupture this
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entropy discontinuity travels down the tube with the
‘shock accelerated gas velocity forming a cold front
known as the contact surface, (see figy 1-1)
| ’After'the’shOGR front has formed, its strength can
be éhéﬁactérized in a number of ways., TWo~éf‘the most
convenient ways are hy’specifying the pressure ratio
across the shock, or by specifying the shock Maéh
number, i : - |
Successful use of the shock tube as a research
or test faéility is, of course, entirely dependeﬁt_
on suitable instrumentation for flow measurement.,
Bocause of the highly transient nature of the flows
involved, an'essentiél'requirement of the measuring
instrument,is very fast response, This requirement,
in addition to other demands of’adequabe-Sensitivity;
‘range, and accuracy, greatly compounds the technical

difficulties of shock tube instrumentation. |
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INTRODUCTION ~ SPECIFIC

The shpck tube is used specifically for the
‘genération of medium Strength shock wavesinvthis
project, Both the driver and driven gas aﬁe air and
| the Mach number range expléred’was from Mach 1,5 to
Mach 3;0. Twe-metallic‘diaphragms~were.ﬁsed tb
Séparate,the-drivef and driven‘séctions, there being
‘ an area reduction from driver to driven section at
“the diéphragms¢ The tube was circﬁlar in section,

The interaction of the unéteady shock wave;
genérated by the Shqck tube, as it enters and leaves
altee—junction is the problem to be studied.,
| ‘The nearest applicable theory, besides the one
dimensional gas\dynamicS“theory used for the shock
tube Iself, was the approximate theory of Witham for
ﬁhe diffraction of unsteady shock waves about large
corners, The di ffracting shock model of Jones;

Moira, Martin and Thornhill is also considered. .
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SECTION 2 APPARATUS

All the apparatus used belongs to the Department
of Mechanical Engineering, U.C.T. A brief description
of the 2 inch diameter shock tube is given below and
then a more detailed descriptioa of the apparatus

specifically made for this project follows,

The Shock Tube

1, The Driver
This is a 3 inch internal diameter steel
tube of 4 ft, length, made up of two sections which
are flanged and bolted together. It was designed for
an operating pressure of 2000 lb/inz. The charging
line enters at the back end and also serves as a

pressure tapping,

2o The Driven Tube

This is made of several interchangablé
1engths of 2 inch 1I.D, 10 gauge brass tubing which
are joinéd together by a sleeve type coupling,
Sealing is effected by O-rings on the outside of the
tubing. Tube lengths vary from 2 to 4 ft andthe
maximum obtainable length is 17 ft. The couplings are
used for the pressure tappings.

3 The Intermediate Chamber
- In between the driver and the driven
tube is a 23 inch I.D. by 2 inches long removable
section. When in the 'loaded' position there are
diaphragms clamped in between the driver and this
section and between the section and the tube. There

is a supply=-bleed line fitted with a solenoid valve
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for rapid exhausting. This arrangement facilitates
the two-~disc method of firiing the tube, Sealing is
again effected by O-rings.

The Control Panel

The shock tube was pressurlsed and fired from
the control panel, vhich was the mounting place for
‘most Ef‘thé operating'valvés énd gauges, See
photograph 2-1-1, The gauges monitored the driver
section pressure, the driven section pressure, the
intermediéte chamber pressure and the air bottle
pressure, where eééh gauge could be individually L
isolated, For the low preséureé in the driven tube
there was dﬂe gaﬁge‘which had a range of 0 to =26
1nches of mercury, relatlve to atmospherlc, and another
gauge wzth a range of lO to 100 millimeters absolute,
As a precautmonary measure, a solenoid valve was
fitted into thé'line leading to the vacuum gauges,
such that the ‘tube could not be fired without this
valve being closed. |

' Gauge'reading accuracy andrange:

Driﬁer pressufev | Range 60.to 3000 p.s.i,
R Reading accuracy 10 p,s.i.
Driven section gauge 1  Range O to =26 in, Hg.
o Reading accuracy 0,1 inches
gauge 2 Range 10 to 100 mm Hg, abs.
"7 Reading accuracy 0.2 mm
The Vacuum Pumg. ) |
The drlven section was evacuated with a Speedivac
E.S.250 pump made by Edwards High Vacuum Limited, Its
perfbrmance was good and it was capable of getting
the driven sectioﬁ'pressure'beléw 10 mm, Hg, absolute
in less than 30 seconds., It waé also possible to
isolate the vacuum pump from the shock tube, so that the

pump was not pressurized on firing the tube,




2-%2 TEE SECTIONS

i

The terms shown in figure 2-2-1 will be used to

tee section (eg. round tee)

arm <:> arm tee end

Leg mouth

Leg

(original shock tube
always circular x-section)

‘Figure 2-2-1 Terms used in describing a tee

. ,.,._'” - - L -y ‘
The Rectangular Tee !

The rectangular tee was fabricated from % inch
thick alluminium st Constructional details are
shown in Figure 2-2 g:ﬁ

The cross-sectlonal'aféa'éf ‘arm was made to
equal that of the leg and for the leg to match into
the arm, the one dimension cf the rectangle was

made equal to the leg diameter,

A = 1T r2 wxh

w = T = 1,57 inches
2

i

Trouble was experienced in getting the arms and
arm ends to seal under both vacuum and pressure, The
final arm sealing arrangement was achieved with use
of a neoprene seal along the length of the arm, and
10 G~clamps to give the correct sealing load, as-
shown—in figure 2-2«3,

The arm ends were milled to take an O;ring
seal, which pressed‘up against thin plates aralgited

to the arm, . ¢

.indicate what portions of the tee are being disecussed.
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Photograph 2-1-3

Driver section plus
vacuum pump

Photograph 2-1-2

Overall view of the
shock tube
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Photograph 2-2-1 Rectangular tee

Photograph 2-1-1 Operating panel
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"+ The pféééure‘transducer mountings, shown in
fifure 2-2eL, were turned up out of brass and |
screwed directly into the arm wall, The P,T.F.E.
{nylon) tape was used for sealing. Care was taken
to ensure that the clearance between the end of the °.
transducer; and the bottom of the location in the
mOﬁnting, was between 0,001 and 0,002 of an inch,
This was dohe in order that the frequency response 
should not be impaired. The hole diameter finally
uséd in the mounting ﬁas'i/16 inch, thus giving a
length over diameter ratio of 2,

5 The hot wire probe shown'in figure 2«2=5 was

L . :
made up in three steps. Firstly the body was turned

. .out of brass, Secondly, a piece of 5~hole ceramic
“and the two needles were glued into position using
Afalditea Thirdly, the needle ends were prepared
and the 5 micron tungsten wire was spot welded to
~gphe needle ends, using the Disa 55A11/12 Micro- -
:manipulaCOr and welding PoWer-Genefator. The most .

~ successful welding settings were with an energy of
175 millijoukes and time 200 microseccnds, GareAhad
to be~€aken to get the correct pressure with the
eigctrode for welding, as the tendency is to make the

”‘pfessure too great, The most successful method of
femoviﬁg the excess wire was found to be the burning
off of the wire, just outside of the needles, by
using the welding power generatof?

The“direct screwing of the hot wire probe into

the arm wall was not all thatsuccessful, because of

'the.need for the wire to lie normal to the flow, and -~

yet to have the mounting screwed in tightly enough in

order to seal the tube, Again P.T.F.E. tape was used,

20,
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The Round Tee:

The round tee was constructed entlrely in brass,
as shown in flgure 2-2—6 Sealing was much 31mpler
in thzs case, the same technique belng used as was
used on the. or1g1na1 shock tube.

Except fovh;nor mod1f1cat10ns to suit the
curved wall, the transducer and hot w1re mountings
were the same as for the rectangular tee.

Six tnansducer and two hot wire lecatiqﬂé wére

made in each tee,
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2=3 DIAPHRAGMS
. The diaphragm materials in common use are

usually selected for their charécterisﬁics over.the
pfesshre difference range to be used, For low pressure

: differences,'ih the rangé:of i £o 200 p.s.is., the
nonsmetallic discé; such as cellophane ar cellulose .
acetate, are very much used. The pressure differences
employed in this present projectnwére'all near the
upper limit of the suitable non-metallic disc pressure
range and it was therefore decided to continue using
the métallic diaphragms previously'used.

It is not cnly important that the diaphragm
should burst, but that it should burst properly,
Ideally, it is desired that the metal diaphragm burst
by petalling cleanly, without fragmentation, and that
the petals fold back against the tube walls so as not
to obstruct the flow, If there was fragmentation the
Joose diaphragm pieces would be accelerated down the
tube, and could cause danage to both the tube and the
shock measuring devices,

In order to produce good petalling characteristics,
the practise here was to use a controlled scribing |
technique on the diaphragm. Scribing was done on two
perpendicular diameters by a é@iber arrangement
described later. Control of the ;;ibing IOad.aliowed
the selection of the diaphragm bursting pressure
required, The tube was made with a large radius on
the downstream side of each diaphragm, so that the
petals could fold around the radius and not be cut off,

The two=-diaphragm technique of firing the tube
was used here, The driver, intermediate chamber, and
driven éection were each charged individually (the
driven section going to a pressure below atmospheric)

such that the pressure drop across each diaphragm was

less than the diaphragms bursting pressure, but the
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pressﬁfe differehée between the-driver pressure and
atmospheric pfessure waslwell'above the bursting

' pressure, ”Thénltelfire"the ﬁﬁbe the pressure in the
inuermedlate chamber was rapldly dropped to atmospheric
‘pressure (small capa01ty and a fast openlng solen01d
valve) thus initiating the burstlng of the first
dlaphragm and subsequently the second, |

‘ It was 1n1tlally dec1ded to contlnue usingthe

20 and 22 gauge, 25 hard Allumlnium for the diaphragm
material, Preparatlon of the‘dlscs was a long and
tedious procéss, as the'aluminium équares had to be

' first hand snipped until they were nearly round, and
then trimmed in a lathe, Secribing was originally

done with a rolling cutter as shown in figure 2«27,

' 'mill spindle
| ///// ,
T ' weights
¥ L

cutter:

~, disc
jig

4444644/ ””/’/’424444060/

Fig, 2-2-7  Showing original scribing system

Very little success was achieved with the
aluminium discs, as they'wouid only‘halfirupturé
instead of petalling completely. In an attempt to
track down the cause; the saibing mechanism was
redesigned and thinner steel diaphragms were tried,

‘The final conclusion as to the cause of the poor



bursting response was that it was due to bad
brocedure in the clamping of the dises in place. Both
uneven and insufficient tightening ofthe clamping bolts
lallbw too much 'drawing in'* of the'disc‘Dn'pressurizing¢
.Howéver,"by this time the steel discs had shown theme
selves to be more easily prepared and hence all the
later tests were done using these steel diaphragms,
A pﬁnch.was made in the Departments Workshop for
stamping out the 4% inch diameter discs from sheet
steel discards,supplied;by,a'local tin¢ manufacturer,
The discs had a thickness of 0,009 inches;

The redesigned scriber shown in figure 2«28

had certain advantages over the original arrangement,

. - cam
. _ cutter ﬂ
mill spindle
// i?ller veights
‘ is 77

N dlsc
7777777777777 77T T 777 7777 777 777

mill table

Mi. The line of action of the friction force at the
cutting edge was made to pass through the centre of
the pivot {(mill spindle). This made the scribing
sction independent of the sribing direction, because
of the elimination of the lifting or dragging frictioh
moment about the pivot, |
2. Whereas the old scribing system required manual
lifting of the weights while the disc was being
positionéd, the camercller action on the redesigned
model facilitated the automatic lifting of the cutter,
This also improved the consistent reproducibility of

“the systen,

26,
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3. Thé ball bearing mounted on the mill spindle
afforded better lateral guidance of the cutter, .

A calibratlon curve of the bursting pressure
‘agalnst scrlblng wezght 13 given in graph F-ll.
These cal1bratlon figures were obtained by clamping |
) only one*dlaphragm in the tube at a time and
recording its natural burst pressure,

Diaphragms were usually prnpared in las of
~ about 40, Thls was done to strlke a balance between
the mlnlmum number of times the scrlber had to be
set-up and the mlnlmum-number of diaphragms that
| Wodld‘have to be diécarded‘if there was a change,in
" working pressures. _

| The system proved reliable, approxlmately 1, 600
discs being burst with only an estimated 10% disc

failure,



Photograph 3=3-7 Hot wire signals

Photograph 2-4-1

Burst diaphragms

28,



29,

g 22, PROCEDURE E . .
T e om apparatus was-aii-setapmd working |

the following procedure was adhered to in doing test
TN o m et ety e oo 3

h j 1. . Clamp two correctly prepared diaphragms into >

position, making sure that all six clamping bolts

were evenly andwell tightened,

2. Check the p051t10ns of the pressure transducers

and change if necessary. | |

3e Check that the settlngs on the oscilloscope were

wtiv-vi § o
as wanted, 71f the gain control had to be*adgusted

then the tQ%ggerth’iE?el Was checkeds

Ly Evacuate the driven section with the speedivac
pump and tﬁ%n release the wvacuum gauges té get a
reading., By bleeding in air through a co?trol valve,
get the vac%um in the rangé required. Shut off
valves to the vacuum gauges and thevvalveffo the
vacuum‘pumpf | .

5 Charge*the driver section and the intermedzate
chamber sz@gltaneously, so that the pressure in the
intermediate chamber is approximately half ofthat

in the drlver section, For most runs chavging was
first done ¥rom a 150 psi receiver {Air drled by
passing ove; silica~gel when compressing)fénd then
the toppinggwas-done from a 2000 psi dry %%r bqttle.
6, Set th& oscilloscopes ready for a siqgle sweep
action and $HSTITAES R IEOrE8e sereen, §§ photogriap‘hs
of the‘traé% were to be taken, the cameradshutter
wés opened on a time exposure, but the screen was not

activated: A check wag made on the hot wire current,
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7e Upen wvalve to suitable'vacuum‘gauge to get a
reading of the final driven section pressure, Close
the vacuum gauge valve and flick the safety solenoid
valve.switch, to make sure the gauges are isclated,
»8,_ Fire the tube by pressing the push button
exhaustihg valve (scienoid); | o

9« Release the resulting system pressure By a -
bleed valve, o | -

10, Release the éamera shutter if a photbgrapﬁ was
taken. Take down all relevant settings and sketch
out traces, Clear oscilloscope screens and record

the room temperature,

Photogbaphic'resu2$ﬁawérefpbor. The film used
for most bf the phbécg:a?hs was the Kodak Tri x,
The Kodak Recording film was also tried, but with
littlé?success.' This was largely due to the poor

oscillatory signals and the short exposure times,
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SECTION 3 INSTRUMENTATION

The usefulness of a shock tube is often
determined by the extent of the instrumention, The
conditions encountered are often extreme and there
are often several variables that are changing
simultaneously. As a result several techniques
have been developed for special applications, There
are basically two types of measurement; one where
the sensing elements are situated at the wall and
the other which allows probing into the flow., Only
wall type elements were used here and this wvery much
limited analysis and flow visualization.

3el GENERAL REQUIREMENTS

The flows involved in shock tube work are
largely of a high speed‘transient nature and thus
requite quick response instrumentation, In addition
to this the need for' adequate sensitivity, range
and accuracy only make instrumentation more
difficult,

The general requirements for flow history
measuring elements may be listed as follows:

1) Goad Frequency Response

| This is probably the most essential aspect as
it is necessary f;gyZlement to be sensitive to extremely
high frequencies and yet at the same time be able
to monitor relatively low flow change frequencies,
For shock front measurement it is often desirable to
have a response time of only a few microseconds,

In addition the element should have a

natural frequency well zbove any of the frequencies
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to be measured and also sufficient damping to
avoid "ringing" of the elemént. This includes
disturbances that may be trénsmitted to the element
by the shock tube wall,

2) Sensitivity and Rar

The need for a high sensitivity is obvious but
often has to be compromised with other factors such
as frequency, stability and reproducibility. A wide
range coupledwith the correct sensitivity is very
desirable because of the large variation in signal
size to be measured.

3) Acgﬁragx |

- The dynémic accuracy of the measuring element
is often a question of thewelements response to
interference effects. These interference effects may
be electrical noise, température response, acceleration
response, or pressure response, depending on what
the eiementlis meant to éense; -

The accuracy of the recording should preferably
be as good if not better than the elément accuracy,

L) Size and Shape

: be
The element size should/as small as sensitivity

permitsvin order to obtain the best spétial resolue
tion possible and to allow the frequency response
(inertiai effects). In térms of shape it should
create the least disturbancé possible in fhe flow and
yef be able to seal the shock tube under pressure

or vacuun,

5)  Linearit
Although not essential it is usually desirable
to have the output proportional to the input to

facilitate c¢alibration and record interpretation;
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Sengitivity and ‘accuracy are also more difficult to
determine for a‘ndn—linearvelement.response.
6) Calibration | | |

Calibration of most elements is necessary and
should if possible be fairly quick and accurate.
Dynamic calibration is ideal, but is very seldom
reélised, except where the conditions are known or
can be imdependently measured,

7) Stability and Reproducibility

- For consistent results the elémeﬁt and
associated circuitry should be thermally,
mechanically and electrically stable, In addition,
the calibration values should preferably not change
with time,
8) Mechanical Strength

The element should be able to withstand the
loads without failure,

Very seldom are all these requirements fulfilled
by one type of element. Where elements are used 6nly
as shock deectors and not for flow measurement most
of these requirements fall sway. However, a good

frequency response is always neceded.,

ANALYSIS OF THE TYBES OF SYSTEMS USED

The only two methods employed for this project’
for shock measurement were by pressure transducers
and by hot wire anemometers, For that reason they
will both be dealt with here., The hot wires as used
were only detecting eléments.but as this mede of
instrumentation has good possibilities it will receive
the same amount of attention as the pressure

transducer,



PRESSURE TRANSDUCERS

Of particular interest is the piezoelectric
transducer which utilizes the piezoelectric effect
whereby a change in the stress (pressure) applied to
a piezcactive crystal generates avproportionate
electrical charge over certain crystal faces (2),
The magnitude and character of the effect depends
on the orientaﬁion of applied stress with respect to
the crystallographic axes, Often the crystal
transducer makes use of a number of adjacent discs

to form a pile,

A pressure change of P would generate a charge
Q sueh that
Q@ = nKAP

Where n = number of discs
K = piezoelectric modulus (constant)

A = area of one side of one disec

For must practical purposes the equivalent
electrical circuit may be repreéented by a generator
of emf E = tnKAP/Cc)-in series with total erystal
element capacitancé Gic and shunt leakage resistance,
Re. (2) This is ‘all shown in Fig. 3-2-1 where the
external load has shunt capacitance Ci-and shunt

resistance RL.

35.
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Crystal

. !
?*___Transducer,,gg__External lead
I T

-
-

.

Fig, 3-2-1 Equivalent circuit of piezoelectric
- transducer {(2)

If p is a.sinusoidal5pressure signal of

amplitude P and frequéncy f then

E L : E V
Bt Gty
where T = R{C, + CL)
R = Re RL
Re+RiL

Now for the very high frequency response i,e, £ 177!

E;, = nKAP

b o

From this it is clear that at high’freQuencies

- requirement 5 is fulfilled (inearity) and the

_output signal is independent of frequency f.



The output is howéver affected by the load shunt
capacitance CL.

| For thevcase where f is not unduly large,
ggnsider the outputifor a step change of P at time

t =0

E, = nKAP o
L~ 7= T
Ce*Cy |

A

This shows phé EL:drops off exponentially with
- time at a.rate detérmined by T o This then is one of
the bad points of the piezolectric transducer in
that it has a bad low frequency response, In order
to minimize this effect T should be made as large
as possible. The only way to make T large is by
making R large, as Ce is naturally small and CL is
limited by the required sensitivity. This explains
the need for a charge amplifier in conjunction with
a piezo transducer,

The transducers either have natural crystals
such as quartz or tourmaline or they have a barium
titanate cefamic which is made piezoelectric by
electric polarization. Although the'ceraﬁics have
a considerably higher piegoelectric modulus they do
also have a narrow stable temperature range, Quartz

crystals were used for this project.

37,

The moduli for quartz and tourmaline are relatively

insensitive to temperature, The tourmaline and

barium titanate produce a net charge when all crystal

faces experience the same pressure change i,e., they
are said to be hydrostatically sensitive, whereas

the gquartz is not, This means that for the quartsz



certain‘faces have to be screened from the préssure,
It also meahs nowever that‘the quartz is not as
senstitivé tohthe pyroelectric effect i.e.y charge
genefation dae to thermaliy induced stresses; ‘
| The piese transducer theréfore fulfills several
of'ﬁhe requirements satisfacorily; high frequency
response, 1ihéérity is good over a large range,
sensitive, stable and has good mechanicl strength,
It does, however, haﬁe the poor low frequenc&
respenée {which c¢an be compensated for); it could
also do to be smaller in size, and also the high oute
put'impedance can make it susceptible to electrical
interference (2}, ‘The accuracy is generally good
except it is hampered by ringing at its natural
frequency and is to k& a certain extent sensitive to
the shock tube wall aéceleration;

HOT WIRE ANEMOMETER

The hot wire has been extensively used to study
unsteady flow phenomena. It #3 essentially consists
of a very small, electrically heated wire and the
electronic equipmenit that goes with it. The wire
temperature (and hence the wire resistance) is a
function of the heat transfer from the wire, which
in turn depends on the fluid temperature, the

cooling effect of the flow and on the heating current,

wire diameter

u =
——
= wire length
wire = Wire heating current
supports

Fige 3=2-2~ Hot wire.
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Basically there are two modes of operation, X
The constant-current mode keeps the heating current
constant while the wire temperature (and resistance)
énd.hence‘wire voltage « drop, fluetuate. The
constant-temperature mode maintains the wire tempera-
tﬁre’(and resistance) at a constant value by varying
the‘heating‘Current according to the cooling effeét

on the wire, This is dgné by a very fast-acting, small
af fset feedback control system,

The constantecurrent operation is thus much -
simpler with regard to associated circuitry, however
the thermal lag of the wire, due to finite heat
vcapacity of the wire, results in a poorer frequency
response when compared with the constant-temperature
operation. This fact is clear if we take a look at
the relationship betwen the time constants for the

two operations; -eguation B-le7,

Mp= _____Me

T+2gRw{Rw=RG ) /Ry

Where'MT and Me are the time constants for constant =
temperature and constant«current operation
respectively, and,RW, RG_refer_to the wire resistance
at wire and gas temperatures. The term g refers to
' the transaconductance of the eircuitry. From this
it is obvious that Mp<Mc. The transconductance
g€ = e _3i 1is however limited in size by the need
, e
for stability in the feedback system (feedback'agaih).
The time constant Mc¢ can be improved by suitable
electronic compensation for the thérmal inertia term (8)
ﬁonstént-current operation was used for this
project because of the simple c¢ircuitry. No

¢ompensation was made,
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Consider the expression for the time constant

from equation Bel-l

§ I Ro‘RG

Terms € and Ro are fixed by the properties of
the wire; I? is limited by wire burn-out temperae
ture and by the variable to be monitored (see later);

the heating ratio Rw or the overheating ratio
R4 A
, !
0, = (RwaR,) are limited by the maximum allowance

g

wire temperature, Thus for Mc to be as small as
possible the total wire heat capaéity Cw must be as
small as possible. This implies that ld2 must be
small for wire length ( and diameter d, Since |/
needs to be as long as possible to obtain a high
sensitivity, d must be correspondingly very small,
Typical diameters are of a couple of microns and
lengths of 2 to 3 mm or 3 inch,

The discussion from here on is pfimarily for
constant-current operation,

The change in wire resistance is related to
two effects, One is the change in recovery temperae
ture and the other is the change in mass flow
(velocity and density). The ratio of the two
sensitivities is dependent principally on the
operating temperature of the wire, Again consider
the overheating ratio, When the temperaﬁure is low,
Qw is small, the wie becomes a resistance thermometer,
This is known as small current operation. When the

wire is well heated, Ow large 0,5)the sensitivity
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to mass flow fluctuation is predominant although

thé temperatufe sensitivity remains. Because for an
increase in mass flow there is a drop in wire
voltage this large current operation creates a
negative signal witﬁ fespect»to the small current
operation,:

In shock tiube both temperature changes and mass
flcwlchanges occur simultaneously. Consider as a
shock wave passes over the wire with a contact
surface not far behind. The shock wave causes two
opposing effects on the wire because the temperature
increases across the shoek but the mass flow also
increases. With small current operation, Ow small,
the first effect predominates and the hot-wire
essentially meésures the recovery temperature, With
large current operation, Ow above 0,5, the second
effect is larger and the hot-wire is essentially a
mass flow rate recorder., This then gives a method
for determining both the mass flow rate and the
recovery temperature variation by doing two identical
runs on the shock tube with different settings of
the overheating ratio in each., The recovery
temperaturé'is'equalAtd the flow Stégnation‘temperae
ture t@vwithin a few per cent (2). ‘ |
The contact surface produces two effects of the same
éign"being a cold front and an increase in mass flow,

Reference (14) shows how Ow can be suitably |
adjustéd for the particular'application.'

The frequency response of the simple form of
constaht+eurrent setsup is not as good as that of
the piezo transducer but this can be improved with a

compensating circuit (14), The big problems



associated with the hot-wire anemometer are mainly
due to its non-linearity., It is difficult to

calibrate dynamically under its working conditions,
" A particular disadvantage for shock-tube studies is
the extreme fagility of the wireg'which‘makes it a
viulnerable £arget for particles in the flow, Being

small it can be mounted near the tube wall without

causing much flow disturbance, however, it is largely

affected by the growth of the boundary layer., For
pressure measurement by piezotransducers the boundary
layer has a small effect on the true pressure
measurement as the static pressure is assumed to
remain constant through the boundary layer, In the
case of the hot wire it is sensitive to velocity and
temperature, both of which vary through the boundary
layer., For shock wave measurement ifself this effect
is not important as the boundary layer only develops
after the passage of the shock. For long time
histories though, it can be important. The hot-wires
are not as sensitive to the shock tube wall

acceleration as the piezo transducer,

L2,
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3-3 DESCRIPTION OF THE SYSTEMS USED

Piezoelectric Transducers

Three Kistler type 701A piezo transducers were
used in conjunction with three Kistler Model 568
Universal Electrostatic Charge Amplifiers., The
transducers have a pressure range of 3500 psi and a
resolution of 0,05 psi. The sensitivity was 5,5
pC/1b /in2 and the natural frequency 6,5 Kec, Actual
recording of traces was done on two Type 564
Tektronix Storage Oscillescopes.

The frequency response for the higher frequencies
was found to be excellent, the transducer having a
very good rise time, However, this also made the
unit prone to detecting its own ‘ringing' frequency
and other short period oscillations. Examples of
this are shown in photograph 3-3-~1, There seems to
be a beat frequency response between the 'ringing!
or natural frequency of the transducer (6,5 Kc.) and
another frequency close to it., The other frequency
is thought to have occured either from vibrations in
the shock tube wall or by the natural frequency of the

system formed by the cavity in the wall,

Transducer
772N |
//§ /-Wall
2N
Wall Cavity/

Figure 3-3-1 Showing Wall Cavity
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Photograph 3-3-3 Hot wire signal with
a time base of 0.1 mS per division and
gain of 0,5 mV per division

Photograph 3-3-1 Noise on piezo
transducer signal; time base 0,1 mS
per division gain 2 psi per division



Attempts to improve matters by changing the
length over diameter ratio for the hole passing
through;the wall were not particularly succesaful,
By increasing the ratio a damping effect is
introduced, It was found that for a ratio large
enough to maintain the small oscillations within a
tolerable limit, the frequency response to the
primary signal was unacceptable, See trace A in
photograph 3-3-2,

It is thought that a damping system incorporated
in the mounting itself might improve the signal,
Houaveﬁi it is also true that only the Jower end of
thé trahsducers pressure range has been ttilized for
this project. A much improved 'signal to noise!
ratio could be expected if the transducer was used
nearer the centre of its pressure range. From this
it was concluded that the tests should be done with
much higher driver gas pressures, so as to increase
th?_aigpal size, and hence put the tranﬁducefs in a
fair op?rating range, :

Hot Wire Anemometer

The two hot-wires were used, in this project,
only as shock detectors, Constant-current operation
was used., The circuit diagram is given in figuwre
3=3=2. The power was supplied by a 12 volt storage
battery, with a large variable resistance in series
with each hot wire so as to create a large current-
source impedance and keep the current constant at

12 mA, Jper hot wire, i

"
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Photograph 3-3-2 Piezo transducer signals damped by wall hole
time base 0,5 mS per division
gain 10 psi per division

Photograph 3=3-4 Piezo transducer signals
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" Tektronix type 3A3 differential amplifier and then

'trouble with wire 'burn out? was encountered. It was
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Fige 3=3=2  Circuit diagram for constant-current
operatlon of the hot wires

Signals from the hot wires were fed into a

‘dispilayed on the storage -Oscilloscope., Exampmesfpf“‘v

the hot wire traces are given in photograph 3e3-3,
The. time constant for these particular settings

and wires was estimated from equation B-l-j _

to be of the order of 0;3 mS. This;séemS»to be . some

where near the actual rise time recorded; The.signals

were much stronger and sharper for the higher pressure

ratios. i e e s

Because of the low overheating ratio very little ‘}

found, however; that at 40 mA heating current the

wire was very susceptible to this trouble,
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Photograph 3=3-5 Electronic equipment used

Photograph 3-3-6 Micromanipulator and welder
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WHITHAM'S SHOCK DIFFRACTION ANALYSIS

The theory and terminology described below
was presented by G.B., Whitham in two papers in the
Journal of Fluid Mechanics (3)(4)

In the approximate theory of Whitham the shock
positions are described by curves of constant ,
and the orthogonal trajectories to these shock
positions are described by curves of constant B,
Curves of constant g are termed "rays", These two
families of curves then define an orthogonal set of

co~-ordinatés («,8) such that % = a;t where a; is

the speed of sound in the uniform gas ahead of the

shock,

Fige. 4=l Two successive positions of a shock
front with the rays shown dotted.

Hence the distance along a ray between shock
positions X and & +dxX is M(x,B)dxX where M is
the Mach mﬁnber of the shock front at (%, 8), Also
if the distance along a shock front between rays g
and B+ dp is A(X, P) dp then

LGB

(

g_“;) = O

> -
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The second relation between A and M should then
be obtained by solution oﬂéhe flow behind the
shock, subject to the Rankine-Hugonoit shock
equations and boundary conditions, However, as é
simple approximation Whitham suggested that any
two successive rays could be treated as solid walls
and shock propagation considered in the ‘'channel!
formed, This is exaetly true just behind the shock
where the particle path is the same as a ray,
however the particle paths and rays will.in general
diverge, For any one such channel the shock Mach
number is a function of the area only and then
A = A(M)

is the second functional relation between A and M,
The actual relation is given in the farm suggested
by Chester and was found by considering a small
change in channel area dA, He obtained

dA = o 2MdM

A (M-1)K(M)
Where K(M) is a slowly varying function, decreésing
from 0,5 at M=1 to 0.3941 as Mrwofor Y= l.4 -
The function is

ol
K(M) = "2[ ( 1+ ?%i' .].-_/(_:_A*_z;) ‘(2/A+1+M’2>] 1

. 2 2
where = Yl )M™42
M TRYMR ;, ;A"T(?_ 7eel.)

R.F. Chisnell (9) suggested the integrated form for

Lhel

the area as.:



, 2M dM
= kf{M) £(M) = exp i-‘- /(M2,1)K'(M) g L2

where k is an arbitrary constant which is different
for_éachIChaﬁnel. ‘ | lri b

" From:ﬁhis it'is‘shown;(3)‘thét théré is a close
anélbgy bétwéén'the waveé tra&elling on the shock
aﬁd the'wavé structufe deécribed in-one&diﬁénsional
gas-dynamlcs (l). An increase in M 1ncreases the
propagatlon speed (rate of change 0ff3W1th respect
to «) and hence waves carrylng an increase in M
will steepen as a compres51on wave in gas dynamlcQ‘
to form a shockgshock, which has all ﬁhe same
propérties‘as.é‘Shock but is termed differently‘to
avoid é@nfusion;.ISimilarly waves travelling on a
shock and carrying é decréase in M will spead:out

like expansion waves in gas dynamics

shock-shock

convex corner

expansion:
concave corner

compression

Fige 4-2 Motion of a shock front (broken lines)
along the corners indicated. The full
lines are characteristics
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As pointed out by Witham this method is developed
by avoiding a detailed analysis on the flow behind
the shock and it is on this approximat ion that the

applicability-of the method depends,

Con31der the case of a plane shock moving
along a wall of glven shape and let the shape be
given in terms of the inclination and the
distance s along the wall, If the initial shock
hés a Mach humber My and the wall is straight up to
a’certaih point then thé wall will be a ray ;-
because the shock is always normal to the wall

take
For convenlence/the wall as the ray p-o

For the special case of a convex corner 6
jumps_ffom zerO-té minus 6,and the solution is a
centred simple wave, with the characteristics
forming a fan in the (x, B ) plane behind the shock,
(see equation C-l—é)

Here © is given in terms of s but can be put in
terms of x by:

| ds
x = Mw

The wall shock Mach number Mw can be determined
from Oy in the case of the simple wave by
Mew

Ow = / g |
. ._ Ac , Le3
Ml v

(see equation C-1-6)

The equation of each of the characteristics
is given by B = X ¢ where ¢ is a function of M,
Hence the characteristics (along which M is

constant) can be drawn as in Fig, 43
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Fig. Le=3 Diffraction of a shock around a
convex corner

Take p as the value of the distance y from the wall
the
in /Ainitial undisturbed field so that Ao = 1
For the case of strong shocks Witham solved

the equations to get (see equation C-1-8)

K{M) = 00,3941 Ag = n’%M.
for M =0
A (Mo " e
Ao 7 (M) ' ¢ . ,n"%Mrj&;‘ lyeely
Ao Mo® _
M 1
/ g ~ HZLO.g M
Ac ' Mo
M

Where n =/2 & 5,0743
4

By integration of equation 4e3 using the strong

shock approximation

Me = M, exp (6 / /) L5



This equation was solved for a range of values of
Ml and ag, of minus 90 degrees, but the results for
Mach numbers below 4 were poor and not applicable,

In order to get the shock shape the strong
shock again is considered (3). The x and y

co-ordinates are given by

e sin {()=-0)

n
e " Cos (A= 6)

where tan » = /n
This has also beer numerically solved in programme

G-1 and the results plotted in Fig, 4«4

Fig, 4=l Strong shock diffraction about a
90 degree corner
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The plot shown is in thé& dimensionless form and
implies that the shape shown expands uniformly
with time and that a change in M; means only a
Achange-bffécalei This pseudo-stationary

behaviour has been confirmed by Skewes (5) and

analysed by Jcﬁes,‘Meiya, rtin and Thornhill (11)



In reference (11) Jpnes, Moirs, Martin and
Thornhill consider the problem of unsteady
compressible flow which is pseudoe=stationary in
hatﬁre,and show that this flow éan be:ma§ped from the
(x,ﬁ) plane to én‘(;zﬂd piaﬁe'where the flow can be
ébnéidered as steadyrcompressible flow with a none.
conservative}fiéld of external forces and a fiéld of
Sinks.' |

A brief summary of ref. (11) is given here with
the mathematical detail in sectidn C,

Figures 4 -5 " (a) and (b) show quali-
tatively the steady fléw conditions corresponding
- to transformed equations C-2«7 for a convex corner,
The only difference between the two is that 4e5
{a) is for subsonic flow behind the shock GB
- in the {x,y) plane {Ms<2,068) and 4e5 {b) is for
supersonic flow behind shock GB in the (x,y) plane
(Ms72.,068)

The original shock front is undisturbed dowvn to
| a point B and then has a diffracted portion BA; To
the right of AG the flow in the (§ n) plane is
supersonic throughout and has a veloeity at any point
which is directed towards the corner O. This then
forms part of a sink centre O, To the left of CBG
or ODBG there is a flow region which is unaware of
the existencé‘of the corner at O, This flow in the
(§,7) plane has a velocity at any point (§,9) which
is directed towards the point (P (U, Oj.

P corresponds to the centre for the reflected
Mach wave CB or DB. This forms the second sink

centre P,

58
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Fig, 4e5 Diagrams of the shock diffraction at
' a convex corner plotted in the (5,7)
plane (11) '
(a) Ms<2,068  (b) Ms)2,0Q68
The region within boundary ODBA is then the only
region‘leftvuh501Ved. For the supersonic case Jones,
Moira, Martin and Thornhill suggest that for part of
this flow region there is a solution which satisfies
the equations Cw2«7, the boundary condition along the
characteristic OD, and the boundary condition
appropriate to the wall CA, This solution takes the

form of a Prandtl«Meyer type flow around the caner

59
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EOA with a velocity vector XO. superimposed at every
point X in the pseudo-stationary plane (§J§). In
the physical (x,y) plane this corresponds to a
Prandtl«Meyer fan which starts at CD and ends on

another radial line OM if the corner angle is large

énoﬁgh.

Fige A4-¢  The extent of the Prandtl-Meyer fan {11)

The limit to the extent of this region in which
the flow is determined is got by considering the
characteristicé‘in the pséudoastationary plane (§.7)
{11) ~ The suggestion is that the flow in the
region OHm is parallel to some streamline OM and that
some other flow exists between OM and the wall OF suéh

that there is no pressure jump at the slipstream,



' RESU-LTS ~ AND

 CONCLUSIONS
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5«1 PREDICIED RESULTS

The actual Tee~junctions as used are described .
in detail in section 2, Because of the complexity
of the three-dimensional pfoblem.involved,the
predictions here are going to be restricted to the
two~dimensional case and a note on the expected
qualitative effect of the third-dimension given at
the end, Even on the assumption of a two-dimensional
field the resulting shock and rarefaction interaction
at the junction itself are extremely‘involved.and
complex and a very limited analysis can be done, No
optical or flow visualization techniques were used
so that confirmation or disagreement are only
achieved by indirect measurement,

.The discussion will be mainly for a tee with
the leg and arms of equal diameter and then extended
at the end to estimate the effect of the smaller
width in the rectangular case,

The theories developed in section 4 for the
diffracﬁion of an unsteady shock through an angle
of 90 degrees should be directly applicable to the
Tee~junction except where the two diffractions so0
formed interact,

,Wgzham's approximate theory completely ignores
the effect of the perturbed region behind the shock
front, The first point of disagreement (15) between
Wg%ham's prediction and experiment is to do with the
starting point ofinitial shock curvature, This can
be fairly easily analysed (15). Consider Figure 5-1-1
As shoﬁn it is for the case where the flow behind the
initial shock is subsonic, but the same reasoning

applies to the supersonic case., If the initial shock



has a velocity of U, and the particle velocity
behind the initial shock‘is-@%, then the centre of
the'reflected spund wave ‘would have moved a distance
of @2
distanqe U t, in time & as shown

t, Whereas the shock fronx would have moved a

y
B .
&
A X
\\\\\\* uzc_..r o
Q.

Fig, 5elel The étarting pointvcf initial shock
curvature,

The reflectedeave'front itself woﬁld have‘
moved a distance ast from the centre of the wave,
where a, is tbe speed of sound in the gas
immediately behind the initial shock.

From Figure Selel

tanm, = op = la” - (G - %)

the normal shock relations (equations A-3-5)
gives:

tan‘m = (Y- 1)(M 2. 1) [M 2+ 2 /(Y= 1)]
(Y+ l)im L
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This variation of m, with Ms was plotted by
Skewé and found to be in good agreement with |
experimental data, W{%ham's predictions were quite
substantially different from the experimental data
at iowéfvmach nuﬁbers'but improved above Mach 3,0,

 Skewé (10} considered the problem of fhe
perturbed region behind the initial shock, The
features of the diffraction pattern which he obtained
- are given in figure 5.1-2, The definitions of the
different terms and some'of condlusions drawn in

reference (10) are given here

Incident shock

Reflected sound wave

terminator
slipstream

'~ second shock
vortex

contact surface
>~ X

Figure 5«le2 Features of the diffraction pattern.

The region concerned lies within the f&wm
curved part of the initial shock and the reflected
sound wave iie., ODBA, The pattern was found to be
pseudo-stationary.

The Slipstream The slipstream exists because
of the inability of the flow to negotiate the corner,

‘giving rise to flow separation at the corner,
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The slipstream corresponds to the slipstream OM
given by reference (11) in figure 4-6

The slipstream is essentially straight on a radial
‘line through the corner O excépt where it interacts
with the vortex. For large corner angle (75 degrees
and over) it has been found that theéngle at which
‘the slipstream occurs is independent of the corner
angles and appears to reach scme limiting position,

In the model suggested by reference (11) (Section &)
there is an expansion of the flow through s Prandtle
Meyer fan, centred at the corner, from the pressure
just behind the incident shock to the pressure just
in front of the shock ie,y from P, t0 pye The |
pressure along the slipstream is then Pye Above the
slipstream, region 3, there is uniform flow,
parallel to the slipstream. This theory also implies
that the pressure‘between the slipstream and the wall
is constant and equal to Py» vhich was found not to
be the case, by reference (10), |

The Terminat The terminator OH corresponds to

the iast characteristic of the PrandtleMeyer
expansion fan. The terminator angle may be directly
caiculated from the simple wave theory. However,
after separation has occured, the slipstream forms and
the flow is parallel to the slipstream. Thus the
calculation of the terminator angle should be based
on the experimentally found slipstream angle and not
on the corner angle. Skew& did this and got good
ggreement 4

The terminator can only exist if the gas flow is
superabnic. This then at first appears to rule out

the cases where the initial shock Mach number is below
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2,068, SkeWégestablished'that this was not the case
and recorded a terminator at an initial shock Mach
number of 1l.45. This observation is explained by
the fact that the expansion process will travel back
up the tube for‘Ml<2.068 and this expansidn will
accelerate the gas towards the corner. 3kew§{showed
that by extrapolating his experimental curve for
the terminator to give an angle of 90° (ie, sonic
conditions) leads to an incident shock Mach number
~ of approximately 1,45, From shock tables Ml = 1,45
corresponds to a particle Mach number behind the
shock'of'o.ﬁé{ From the equations for isentropic
flow this implies that the pressure is expanded to
O'ést at the corner. Because all the readings for
this project were done with an incident shock Mach
number greater than 1;5; the above is direétly
applicable,
The Second Shock The second shock starts at the
vortex andAcorfesponds‘in position to the limit of
the Prantlaﬁeyer expansion fan. The theory applicable
to the second shock does not agree very well with the
experimental values for large cormer angles, The
same condition about!supersonic flow is found here as
for the terminator, B |

As the second shock faces upstream ie. fnto the
, flew,gthevpressure on the downstream side ighigher,
. Since the pressure along the slipstream was(found to
- be Py the pressure on the downstream side of the
second shock must be above pi.

Skew§ found that the formation of the second
shock, for large corner angles, was very similar to

the formation of a normal shock wave from a number of



wavelets which converge, The second shock was also
found to grow in a pseudo-stationary manner for a given
Ml’
Ihe Contact Surfhce This contact surface is
formed between the gas flowing behind the incident
shock and the gas accelerated by the diffracted shock,
It, therefore, originates at the‘point of intersection
of the reflected sound wave and the incident shock,
The contact surface represents a sudden change in
entropy, temperaturé and density, Theory predicts
that the contact surface should terminate at the wall
such‘that it is perpendicular to the wall, Skewh
found that for large corner angles this was not so and
that the contact surface curved round the vortex and
then back towards the cormer 0, (Figure 5-1«2)
Because the contact surface moves at the velocity
of the gas just behind the incident shock, it is a
good indication® of thé actual gas movement through
the corner, The pracess between the wall shock and
the corner is thus originally one of compression
(acroés the shock) followed by one of expansion,
such that the gas immediately below the corner,
between the slipstream and the wall, is stationaty.
The tee~junction can be thought of essentially
being made up of two adjacent right angle corners,
with a third boundary perpendicular to the incident
flow, The predictions for a right angle corner can
therefore be extended to this case, up until such
time as the incident shock meets the third boundary,
The expected shock wave shapes are given in figures
5ale3 and 5-le4 for the two different cases i.cey

subsonic flow behind the incident shock Ml=l.5 H



and supersonic flow behind the incident shock

Mp = 3.03

(figure 5-l=3)

Because the flow is subsonic the reflected sound
waves will propagate back up the leg of the tube,
The ‘shock front will be curved from the point of
interaction with the reflected sound wave right up
to the wall, As explained before, the é#pansion‘in
theVLEg.will then accelerate the flow, such that it
is supersonic at the entrance to ‘the tee, This will
cause a terminator and second shock to develop, as
shown in the fourth diagram,

Supersonic Flow behind the Incident Shock (Fige5e-lek)

vThe pattern is not much different. The reflected
sound wave is effectively swept away from the corner,
The terminator and secondsshock will exist as before,

Both of these figures were drawn for wvslues of
the slipstream and terminator angles got from the
results of Skews, The contact surface should be
curved around thevvortex"centre, as described earlier,

After reflection of the incident shock from the
third boundary there is an extremely complicated
interaction of shocks, rarefraction waves, contact
surfaces and slipstreams., However, the following is
expected to occur, |

The reflected shock will initially have a shape
which is very much the mirror image of the incident
shock.just before reflection., The two ends of the
reflected shock will be at the points where the
incident shock is interacting with the third boundary,
It will be expanding outwards very much like the’

incident shock did on reaching the tee.
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Very soon after reflection, part of the
reflected shock will collide with the oncoming
contact surface. It then depends on the relative
strgngthxof'thé shock and pontaét surface as to what
develops on collision, Whatever the caéq&here Will
always be a shock transmitted in the diréction.cf‘the

approaching shock. See figure 5-1-5

curved incident shock

reflected shock

interaction with contact
' - surface

BN

Leg contact surface

Fig, Smle5 Interaction of the reflected shock
' with the contact surface

| Thecentre‘porfion'af the reflected shock heads
'béék for the leg of the tee, while the two outer
poftions head outwards fewards the arms of the tee,

It is expected that after a certain time, the

'reflected shock will reach the position of the
second shocks, Because the reflected and second
shocks are essentiaily facing in the same direction
ie. both have the higher pressure on the downstream
‘ side, they will reinforce. The centre portion of

the reflected shock will bridge the gap between
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/

the second Shgcks.: For’cbnveﬁieﬁce of deécription,
this combination of the reflected shock and'the
two second shbcks, ﬁill'be termed the third shock;
See Figure 5‘-.-1"9:6. No Jmathematic? %éstixﬁate»ss of the
third shock Stréngtﬁ‘are attempte&vthough, as it
has now already involved a,refléction, a coliision
with a contact surface, moﬁement.through a pressure

gradiant, and interaction with the second shocks,

incident shock

arm .

L

‘reflected shoékﬁ

third shock

TTRTTTN ///////////Y////

Fige 5ele6 Formation of the third shock

The strength of the7thifd shock is then»just
enough to maintain it in its formation position,
(or may be just move it closer to the mouth of the
leg). | , | |

The two outside portions of the reflected shock -

'héve, in the meatime, beeﬁ propagated out further,
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toward the arms, the reflected shock still.
originating at the tip of the incident shock wave,

at the wéll. This reflecfed shock must then be
travelling at a greater speed than the incident,shodk
vin:érder-to,exist.  This follows naturally from the
-shock equationsﬁand:the condition that the shock speed
'musﬁ be supérsonie -relativelto the approaching flow
‘velocity. From this it can be seen that the reflected
shock will eventually catch up on the incident shock

and reinforege - it, Sece figure 5-1-7.

arm

N
N
N
N \
N N
N N : Kk
N \ third shoc
\Pp
\ N
| A\
Leg S 2% = 180°
| N

reflected shock (catching
| up)

incident shock

1464296444222;21

4509’/7A<i?7544’/A;\\

Fige 5=1=7 The reflected shock catching up with
the incident shock
The third shock spantied across the mouth of the
leg is what we expecﬁ in the final steady flow
problem, when we consider the oblique shock theory,

(Equations A-3-9 to A-3-12)
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Consider supersonic flow over a wedge of included

angle 28,

. attached shock detached shock detached shock
(a) (b) (c)

Figure 5=1-8 The attached and detached oblique
shock
s 1is the change in flow direction
SrmosiS the maximum flow direction change, for
a given flow Mach number, that can occur
such that the shock is still attached,

From this it can be seen that the case here of
28 = 180° corresponds to a detached shock case, for
all the shock Mach numbers encountered in this
project.

The same type of reasoning applies to the
reflection of an oblique shock. In the case of a
reflection, where the angle between the boundary and
the incident shock is larger than some particular
value, a Mach reflection exists. This type of

reflection cannot be studied analytically.
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Figure 5«1~  Mach reflection

This then might easily happen in the tee where
the incident shock is reflecting off the third
boundary.,

/)
Z
7
Z
7
7

LA
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Figure 5e110 Mach reflection in tee

The effect of a narrower arm than leg, is
expected to be an increase in the reflected shock
strength due to an earlier reflection.

" The three dimensional effect is going to be
significant. It is expected to effect the arm with
a rectangular cross«-dection more than the arm with
the circular cross-section, for the same circular

section leg.
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For the eircular section arm, any -y plane section
will :giv-e the same leg to arm diamet&r ratio, whereas

it will not for the rectangular section arm, .
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52  COMPARISON WITH FINAL RESULTS

The actual readings are given in section D,

| The terms 'round tee' and 'rectangular tee?
will be used tovdescribe the configurations of a
round leg plus round arms and a round leg plus
rectangular arms respectively.

~ The Diffracted Shock Strength in the Arms
Remote from the Tee . N

The shock strength was measured by timing the
time taken for the shock front to cover a fixed
distance, For the rectangular tee this distance
was 12 inches, wﬁereas for the round tee it was
10 inches, The detecting devices used were the hote
wires described earlier, Time measurement was done
on oné trace of the Type 564 Tetronix storage
oscilloscope, The graphs of shock strength are
individually plotted for the round and rectangular
tee in graphs F-l and F=2 respectively, The 'best
fit} straight lines from thesé graphs are then
traﬁsferred to graph F-3, for comparison. In
addition, the prediction of the wall shock strength
by WgthamFs theory is given, to obtain an idea of
the relative strengthening effect of the reflected
shock.,

The relation between the incident shock strength
an& the.tr;nsmitted shock strengths appears, within
the experimental accuracy, to be a linear one, over
the range in which the experiments were done. In
addition, if these 'best fit' lines are extrapolated
down to lower Mach numbers, both lines seem to very

nearly go through, the point (1,1). This is



79

- .significant as it implies that the transmitted shock
does not become vanishinglﬁ weak while there is an
incident shock of some value. Notice how Wé%ham's
theory does predict that the wall shock, and hence
the transmitted shock does vanish xk® at some
inecident shock mach number above 1 (Mi = 143)
Skews however also showed that the wall shock does
not become vanishingly small up until M, = 1, Both
cases also show quite a considérable amount more
absolutg strengthening at the higher Ml than at the
lower M; (comparing with W?tham's line),

In both cases the‘stfengthening of the transe
mitted shock seems to confirm the original prediction
of a reflected shock, which will ‘catch up® the
diffracted SEockg and reinforce it. Both'caéesvalso
confirm the known fact thaﬁ the losses associated
with supersonic flow are a miﬁimnm‘at Mach one,

In comparing the two‘differentvtee=ccnfiguration
it is seen that the slopes of the two lines are.
-significantly differenti The higher Mach numbers for
the rectangular tee ére believed to be due to two
effects, |

1) Because the rectangular tee has a narrower
arm (howevér same cross-sectional area) width than
leg diametér,'the reflected shock will be stronger
than for the round tee, as suggested in section 5-1,
The stronger feflected shock will then reinforce the
di ffracted éhoék to a larger extent, | H

2) Iﬁ is expected that the losses associated
with rectangular tee would be 1éss than that.fOr.the
round tee, due to the more involved thirdvdimension’

interaction, in the round tee,



~ These two effects as given would then act with
one another to give the inbreased‘slope for the
fectangular‘tée@

~ ‘Reason 2) is open to some doubt as it is purely
based on intuition. - However, if it were the
opposite way round ie., the losses for the rectangular
tee due to the third dimension effect were larger,
then the effect of the narrower arm producing a
stronger reflected shock would have to be enormous
to compensate,,

The scatter of the points in plotting graphs

Fel and Fe2, seems to be contained within a scatter
band of + 4.5% based on the transmitted shock strength.
This would seem to be in accordance with the
experimental accuracy expected, As a check that these
time measurements were not éffected‘by their position,
readings were taken in both positions shown

(figure 5e2-1) for the round tee.

positions 1

Va4
(, 2 am

/ - / -positions 2\

Figure 5;2¢1 Hot-wire positions
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The valueslqbtained_agreed'very weli with one
-another as can be seen from graﬁh F=1,
‘.A‘possible source_of'error'may have been the
positiqning of the hotvwire at s, being toé_close to
the disturbed area of the tee itself,

The Shock Strength as Measured by a Transducer
at Position D

The shock strength was calculated from the pressure
rise regding of a piezocelectric transducer situated
at position D, using the one dimensional, normal,
ﬁqsteady‘shock wave theory, The results are plotted
on graphs Fel and Fg5_fbr the round and rectangular.
tees respectively., Again the curve for Wifhamﬂs
wall shock is included., The values of Wipham‘s

prediction were calculated using equation

e =/ Qan = / e
W . e - [(le)x(m)}
Ml Ml

Where K{M) = 2 [(1 + 2 1 e ) (2uedeM ))
| M

and m =

for(}w = 90 degrees. The procedure was to numerically
integrate the expression over very small intervals
My~ M - 8M MeSM - Mw28M 4§ etc. until the suﬁ
over all these ranges just exceeded the Oy value of
90 degrees, The wall shock Mach number was taken as
M-n&M, The numerical integration was of the Simpsons
approximation type. Computation was done on I.C,T.
1300 computer of the University of Cape Town, A |
listing}of the appropriate programme, written in the

M.A,C, code language is given, G«l, With the 8M
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- interval at 0,005 the computation time,-for all
twenty values, was twenty~five minutes,

- For the round tee, the experimental values
obtained are in near exact agreement with QXPePie
mental results_obtained bvakewé ofjmeasﬁrement of
-the wall shock for a 90 degree*ﬁend‘ The fesults
also show fair agreement with nghamfs predictions,
except at low Mach numbers, Skewé attributes the
difference in experimental values and Wf%@am‘s
predicﬁions to,;ég%act that the theory cannot avoid
concentrating the shock curvature over a relatively
small portion of the shock. The experimental values
obtained here are questibnable howéver, as there is
no guarantee that the shock was normal as supposed,
Also it is not quite clear as to the reason why a
tapping at position D should measure the wall shock,

Again on extrapolatiocn of the 'best fit' line
we see that the diffracted shock should not become
vanishingly small until the incident shock number
approaches one,

For the rectangular tee the results are
definitely not in as good agreement as for the round
tee. In addition to showing slightly higher values
at the highef incident shock Mach numbers, there is
a distinct jump in value at M1 = 2,07 ie.y at an
incident shock Mach number corresponding to the
speed at which the flow just becomes supersonic
behind the shock. This may bevexplained by the
reflec¢ted shock and contact surface collision
described earlier. The collision can result in any
of the three different final conditions; depending
on the relative strengths of the shock and contact
surface, and their relation to one another., OSce

figure 5=2~2
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Figure 5-2«~2 Normal refraction of a shock wave
at a contact surface,

‘The jump in values may then be attributed to
a switch from case {a) at low incident shock Mach
numbers where the pressure is high, to case (¢)
where the corresponding pressure is lower, on the
side remocte from the approachiézzmﬁie.f at the
third boundary,
However, whatever causes the jump, it is
fairly localised, as it does not cause a
corresponding jump in the transmiﬁted shock, . ‘
Graph F«2; If the lower portion of a 'best fit?
straight line is extrapolated back to M, = 1 in this
instance, then it implies the impossible condition
of a diffracted shock with no incident shock. This
then further questions the validity of the assumption
" of a normal shock at that point. |
Interpretation of the readings taken at
transducer D is difficult because of all the
uncertainty of the diffracting shock pattern. The
values obtained cannot be shown to confirm or

contradict the proposed model,
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The scatter is generally much larger than that
found with the hotewire méasurement. This may be due
in paft to the increased difficulty of signal
-reading because of the noise, as described under
instrumentation, However, even this would not seem
to cover the scatter, and the conclusion drawn is
that the flow conditions are turbulent and unsteady
at this point,

A point of interest is the fact that pressures
measured at a transducer at position G agreé entirely
with those values from position D,

The *best fit' lines from graphs F-l; Fe2;

Fi, and F5 are transferred onto graph F6 for
comparison,.
Reflected Rarefasction Wave

VWhen the incident shock Mach number is below
2,068, then the particle velocity just behind the
shock is subsonic. This will result in the sound
waves being reflected back up the leg of the tee,

The succession of sound waves will form a normal
- rarefaction or expansion wave, See—photograph S5=2al,
The wave strength p_ . /P, is plotted against M1

in graph F-7. The plot shows that the rarefaction
gets very much stronger with a lower M,. These
measurements were taken at position A, approximately
6 inches from the tee, 50 it seems quitegpossible for
the pressure to fall to 0.65ps at the corner, for an
incident shock Mach number of 1.45, as predicted by
Skews., On the other end of the plot the curve can

be extrapolated-to show that Pﬂug/ka appr-oaches

gero as Ml approaches 2,068,



The time taken for the incident shock to
travel fromlposition A tovthe’mouth of the cornef,
plus‘the.time taken for the reflected sound wave to
travel frdm the corner 4o position A, is given és
tvare in a ﬁlot.againsﬁmig on graph.FmS. Iﬁ'
addition, a number ér thepretical times have been
caluclated énd inclﬁded for comparisoﬂ. The agrec-
ment is very good. Again the curve can be extended

to show that the time becomes infinite as M;

approaches 2,068,
- Pressure histories taken by a piezo transducer
at position E show the existence of the reflected
shock, This is quite clear in some of the photoe
graphs in section 3. In some cases there are also
signs of an expansion prior to the reflection, as
is expected at lower Mach numbers. Sec—photegreph
5w2-2, The pressure readings obtained from a pezo
transducer placed at the position B further confirm
that there is a shock reflection and that the second
signal recorded at E was that reflection,

Tinisd readings of the shock were also taken in
the leg of the tee, in order to check the Mach
numbers calcﬁlated'from the pressuré-rise signal |
recorded with a piezo transducer at position A, The
shock deﬁectors used were piezo transducers at a |
distance of 24,75 inches apart. The results‘aré
plotted in graph F«9 and show very good agreement,

A plot of the diaphragm pressure ph/pl
against recorded shock pressure pz/pl is given in
graph F-10 in order to compare the actual shock tube

performance and the prédicted performance,
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5«3 CONCLUSIONS

The problem is one of extreme complexity and
as such could not be analysed completely.v A model
was proposed on a purely qualitative basis where
intuition was the main deciding factor. Because of
this, the praposed model is very much a simplified
version of what may occur, and is questionable on
many counts, However,’certaiﬁ results obtained do
indicate an agreement of the pfoposed and actual models.
It is also significant that no definite contradictions
were observed.

| The transmitted shock strength was found,
within the limits of experimental accuracy, to be a
linear function of the incident shock strength,
where the transmitted shock did not become
vaniéhingly weak above Mi'= 1. The transmitted shock
was also found to be considerably stronger than a
predicted wall shock, lending support to the idea of
a reflected shock "overtaking" and so reinforcing,
'the transmitted shock, |

The elementary use of the hot-wire anemometer
as a shock detector in this poject has definitely
been a success and this indicates that this type of
instrumentation may be a useful tool in shock tube
work.

Extensive research §;ill hé%ds to be done in
order to fully understand, or be able to predict
with any certainty, both the disturbed portion of
the flow in the tee Jjunction and the tfansmitted
shock strength, In this respect the need for far
more extensive instrumentation is indicated, coupled
with a more detailed investigation of certain

aspects and portions of the flow,
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@ptical method§thich;the*flow pattern can be ‘S@en'
seem to&be“called‘for;;in-ordér to‘permitfactual- |
flow visualization: ~Examples oftsﬁi@able'optical
'métheds_wbuldfbe;interferometryfand«S@hiieren,'.
fphbtogtaphy, however this would require a tfﬁly,

two-dimensional models
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ONE DIMENSIONAL THEORY OF GAS DYNAMICS

FUNDAMENTAL EQUATIONS

The derivation of the fundamental equations
governing a one dimensiocnal flow field are
covered in most texts on gas dynamics (1), (6),
(7), (8) and therefore only thé results are

quoted here (2)
1. Continuity Equation
Conservation of mass

2(PA) + °{fuh) = O A-1~1
3 5. d X

2, Momentum Equation

Conservation of momentum which expresses
Newton's Second Law that the resultant force on
a particle equals the time rate of change of

the momentum of that particle:

;.Dll; = 21 + uou =: -; ?_E +{ Awle2
Dt ot . 9 X P °X

All body and viscous forces are here represented

by the single body force f

3.‘Energx Equation

If we neglect the gravitational forces then
the total energy, E, per unit mass is given by
E=CT+ %U? ie,y the sum of the internal and
kinetic energy perwnit mass (assuming an ideal
gas with constant specific heats). Let the rate
of heat transfer per unit mass per unit time be

given by q, then 3



at,

23 [pPacE dx] = -3 [—f u AE + PAu] dx + q.p.A dx
ot X

or

5 . 2 .
qPA dx = 3 [f'A dx (CvT + LU )] + 9
3t X

[Pua(eyT + P« 3%)] ax  A-1a3
f

Substituting into equation A-3 from equations
A&l:and-Aazvgives---

P2 (Auw)  A-l
3 rA' a’x . .

q - u.f = B (CvT) +
R T

or
Heat transferred by external sources plus the
heat transferred by the product of the body
.fofces and the velocity egquals the total time
rate of change of the internal energy along a
particle path plus the power generated by the

pressure forces,

L, Equation of State -
For perfect gases the thermal egquation of

state may be stated in the following form

P = RTI = RT A-l=5

If in addition the gas is calorically perfect,

ie€0ey ¢, and C,. are constants; independent of

p
both volume and temperature thent

CpwCv = B = R Anleb
& =

5, Velocity of Sound

a = /YRT = /T?' Amla?




Also for a thermally perfect gas, the entropy
change of a fluid element may be expressed from

thermodyhamic considerations as

ds = Cp 4T » Rdp Aele8
| T : P
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Ae2 PRANDTL.MEYER FLOW

Consider supersonic flow tur‘néd through an

elementally small angle d©

Mach wave

properties P

properties p+dp

r
T . frar
T4+ AT
AN NINANNANNNNRE

Fig, A«2=1 The wave front caused by a very

small change in wall inclination d©

Consider steady flow through unit area of the

wave front:

Continuity Equation
For steady flow 3{fA} = O
ot
and the equation A-lsl can be integrated to

give

[l = {f+ drP}{N + gN)
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because no mass is carried through the unit
area consideréd by the Lecomponent .
Neglecting second and higher order terms

de + Ndp = 0O (a)

Momentum Equation
For steady flow and no body forces Aml-2

reduces to

du
y & - ! dp
dx P ax

As this requires a knowledge of the variation
of p with p it is easier to write down the

momentum change directly:

Nett force = mass flow rate X change in velocity
p-{p+dp) = PN(N + dN = H)
‘or «dp = pPNdN (b)

Substituting for dN from equation b into
equation a and comparing with equation A-l1-7
gives | , ’

‘_c_iE - NZ . , az

dp
or N = the speed of sound a

From the geometry of the flow, Fig, A=2-1 |

{(u+du) cos (x - d©) = UCosx
or ' di

-

stanx de

fi

from Sinx =

U]
=

we get du -

- do
u .
\/M.2 - 1l (ec)
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Energy equation
- For steady adiabatic flow, equation

A=l1-3 reduces to

pu (CvI + ; +u? ) = Const,
2
and from equations A=le5 and A-le6
Cv= R and RT = '—Df;

Y=l

hence 2¥ P +u? = 27§%1dg2 + (u+du)?
-1 f (Y1) {F/+ dp)

Simplifying this and using equations A-~la7 and
(c) gives

%P. = W 4
/ M1
P e

/ MRa1
From the integration”of eQuation‘A-l-S the'change

in entropy s is given by

Ty M [B%E] ) xll g [h%"’:]

Then using the Taylor type expansion of Log(l+x)
and retaining only the first term yields

Y dp
4s =1 dp =~ o
: ¥=1 p -t
ky 2
= 1 YM 4o - L TME 4o
Y=l Y=l
Vlﬂzul M?'-l

= O

Thus we conclude that the first order
disturbance introduced by a differentially

small change in flow direction is isentropic,



A corner can be thought of as being made up of
a series of dlfferentlally small dhanges in flow
direction giving rise to the Mach line, or

characterlstle,wave<pattern as shown in Fig.,A=2-2,

Mach lines sdiverge = Mach lineg converge

conveX corner

concave corner

Fige A=2=~2 Characteristics for two types of
corners in supersonic flow

For positive angular:chéngés the Mach waves
converge and form an oblique shock wave which

is no longer isentropicg, For negative angular
changes the Mach-lines‘diverge and do notx'
interact with one another and hence the vwhole flow
is isentropics This then is termed Prandtl-Meyer
flow, R |

In order tc determine the changes across a Prandtl

Meyer fan we integrate equation (d)

/—de = /\/,M =1 4w o+ c

Where C is a constant of integration,
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‘With some manipulation and the use of equation

Awl®3 this becomes

J-40 /ﬁ il 02'. o+ c
-

- (a1

" Where a, is the speed of sound at stagnation
_ condlt:.ans.

The terms in this equation can now be integrated,
For detérmination of the constant we shall take

the definition of © such that

6=0 whenM =1 and hence u = a = a%
Integration then gives

» us
o = =3/%x1 {Sin -1 (l'x)__,, +
2 Vol [ 2 ]

O

- Sin” [(h? ),g____ + \/H

2 a*

‘_,%{_‘-1”_/2&2) 1(Y-—2a2 )}

- &

k¢l

br in terms of the Mach number

6 = ,g/n is;m-ll (1o ﬁ )(1+’:‘ - Mz) w] ?

N
_._.l | 4
Z L] - A-2-1

@% {sﬁ‘m [Y 2 (373

For the unsteady exp.ansion wave the analysis is
similar only there is no anglegld
In ref, {12) these equations have been

numerically solved and tables drawn up.



In its simplest form the shock front in a
perfect gas is regarded as a discontinuity_across
which changes in the dynamic and thermodynamic
flow quantities occur, In fact the shock is a
very thih frcntvin which a fapidfbut continuous
tran51t10n 1n veloclty, pressure, den81ty and
temperature takes place.z' '
| Cons;der the equatloné derived by assuming
the shock a discontinuity, for a normal shock with

a reference frame on the shock itself,
Continuity equation:
fiv =20

or dividing by ay and rearranging

EZ; = NE; f:L | | (a)
P1 ﬂ; )

Py +/’u _ o 2

substituting p= azf’ into this equatioh’and
¥ - .

dividing by a° gives
Y

AT @Ry iR

L pevmZy an? (v)
T (Rl ) ‘°

2
u, + 2 a = u, * a
1 1 1 2 Y=l "2
Dividing by ”21 a12 and rearranging gives

101
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al L (C)
2+ (Yo 1)M2
solving between (a), (b) and (¢) we get
2 2, 2
My™ = * ¥l
2Ym*? 1
v Ae3wl
a-\2 ,
( Ef) = ;g = [2+ (x-l)mﬁ] [2XM£ e w1l ae3e2
1 (¥1)% m°
_ 2
L;g_ = r M Aw3e3
) 2
P2 = A4, "-{r-1) Ae3-l
P1 Y+ 1

Ag was stated earlier these values are given
with reference to the shock itself, We are

more interested in the moving or unsteady shock
case where the reference frame is fixed in space
and the shock moves relative to the frame, This

can be done by a simple co-ordinate transformation,

NONONNNNNNNNN
shock induced
velocity -e——l| -e—srelocity
w o \'s
2
ASSISNNANANNNN
stationary moving

Fig., Ae3=-1 The stationary and moving shock
terminology.

We assume that the velocities are obvious and

work only with velocity magnitudes.

102



103

\wml = dwl g fuy = Wl vy
2 ow
then Ml = a; =a; = shock mach. number Ms,
2 a
M2 a i?,_ = 2 ;y_g =Ms,:,;;' -Mé
32 a2 32 2

Substituting these into equations Ae3-l, =2, =3

and =4 give

1 | 5 , o
M 2 = 2(MS wl)

0.5

0,8
[ZXMsz - (Yol )] [,2 * (¥=l)Ms?] 5 ross

2 .
(f_g) = T2 o [estrapms®l{ 20M? o (van)] A~3-6
T, (Ve 12 M2

8

_Cg = !Y+ ll M32 Ae3e?
P1 2+ (V-1)Ms®

P2 = 2Ms? o (Yel) Am3e8
P1 Y+ 1

In ref, (12) these ratios have been calculated |
for air, Y= 1,4, for a range of shock Mach
numbers,

Flow through oblique shock waves can be
considered as being made up of two components,

i.e.y, one normal and the other parallel to the

shock

oblique shock

Fig, A=3~2 Terminology for oblique shock,
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. As shown before the parallel component
remains unchanged and 'th'e normal component can

be treated as flow through a normal shock,

£ is the shock wave angle

& is the change in flow direction

From Fig, Ae3=2 ny = U, Sin%

n, = u2 Sin (;"'8>

Hence replacing u; by uySing and u, by
u,Sin (£~8) in equations Aw3-1,-2, «3 and «4

gives the ratios for an obligue shock

.2 2 2
10,2 $in® (£-5) ==M1 Sin"f + oy AR3.9 -
3 >
2Y M.? Sin%2 - 1
Y-1 _1 - § .

22
(.a_z.) = fé‘,g = [2+(Y..1)M1231n§]( 21, zsmz;g.( ¥e1)]

¥ (y+1)2 251:1 £ A=3-10
f’z = (¥e1) My’ 2 S‘.Ln ; AS3-11
f oo (Yal)m oin? 4

P2 = 2/, 254n° %z - m.l) Aa3=12
P11 T Y+ T |

In addition it is necessary to know a

relationship betweenS &, and M,.
From Fig. --A;.392

' T,an;: 0y 3 taﬂ (;f‘-i&)‘;-‘-‘ %_2_
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therefore tan _(£-8) =n, = £, by continuity
tan £ = =%
¥ A

‘Then using -equa"tion As3-11 and the property that

tan &=%) = tanb - tan®
1+ tanZ tans.
and rearranging finally gives
tans= 2 Cots. (M,°Sin°f 1) Ae3-13

2+ M12 {¥+ Cos28)

Plots of § and% for different mach numbers can

be found in ref., {13)
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A~ SHOCK TUBE PERFORMANCE

In order to determine the shock tube perform-
ance it is necessary to know the relationship
between the diaphragm pressure ratio Ph/n1 and the
strength of shock produced p2/pl » where regions
l, 2, 3 and 4 are as shown in Fig, 1-2

Across the contact surface in between the
shock and the rarefaction wave produced only the

velocity and the pressure are continuous,

(a)

Py = Py (b)

Also the quantity gf can be derived from the

shock relations (2) to give

‘ 3

2 P o1 2

a, © - ' (e)

Y X ¥y [(¥)+1)P2 (Yl-l)]) :
P

Across the rarefaction wagg 1
o= 2 [1- (E})ﬁ ] ()
3, 'rL Py

With some manipulation (2), the combination of

the above four equations give

P . (P Py Ev l//sh
a-n -2 -YEEY, Aniped
A 1 =

1)

fbr a constant area shock tube where,
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=Y -1 ) _ A
Pomldzs 5 4 = gr2
| (CwT),

U - 8!
By = -éi = TV,

The use of an area reduction from driver to

driven sections provides a stronger shock for a

given diaphragm pressure ratio, This effect of

area change is taken into account in the
equations by introducing a parameter g, This
parametér'is such that for a given area reduction
the shock produced has strength equivalent tc the
shockiproduced in a constant area tube with
diaphragm‘pressure ratioc of" g‘gk
P

and a sound speed ratio of
P,
% (g)
a1

From the perfect gas law from Ael-6

therefore Cv = R
Y wl

For a constant area tube
2

. (CvT): a | 1 R
Byy = goxd o 21 (¥, = 1) _&
e, % gimD R

and for the case we are concerned with Rh = Rl ;

f,=¥13 =8 § By =1



For the area reduction case

. 2,
By, = ( o ) oy =1
" & A

R
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HOT WIRE

ANEMOMETER
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THE HOT-WIRE ANEMOMETER

The témperature dependence of the electric
resistance,f of a wire may be &xpressed as follows
.

Rw "RO [l +6(?ev"eo)’ +‘6-1 ‘('ew ’eo Y4 -]

where R is the resistance at some reference
temperature © 0 ) 6,6, are the temperature‘
coefficients of electric resistivity of the wire,

' Rw is the resz.s‘tar%ce at© W

Ignoring the quadratic term above and introducing

the electric resistance R e of the wire at the gas

temperature and rearranging gives

Oy =% - Rz le 1-1

The thermal equilibrium of the wire can be

stated in an equation of the form (8)

I%Rw = J (Bw «Og) [-O.-i,?.(Pr)?'zo +

0,57 (Pr )1(0 83 -(Ré,)f.'. 50 J ‘ Bele2

Where the combination of Prandtl and Reynold's
numbers here come from the emperical relatioriship
for the Nusselt number evolved by Kramers,
Combining equations Bel~l and B-1=2 it thén
becomes mbre convenient to express the equation

in the form

1)

1% Rw A+ B/T

Rw-Rg
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The factors A and B can be expressed in terms of
the wire and fluid properties; however it is
‘usually safer in hot wire anemometry to determine
‘these constants experimentally,

However equation B-le2 is not quite complete
as it neglects the thermal inertia of the wire,

In order to do this we introduce a term Cw dS.

| dat
where Cw is the heat capacity of the entire wire,
I%Rw & (Rw - Rg)(A + B /E ) + Cw dOw Bel-3

dt
for actually carrying out veiocity measurement
there are basically two different methods which may
be used
a) Constant-current method
b) Constant-temperature method

GONSTANT-CURRENT METHOD

As the name implies the current through the
wire is maintained at a constant value, (usually.
- done by placing a large resistance in series with
the wire) and the wire resistance and voltage drop
changé. The voltage.change is ﬁhen recorded, In
order to obtain the time constant for the wire in
this constant-current set-up, consider a small
change in velOcity'U'and a resultant small change
in Rw and ©w such that

U,=U+u ; Rwy=Rw+r ; Ow, =G +

:Substituting these values into B<13 and
dropping quadratic terms from the‘expansion

(Hmu)% -yt (1+%lé - ut (lﬂ%v'+ S )

gives . '
I%Rw + I = (Rw = Rg)(4 + BJU) + (A+ B/_T})'r

+ (Rw = Rg)B u_+ Cw 446
2 [ dt
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which reduces to

Izr_ = (A +B [B)r + (Rw - Rg)B _u. + Cw 4496
: ' BT -

Expfeséing JAYS) in‘térhs of r by means of the
temperature dependgnée:0£3f on AO as follows
r = RovsiAe'v;‘
leads to the expression =
I°r = (A + BfU)r + (Rw =« Rg)B 0+ Cu  di
. _ o ' 2]U' § Ro dt

rearranging this in the integegrating factor form

dr + 1.0 = f(t)
ds - Me s ‘

gives the time constant M such that

Me = o Cw
| Ro(~I% +(4 + B[T) )

or since A + B/ﬁ'elz .= __Rg 12'
Rw-Rg -

M, = Cw_{Rw«Rg) o ’
K,IziRo.Rg | Bulowds

CONSTANT TEMPERATURE METHQOD

In this method the électric resistance of the
wire and accérdingly its temﬁefature are kept
éonstant és faf as possible.. This is done by means
of an electronic feedback system whereby compensa=-
tion in the éufreﬁt is made for a slight variation
in résistanée;f Again the voltage_change is
recordeds |

" Let r be the slight Variatibn (very small)
in the electric resistance Rw, Then for a transe
éonductance of the electronic circuit of g the
compensating current i is given by

i = -gir | Belw§
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* In order to find the time constant for this
n@thod‘again consider small changes in U, I and
Rw such that

I, =I+3i ;3 Uzlﬁ U+ ; Rw, = Rw + r
Sﬁbstiéuting these in‘equationfBal-B, caleulating
and neglecting guadratic terms in the 'small

fluctuations i, r and u yields

1%r + 21Rwi = (A+B[U)r + (RweRg) B u + Cw day
R o : S 2?U - dt

Again using r = Ro 6146%~andvthe.equation,Balqsltﬁis

expands to a form |

C

Where My = Cw .
= I% + 21°Rwg)

5 Ro,(A«».B T

or since A +jBf71@ I? = _Rg 1°
Rw =« R
= _Cw (RweRg) _
ERo(RgIz)(1-+ 2gRw (RweRG)/Rg ) Baleb

Comparison of equation B-le6 with equation B-l-l

shows that

M = Mc - o

| I+ 2gRw (Rw-RG)/Rg Bale7
Hence the time constant at constant-temperatufe
o?eration is much smaller than that at constante
current operatioﬁ.' | |

The transcénductance g is an'amplification factor

of the error signal to the compensating signal. Ir
this gain ot amplification is too high, the system is
likely to become unstable. Thisvexplains the need for

a negative feedback on this mode of operation,



SHOCK DIFFRACTION

THEORY |



C-1 WITHAM'S TWO~-DIMENSIONAL THEORY OF THE WAVE
MOTION ON A SHOCK (3) . . [

Only the mathematics of Whitham's approximate theory
{3) is given here, for the definition of the

different terms see section 4.

Fig,C~lwl Curvilinear quadrilateral PQ RS
formed by neighbouring «and p curves

Consider the éurvil:inear quadilat:eral PQRS with
vertices (¢ ./3),, (5(4.5«,}'3)‘, (A+8et , p+88) and («,p+38)
respectively. Let ©(«,p) be the angle made by the
ray with a fixed direc‘tion. o

The change in ray inclinat;on from P to S is

$6 = QR = PS
PQ

or substituting in the values of QR, PS and PQ from
Fig. C-lel

ELE (A+3asx)88 -ASE

M S
M 9
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or rearranging

20 = 1 oA C-lol
Al B 1ol

Since the rays are orthogonal to the o - curves

it is also directly apparent that

W . 7 M :
a d N
A © B : Cels2

Now using the assumptidn that A is a function of -
M only i,e, A = A(M) and that it is a decreasing
function of M so that the first derivative Al(M) <o

in equations C~l-l and C-1l=2

2 - Al ™M =0 | Caled
3p W 3«
N 20 4 aM -
and — e X 97 =0 Celal;
o EM] 2P : =

There are thus two equations in the functions
M{x,B) and ©(«,B)., Once these functions have been
found they can be transformed to the {(x,y) plane by
the following fransformations

y = J Msineax
x = [MCoso dx
obtained by integrating along a ray.
~ It is then convenient to express equations
Cwl=3 and C~1la4 in the form
(2 «C2)(g+ faM) = 0O  Cales
(w __,,ap)e_ o :
~ Where C is a function of M given by
C = =]
il
. Equation C~la4 shows that

6 -/dM = constant on dB = C (increasing g )
Ac d

116
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& + [d¥ = constant on dp = oC (decreasingg)
Ac dx

The expressions g+ / dM correspond to the Riemann

invariants of gas dynamics (1), (2) usually given

as 2 a+u

Y=l

For the case of the simple wave moving in the
direction of increasing g the Riemann invariant is
constant everywhere. Thus ©® and M must be

individually constant on each characteristic dg
d '

making each characteristic a straight line, For
the case where 0 is given at the wall (6 (<) )
where B= 0 and the shock Mach number is initially

M, at ew = Ovt\hen

1
‘ Ac '

Using the relation between A and M as

propdéed by Chester

Cale?
Where K(M) is the decreasing function of M

| 2,7 1
K(M) 2[(1+_z;_ &)(2ﬂ+1+M")]

where 2
M

From these

1 = 1 Aalz
ic 7 S
1 4
= . A"
(;m )
=AM (MZ=1)K(M)



Hence Mg ;
= a = / 2 134M  Cele8
0w //_ e [ =TT ))
M1 Ml (M2 7 M

Wgtham’s paper (3)'alsdfdescribés the mechanics of
a shock«shock moving on a shock wave but as we have
no direct need for it here it will not be included.

In reference (L) the above derivation has been

generalised to three dimensional flow,
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C~2 MATHEMATICS FOR PSEUDO-STATIONARY FLOW BEHIND
A_STRONG SHOCK

This is taken from reference (11)
- Consider the case of unsteady compfessible

flow in the (x, y) plane:

From equation A-i;l
% + 2%y +3%y = 0

R X Ch4
or using the notation 2X = X,
;Momenﬁum,eguatipg
' From equation A-1-2
Ut Wix + Wy = -Px/p - CeRa2
¥+ Wx + Wy = «Py/P Ce2e3

Energy equation

If heat transfer between fluid elements by
friction, condé%ion and radiation is neglected,
the energy equation can be expressed in terms of

the entropy (11) such that

St + uSx + ¥y 0 Co2aly
where the entropy S is defined by

PY = (Yel) exp [ (SeSo)/Cv] Po/p¥

u and.v here denote the components of the fluid
velocity in the x and y directions and t denotes
time. |

The idea here‘is to tfansfcrm_from the (x,v)

plane to the (§,7) plane where

£ =x/t ; N =y/t Ce2-5
If the resulting equations, after substitution, .

are independent of t then the flow is pseudo -
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stationary by definition.

In this case the equations become

w=8)fy +(vamp, + Plug + vq) = o

(u =Shg ¢ {v.-nuy =~Pg/p

webivg + (veplvg =abqsp Ce2e6
{u=5%)5 + (v aq)S-, =0 | |

Now substituting U = u.g.g; V=yw -1 and'noting
that |

oo
A B (o
i
Do

B Vi
VRl
it
DO

cf&N
SR

I
@F%*
et

similarly 9y_ = 1
°en |
.then the equations Cw246 reduce to

Ul + (PV)q +2p =0
UUg + VU, +U0 '=«R/p
-VSq = Q.

L2~

US;

+

From equations C-2e7 it can be seen that they are

.. identical to the equations that would have been

wit¥tten down for a compressible steady flow problem
’with a non-conéervativé field of forces, and a
distribution of sinks of strength proportional to
the local density f . The substitution‘made implies
that the steady flow plot is got from the unsteady
state by superimposing a velocity {(ex/t, =y/t) at

every point in the flow,
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READINGS
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The readings given here are a sample set taken
from an estimated 850 runs. The set here has been
chosen so as to give the same scatter band as was
found with all the readings plotted out,

The readings are given on the same sheets as

were originally used to record data from each run,
;When ruhning‘the tests these sheets were used in
coﬁjunction with either photographic or sketch

records of the oscilloscope traces,



SHOCK TUBE

DRIVEN TUBE :

Reodings Derived. results A?é‘-@-le
B, = 147 psi Mip= 1587 | time © OB mS/div
T, = 59°F | R/, = 025 | press: 10 psi [div
B, = 26 psi tr = 35m$S Evnc /d.;v
| F?"Aj__?‘" bsi : F}/r:; "’ 2:17 bress: | /d.iv
R,,= 10 psi J -t 1S mS Mpst = 068
TEE M= tetas
Readings Derived results
R = 135 psi = t = - %,,/R = .92
R=26pst ({,= 05ms |L = Mt = 140
Bz 7pst [t= 09ms | = ‘Mp = 134
P = (= t = } Mpart = 066
p = t= k- L
P = t= t = jF’ 'l/p::
P = £= ot - Mt =
P = ts?o-oems; lg= 0-64mS | Mp =
p = = o7oms t =
t 1-92»«55 trs;. 0-92 m$S
tﬂ.r- l-omsi
L = Scale - Df’u:::o-:lms/div
| press: Spse [y
P4 = 145 psiq /P = 10-9

. Skoktion _

a=  ille fes.

Qt = 116 FP5~

R.IR. JornNson 1969



COHOCK  TURE

Run ne. | in

ORIVEN TUBE :

Rcao‘tinsi Derived resuits Scale
i B = 147 psc Mip= 1-¢95 i‘ar;:’_s‘. 05 mS fdiv
T, = GO°F Rue/p, = 0Ol } press: 10 psi /v
PA = 32 psi { ) _,_:};r = 34 mS ; bimc /dj“\/
B MM__F?’A:L"":ESL f Pg/ P = 318 | bress: / dav
B 5 psi J o™ 175 m™S | M o n= o6
TEE ; Mt = [by-ta =
R"eg_d{ngs Derivecd results
B= z2opsi |t= { = Re/p = 236
R= 32pst = £ = M{: = 160
p= - { = Mp = vad
__.______“P_f_ - L= to= i iM park = 0868
P= it b= |
p = t= b= VA I
P = t= ot - Vit =
P = i ts=h9-o4.m5§ = 0:56mS Mp =
p = t,= O°Gom5;z t = |
t,& 1-88 ms (P O-QAMSJ;;
L o-‘mmsg' |
| S B Hw
L = Scale time: 0-2mS/div
press: 5 psi/div
Psg= 250 pSIg % / o= 18-0
Potmos =  299"Hs.  siotien
| Totmos = G0°F G 1117 fps.
M tee = ©O°F ag = (117 fps.

R..R. Jonnson

1969



SHOCK TUBL

Run no. L3 ]

DRIVEN TUBE :

Reodings _Derived resulis Scale
P‘ = 147 psi f Mitﬂ': 1-678 hmeffao-s mS /div
T, = GO°F l Rare /p, = 0-07 | [oress: 10 pst Jdiv
S _ﬂ..-FA - 3l pse S h___tr = 34 mS ; bine /CU‘V
| Bt Besi | Pe/p T3 pres Jdiv
R.,= 3pst ; fore™  1'7mS Mpore = 075
TEE Mt = PR
Readings Derivecd results
B= 20ps L= :t = P”/P. = 2306
p= = t = Mt = 154
P = = { = ) Mp = 47
P~ |t - Mpart =058
p = i l= B L=
P = | te b= P /p=
P= 1 t= (= Mt =
P = ts= o OA.-MSE (= 058 mS | M =
p = {.=062mS } =
t& |-84-m$§ £ = 094mS
t,.‘:‘- O-Qomsi
_ S
i = B Scale -+ time: o-zms/d;v
press: S psi/duv
P4 = 215 psiq B /e = 15 G
| Potenos = 299" Ha  gpipin o
| Totmes = @0°F %= 1117 fes
Ttee = ©0°F Qg = bve7 flos.

R.R. JoHNsond 1969



SHOCK TUBL

Run no. [T;m
DRIVEN TUBE :
Readings | Derived. results Scale
B = 14Tps. | Mip= 1606 txmgzo-s mS feiv
T, - 5‘1. °F | pmre./pz = 022 press: 10 pst /’d.iv
PA ﬂ"’ 27 psi :ijr = 34mS | bime /d.ﬁv
Bamsom | Pip Teth o [
Rod 9 psi j toe= 1'@mS Mpart = 0.69
TEE ' Mt = bu-ta =
Readings Derived results
R= zops |L= t = Bep = 230
P= = E = M{; = |40
= f= b= Mp = 147
; i
P= 1= f t = EMW«:‘—' 0-58
p = = E
L i
P = t= b= LVA R
P = b= ot = Vit = '
P = | ts=o-cmmsjf ly= O G4 ms Mwp =
p = B =068ms f =
t.= |-88m5§i .7 O ms
, t,.,—"- o.qL.,mS%’
- e DF AW
L = Scale time: 0-2mS/div
| ' press: 2 psifoiv
P4 = 200 psig B /P = 47

| Potmes = 2997 Hq

.. Statieve ____ .

Totmes = 59°F o= 116 fes
T tee 59°F ag= e fes.
R.1I2. JoHnson

1969



SHOCK  TUBE

Hun n&;— L5
DRIVEN TUBE :
Re&dingi_ , Derived. results Scale
R, = 147 pst | Mgpz 1606 t:mapt. o5 ms/d{v
T, = 59°F Roe/p, = 019 oress; 10 psi Jdiv
pA 27 PS‘- f. __tf = 34 mS ’L bime /(L%v
| Razderst | P/p 284 | pres [
.= 8epst |t '6mS | Mo n® o6
TEE Mt = by-ta =
Readirgs Derived results
F;"" 5psi L= { = Féz./;? = 2.02
p= t= t = Mt = 140
pP= t= 't = Mp = 137
P = b= . t= iMpm = 05)
P it t-
p = t= b= Pa/p=
P = t = l { = Mt =
P = s t,= 0~0L'.m5§ {,= 0-64ms Mep =
p = L,= 0GB Ms. t =
{1188 mS t= 094ms
b oaums
| a D W
L= Scale time: o 2mSchiv
press: 2 psi [cuv
P4 = 185 psiq =2 /P, = 13-6
| Potmos = 299 "Ha  statien
| Totmos = 89°¢ % 1116 fes
T tee = 59°F Qt = 1116 fps

R..R. ToHNson 1969




SHOCK TURE Run m:a.!- Lﬁj

T e e e g et

DRIVEN TUBE :

Readings | Derived results Scale

P, = 722 psi : Mip= 1-992 ttm;i*EO-SMS/ds‘v

T, = 60o°F ' | oress;: 10 ps. /div

Pa © 24 psi tr = 36ms | fwnc : [y

Raz shpsi | Pelp " ase | pres /o

RarZ | e Moot = 096
TEE i Mt = | by-ta =

R eadl.ng,s - | Derived. results
R=lops |L= t = Fi’n/p' = 238

}
\

1
=
(42l
i
o
&

]

o ) oer
i

=

v

i

1-4B

4

—
-

i B

t
!

Meart = O 74

I

t

b=
- t- P /e

t =

{g=

T /T 0| T, 0|0
I
ol
1)

= t= Mt =
= bs= OlhmS | L = 054 ms | Mp =
= | J ['T: 0-68 mS t = 5
t.& 1-80 mS, tys 088 ms
"'D"F’HW‘“““""’“‘".‘"“
L= Scale -+ time: g2ms/div
press: Spsi [aliv
195 psiq P/ = 28- 0

Totmes = G0°F  ~ o= 1117 fps

TViee = ©o°F Q= 1117 fos

R.R. JonNsord 1969



SHOCK TURE Run ne. ""'{;“?;j
DRIVEN TURE :
Reo.dingim Deri\@_d results Scale
R, = 4-3psci M;p: 2143 ttmé‘. O5wmS /div
T, =  Go°F | press: 10 psi Jdiv
P_A_; I8 pst l | tr =  451mS t.’rm:: o-sms/d.iv
Ra= ! Pz/}f»? =519 | press: 20 pst /div
R , Crore = WMport = 04
TEE _ Mit = Thy-ta =
Readings Deriveodl results
F’D: 5 pst £ = t = Fi’n/R =z 2.6
p= t= = Mt = 173
P = t= { = Mp = 14
P t- ot = Mpack =079
p = t= -
P {= 4 t = P t/P'"‘
P = t= ’ { = Mt =
P = ts= o2 mS‘j (= OS2 Mep =
b = | {,= O6hms t =
ts= |-79Ms§ {2 o088
bz osams
O FHW
L= Scale time: 0 2ms/div
! press: 5 psi fdiv
Psg = 200psiq /P 47 4
Potmes = 23:97 Hg Stobien
| Totmes = G0°F o= 1117 fes
Ttee = ©0°F Qg = 1117 fes

R.R. JornsoN 1969



¥ SHOCK TUBE R r

Run no. L 8

ORIVEN TUBE :

Readings , Derived. results | Scale
i t A

B = 1045 psi Mspz 2:432 | time - o'sms/ds'v
! T ® co°F press: 2psi /v
i mPﬁ = G pst , "Cr = | El'm:: o-SmS/C&“-!

Ba= -  P/r " era press; 10psi /div

pmyf ; trore ™ Mmﬁ.‘ 17

TEE l Mie = ;;t,.-tA =
Readirngs Deriveol results
R= 2ps t_*’ t = P"‘/P"' 292

}

p=‘ t:' t = M& = 2 04
P = Lt = { = ‘Mp = 163
P

)

e |-
W

"

f
|
|
i
i
|
!
i

1

M= 0T

p = t= b=
p = t = b= Pi/p=
P = = - Mt =
P = | ts= o i (o= Ottms Me =
p = L ohtms t =
- L= 0Bms t =
¢ - | }
! Dy —HwW
L = Scale + time: gzms/div

press: 2psi [oliv

P4 = 200 psig /P = 192
Potmos = 29°9"Hy |

.. Stoktien

| Totmeg = GO°F o= 117 fes
Ttee = GO°F ag = 117 fes

R.R. :roHNsoN 1969



SHOCK TUBL Run ne.l Lo

DRIVEN TUBE

| Scale
Ty A+ H
| time o.zms/dfv

Readings . Derived. resulis

- B !

P, = 147 psi Mip= 1587

f’ .-
T, = ¢oF press! 10 psc /div

: 5(5
H

= 26 psi mtr = - time /div

Ba= % Pa/}? = 277 press: /d-;"

pm.r:: ; fewe ™ | Mmy{, * 064

TEE . Mt = 1545 tu-ta = 1-2mS

Oerived. results

B= spsi (L= E { = QZ/P; = 2.02
p = = ; t = M{: = 1-3B
p - E c:: ‘ t = MP - | 37
L Mmup_ma . t = t = : M . -* = o) 4q

= %le‘c‘:

0G5 mS Y Nh’p =

, b
= t- P /p=

i
r e
T ;
v
]

(S-q-
1
o
O
w
3
LY
1

"
fa
]
o]
6
(6
3
n
r"
i

cr o
L N
“r~
|1

i
|
b o

|>+'Hw

t= Scale ’C'M€fo-lms/div

press: 2 psi [oliv

| P4 200 psiqg  Pa/P = 4

| Potrmes = 299° Hg

Totmes = Ger = 117 fps

Ttee =  €OF Qt = 1117 fps .

R.R. JToHnson 1969



Qt = 1116 fps

SHOCK TUBEL Run no | Lo |
DRIVEN TUBE :
Readings . Derived. results Scale
B = 147 psi ; Mlp‘": 1-54-8 tIMQTHO'ZMS/d{V
T, = 58°F i press: S psi Jeliv
p,:\ ~= 24 pst ; t:r = ; Eime /’C&V
Ba= | P/p =2¢3 bress: /div
Pors |t Mport = 0-63
TEE Myt = 1-528 by-ta = 1122mS
Readlings Derived results
R= l14ps. L= Lt = E’z/P‘ = .95
P= t= L= Mt = 1135
P= L= :t= Mp = 138
P- _|t= t=  Mean= 04
p= i= : b=
! "
P = b= ot - M = ’
P = L= o-oa.msg { = Me =
P = tﬁ__ct_cf:ms; t =
t= t-= |
| k= | Scale : timeoims/div
N | press: 2 pst [div
| _P4=  200psi_ Be/E = ac
| Potmos = 296" Hq g 0
T tee 58 °F

R.R. JoHnson -



SHOCK TUBE Run no.fr 1 |
DRIVEN TUBE :
Readings Derived resulls Esf—f:-ia
P, = 717 pst Mip= 1@ time - 0-5mS/div
T, = §8°F | - press: Spst /d""’_
PA = 15 P;L~ : tr ©  3:35mS ’ time © /Ci:’
Ba- | Rip mson | pres /o
Bors Lreve ™ Mpe 2075
TEE Mit = 168 byt = 1lms
Readlings Deriveol resulis |
R=8pst |L= b= Be/p = 21
p= t= b = Me =
P = t = t o= Mp = 140
P = ot b= iMmﬁ =
p = - i
p = t= t- P /p=
P = |t { = Mt =
p = b= 0-omms L = Me_ =
p = L= . t =
(.= 0-'8‘8Ms§ t = |
L= iy
§ ; DFHW
L o= ? Scale time: o lms/div
Prcé\s: 2.psi [div]
P4 200 psi A /R = 28-9
L,wE?ﬁm"S - 299 ”_ Ha Stakien _..____
| Totmes = 58°F = 116 fes
Ttee = S8°F Qs = (116 fps

R.R. JonunNsen 196

L



SHOCK

TUBL

L 12

- s e v waaman

E’un ' n_o.«1

DRIVEN TUBE :

Readings : Derived resulls Scale
- r A

P, = 354 pst 1 Mip= 2.5 {‘mﬂg : o-sms/d{v
T, 5B°F ' press; 2 psi /div
pp‘ NNNNN 15 pst , tr = ' bine / v
Ra= Pe/p = 524 press: /div
Rz ; frore ™ Mgmrb o8z

TEE EL Mit = 178 ltﬂ'tA =  1'05mS.

Derived results

it

o0

Ba/p = 223 |

p::. t = M& = |72
!
p= b= t - Mp_ = 14e
P :
P= It t = Mpars = 078
P | i i '
P = | 1= k= g |
P =, ) = ! t = ‘P ‘/P:
p. = t = 3 t = ‘ N"i’t -
! ]
P = B t.=054ms t = f
= 0-68mS = |
tr 0-68ms ¢ |
t = -
‘ D+ W
L = Scale hme:o'nms/dw
press: 2 psi/oiv
P4 = 200 ps. P/ = 573

Potmos = 299" Hgq
| Totmes = 58°F

58°F

. Staktien. .

=

Q=

1116 fps

116 fes

=R, Jounsen

196



SHOCK

TUBE

P\un r\o,; L 13 _{

DRIVEN TUBE :

Reogdingi Derived. resulls SAc;c:ie
P, = 1135 psi Mip=  1-86 | time: 05 mS /div
T, = 585°F ! | press: Sps: /’_div
- R T b+ [d
’%" Pz/i? “ 384 press! /CiiV
oy free = Mpor =
TEE ‘Mt = 1185 tu-ta = 1-0ms
Readings Cerived results -
| BT tepsi L= t = Be/b = 24
= = t = Mt = -5
= t= 't o= Mp = 149
i {
- = b= Mpart = o

i
]

= j P.__ml / p =

= §N};»t =

W
K
»

i

Me =

T |T/v D |T | T |T|T
' n

%

i}

= ! Lrs o) GOMSi t =
g - ;
i t -

S

b= m Scale . time: o-lgs/di~/
| press: Zps'\/oli\"
P4=  200psq /P = 186
| Potwos = 2488"Hg gl
Totmes = 588°F %= 1116 fes
Ttee = 58 5°F Qg = 1116 fps .

R.R. JonNsonN 194



SHOCK TUBE Run .no. ??Imj

DRIVEN TURE :
Readings . Derived resulls Scale
: — 1 T A+H .
P, = Q42 pst Mip= 163 time © 6-5ms /aiv
Tl - 58-5 hd 5 E brc.r(/pz - O 18 % pmsfb;: SPSL /’dJV
Py = 18 esi tr = | twme /dw'V
Ra= = Pz/;:; 291 L bress; /d-i"
|
R, 5 psi | Lo = I-emsS Mp&rb =
| TEE : M!t_: |-Gl tH"EA = 1S mS
Read.ings Derivec results
%: I pst = ] t = PD,_/R = 2.17
p = t = L = M{; = -42
P = t = t o= Mp = 14z
pe  t= ¢ - M =03
s
P = 1= b=
T T
p = t= o t= P./p=
P = £ O OlrS| (= 063 vas Mt =
P = b= 0-67ms! L = Mp =
p = trs:: O'Ciémsg t =
t = t = |
‘: J S
N !
W
TTOYFRW
L = Scale time: o-:ms/dw :
i . '
B | pPress: 2ps/div
|
|
P4 = "'—‘?,,J_c_{s*r'gw P /P = 15-9
| Potmos = 2988 "Hg gy
| Totmos = 585°F o= 416 fes
. [-)
Ttee = S89°F Qg = 1116 fes




SHOCK TURE Run no.fL15 |
DRIVEN TUBE :
Readings , Derved results Scale
! AT H _
P, = 888 pst 1 _MM.;p= 1-89 'hm_e'. O-SMS/d-‘V

58-5 °F

i

press; 5 psi Jdiv

Pa ® 265 psi Tr = bime /C?JV
Ra= | P/p ~ 398 | pres: Jdiv
L | |
TEE Mit = 185 ty-ta = 1-ooms
Readings Derivest results
P= 12psi |t b= Re/b = 2-3¢
p = t = ‘: = M{: =
e |
. P= L _ ot = Meart =
!
P = t= b= P o/ p= .
P= | t= t- Mt =
P = L= 0.02ms L = Mp =
Pz t-= — L t =
| L 083ms t = g
-
T HW ‘
3 '_g = Scale time: O'IMS/d'V
- press: 2 psi/ouv

P4~ _200psiq  Bu/p = 23-¢
Potos = 2988"Hg seavion
Totmes = 585°F = a= 1116 fes
Ttee = 585°F Q= 111G fes

R.R. JouNseN 1946



SHOCK  TUBEL

Run

no. L 16
DRIVEN TUBE :
Readings . Derived resuils Scale
R, = 617 pst j Msp= -89 ’C:m; ?Ho 2ms/div
T, = 585°F | press;  5psi Jeiv
By = 185 pst E tr = L time / v
- _m?fﬁi S _u___l Fa/ =) 400 § press; /’d,iv
pmf § froe ™ Mg,@,rt =
TEE * Mit = 205 t,-ta = O-9omns
Readlings Derivesl results
'PD"" G 4psc b= t = %z/p’r— 2.52
p= L= t = Mt = 1¢o
P = L= { = Mp = 152
! !
A ﬁ_E_ = ; ti t = Meart = 074
P = = T = lF’ i/p::.
P = = { = Vit =
P = Ly O'OZMSL,.?;F O34 m> Mp_ =
P = L= os6ms t =
t7 083ms t = |
| _ b= Scale time: oims/div
press: 2psi foliv
P4 = — /e =
| Potoos = 29-88"Hg  searion
wt&m?5=~~—§ 85°F = A6 f eS
Ttee = OSB5°F at = 1116 fps

R.R. Jounsen 136




SHOCK TUBE. R uxo_ﬁ ]i_.j

B s

WO,

ORIVEN TURE :

Readings . Derived. results Scale
P, = 518 psi { M;é': 132 ‘ttmg*'.“oéms/div
T, = 585°F Rare/p, = o031 | presi 5ps, Jdv
Fa® 45est 'si‘r = | bwne /dJV
Ra: Pe/p = 187 press; /div
B 3 psi tewre ™ lmS Mmﬂ,"
TEE Mt = -32 Eu-tA = 114 wS

Readings Derived. results

vO
fl

3'6 pS'\ t =

i
gU
W
o
\
N
0o

il
-
1\
o o Lans
T}
<
P
]
N
(V)

g'G"O'U
I,

t: = M P = ,"20
" E
= t= ot = Meart = 236
. ! 1 i )
p = t= Lt-= Pife=
P = t = { = Mt =
P = L= 0.0zmS 0= OTImS | Mmp =
p = L= orsms t =
t = Ot - |
; - ?
§ ST D+ HW .
L= - Scale - time: o.|ms/dw
) press: 2 psifdiv|’
P4= 140 psig  Bu/PR = 28 o
| Pateos = 29-88"Hg  spabien
Totmos = 58:5°F  a= 1116 fps
Ttee = 58-5 °F Q= e Fps

R.R. JonuNson 196



SHOCK = TURL Run no.| L 18
DR&VEI\; TURE.
Reodings Derived. results Scale
P, = 51 st M;g= 196 t'm;:”;.zms/d.iv
T, = 585°F | | press; 5 psi /div
Pp_\_z 17-O pst V"tv‘ = ke A/C&V,
| »__-_*__M.Pfﬁim.,-.___A-,,__ ) Pz/}’—? = 432 bress! | / div
Bows browe = Mpert =
TEE L Mit = (-85 ty-ta = 1-00oms
Readlings L Defwep{ results
R= 92ps|t" = B./p = 280

1]
\
o | o or
! 1]
=z
P
i

il
)

s . . : . |- GO
= j L= 3 t = M gart =

f#

it

=

~
9

]
<
5
I

v oo |0 |T|[T|TD|T
|
v

)
N = S N ool i o SR o
it
o e e~ e e
H |
RY
H]

L = |
e DF HW -
L = ' Scale 4 ‘tiME:O‘[wddlv
press: 2 psi/oiv
P4 = 200 psiq _ Pu/P = 402
| Potes = 29.88" Hg  gpapn,
Totmos = 58:5°F a=  yiic Pes
Ttee = 58-5°F Gt = 1116 {ps

R R, Jonnsont 1969
|



SHOCK TUBE

Run ne.|! L 19 f

DRIVEN TUBE :

Reoudinss | Deni@,g_ r&su‘l{.;s Scale

P, = 3.53 pst Mgp"—' 215 t,:r;; O-ZmS/dl‘Vv
T, = 585°F | press: & psi /div
Pﬂ :~ 15 pst ' tf = Eimne /CUV
Ba® ! Pe/pp - 524 . press: /div
bmr:' j foe™ | | Mp@v{' = |

TEE ,_ Mit = 2-10 Eu-ta = O-38mS
Readlings Derives resulfs

P = 40Cpsi L= t = Ez/% = 2.3)

]
0
-
Y
<
o~
1

-79

TV |
| "

{= t = : MF‘ = 406
_______ = 3 L= B l t = B M part = 0-33
p - t- ;
|
- P = t= t = iP«/P= .
P= L= ot Mt =
p = ts= 001 {g= o050 | Mp =
Pf L®= o5 t =
btz om  t-
L -
- D+ HtwW .
L= Heale time: O-!mS/dw
press: 2 psi/cliv
P‘q’: 2:_0_‘0 Ps"g__w._. P/*, /F}‘ - 575
| Potmos = 2988"Hg  seakien
- Totmes = 59°F = 1116 fes
Ttee = 59°F Q= (116 fps.

R.R. Jonnson 1969
|



SHOCK TUBE Run ne.| 120 |
ORIVEN TUBE :
Recw"ninss‘ ‘l Derived. resulls | Scale
P, ® 368 psi 1 Mip= 2-20 t ttm;“ozws/div
T, = 59°F press: 5 pai /Y
B p,\ 165 psi _ir = ' tvne / v
Ra™ B P/ = 546 press: /div
B..Z |t~ Mpart. =
TEE ‘ Mt = 215 ty-ta = ©0BEmS
Readlings Derivedd resulis
B 48 L= t = F:’»,/p‘ = 236
P = t= t = Mt = 1'76
P = b= t = Mp = 147
P- it L [Mean= 0B
p= t= b= é
p - t- P/p=
| P-= - t- Mkt =
P = k= 0o L= 0.5lms Mp =
P = L= 0_15|mS§ t. =
t = 077ms t =
b= _
| b
L= ~ Scale flme:o.lms/div
B pPress: 2 paifoiv
P4 = 200 psiqg PP = 55-2
| Potoes = 2988° Hy  spopien
_Totmos = 59°F &= 1116 fes
Ttee = 59 °F Qt = 111G fps

R.R. JonNson 1969
i



SHOCK  TUBEL. Nun ne. | L 21
DRIVEN TUBE :
Readings | Dervived results | Secale
P, = 2.2 psi Mip= 2 42 | tsm:.*:ﬂo-zms/d{v
T, = s9°F | press: 5psi /v
pA = 125 i "ff;r = | twme /d.iv
B~ . P/p "B ’ press! ‘./djv
Rurs frave = Mpor *
TEE L Mit = 243 (ty-ta= 070 ms
Readings _ Derivedl results
k= 38psi (t= t = B/p = 273
= t= L= Mt = 204
- L= i o= | Mp = 158
| P=ItE L= Mpaet = 1°98
p = t= e
p= t= i P /p-
P = £= t - Mt =
P = B f.s-‘- 0 0lms' 5= O 44mS Me =
p = f= O45as ¢ =
tzo g.emsg t = i
bt
} ) D FHW
) b= ‘ Scale time: o.)ms/div |
press: 2 psifoiv
P4 = 200 pst, s /P = qi-7
 Potmos = 29-88"Hg sy,
| Totmos = 59°F o= 1116 fes
Ttee = 99°F at= 1116 fps

R.R. JOHNSQN 1969
_ :




SHOCK TUBE. Run ne| L2z
DRIVEN TUBE :
Readings . Derwved resulls Scale
- ; AEH |
P, I 74 pst , M,fp: 243 time - O-lms/d""
T, = eo°F }; fress: 2 psi /div
B 10 psi _ tr = time /v
Ra™ Pe/p = 675 | press: /div
B Crore ™ | M part =
Reacktngs Derivest resulis
b= 2.5psilt= t = Ba/p = 244
p= t= L = Mt = 199
o= b= = Mp = 150
P = t= ot = B EM”"‘K‘& = 09
p = t= b= ,
p = t= t- P fes
P = t= ! { = Mt =
P = b oty O4Sms Me =
P - L= 04sms t =
t# o-e7ms§ t =
]
o= Scale time: o-jms/div
- 1
press: lpsc [cliv]
P4 = 200 psig P /P = 115-6
| Potmos = 29-60" Hg e Stakion
| Totmes = GO°F = 1117 fes
Ttee = GO°F Q= V17 (s

R.R. Jounsond 1969
|



SHOCK TURE Run ne. aT‘:‘?Eﬂ
DRIVEN TUBE :
Reoadings ) Derived. results Scale
i?; 11275 psi g}‘\/h;:?: 2-60 tw:z;l—: o.|m5/d.iv
T, = go°r press: 2 psi /div
Pﬁj G§-6 pst : tr = A L bime /Cz»f‘-’
Ba= ; Pa/;:} = 1775 | Press. /d,iv
I <. W — .
R | tee= Mpart 1-23
TEE Mit = 260 by-ta = O TIms
Readings Derivedd results
B 2pmi t- - R 2o
p= = £ = Mt = 2.8
P = b= { = Mp = 156
P = ‘;('."" o b = Mpo.rt = >I'OG
p t- -
P = t= Lt Pofp=
P= k= t- M =
P = te= 0 o= 0-4lms | Mp =
P = L, og4ims £t =
) t= 0c4ms t = i
L
% ! DY AW
i L= Scale timne: 0. wms/div
nress: |psi [ouv)
P4 = 200 psig P /P = 157
Patmos =  29-60" Hg Stakion ...
| Totmos = G0°F %= 1116 fes
Ttee = GO°F oy = 1116 fps

R.R. Jounsen



SHOCK TUBE Run no.| L2 |
y
DRIVEN TURE :
Reqaiings | Derived. resulls S:‘—G;fe-
P, * 0685 psi ; Mip=. 283 time O-Ims/div
T, = eo°F ' press: 2ps; /div
PA = 5.6 pst m_‘tr = ’ Eime /CZJV
R Pp Tawm pres [
p@”‘“ f Lo ™ Mp@,ﬁ;’
TEE _ Mit = 264 ty-ta= O 7oms
Readings Cerivedl results -
R hpeift® - Rk = 305
p = t= &= Mt = 230
P = = { = ‘Mp = 16eo
P - it: ot = _ %N\p&rﬁ = 114
Pt t-
P = I i= i=~ ?.P__l/P:
P= 1t- t - %-Mxt =
P = bt o (= 0:38ms M =
! - ;
P= b7 o3 t =

t =

T

O-5ims © =

t =

.
|

1=

Scale time: o.|ms/div

1 press: [pst foy
P4 = 200 psig /P = 294

| Potmes = 29°60°Hg  sebien

| Totmos = 60°F %= V1it7 fes
T tee = G6O°F Q= V17 fes.

=R..R. JouNnsond 1969



SHOCK TUBE. Run 'L 26

no. | _
ORIVEN TUBE :
Readings ) Derived results Scale
B, = 0433 pst M1p= 317 ’Ccmgiﬁoqms/d,iv
T, = co°F 4 press: 2 psy /div
Fa - 4-G psc f tr = | bwme /d:v
F%ﬁ_"_’ | pz/}? “11-6 ’ bress! /d.iv
Par” | tese= Mpart *
TEE . 1 Mit = 3-07 Eu-ta = O Goms
Readings Derivecdk results
B= 13ps |t= t = F?)z,/P' = 40
p= = L = Mt = 2zs¢
P= = t = Mp = |89
P = = b= *M part = 1-22
P = t= | L=
P = = t = ‘P L/ p=
P = = ] t = TNM‘. =
P = L= 0 .= 0-35ms ngP =
p = £ 0355 t =
t= 057ms| t =
o
¥ D¥ HW
b= B Scale : time: o jme/div
| press: | ps; foliv
P4 = 200 psiq /P = 46|
| Potenos = 29:60" Hg  siatien
Totmos = GO°F %= 1117 fes
Ttee = GO°F ag= 1117 fps

R.IR. JonnNsont 1969

1 Tee = o -

Ay, — —-

T 7V VO ¥FpsS - - I

R.R. Jornson 1969



SHOCK

TUBE

Run el ]
ORIVEN TUBE :
Readings | Derived results A%za.&e
P, = 1:51 pst Mm: 2:54 time o-zms/ds'v
T, ® ei°F ‘ press: 2 psi /v
pp. = Qepsi B tr = 1 time /CL!V
é_A—‘- Pe/p = 735 | oress: | /div
ey trowe = Mo = 1-221
TEE ; Mit = Ly-ta =
Readings Oerivedd resulis
, P= 3, |t= t = Bl = 248
h_ P=coepsi L= L = Mt = 198
}; B= Tpsi (L= ,Lt = | Mp = 1es
L L f t = Mpare = 095
P = ¢ = ; - e
P=  lt= o t- Pes
p = L= - Mt =
P = ts= 0-of>m‘53f (y= 045ms  Me =
o L= osoms t =
t,7 ovams t = |
- .
L = Scale time: g g/div
press: 2 psi/div
P4 = 200 psig. Pa /P = 133
| Poteos = 29817 Ha  stabien
| Tatmos = G1°F P 1118 fes
Ttee = OI°F Q= 1118 [ps

1969



SHOCK TUBEL Tun ne. | Lo
ORIVEN TUBE :
Readings . Derived. results Scale
B, = 1152 psi Mip= 259 time O 2pms /div
T, = o press:_ 2pet /4 fov
R * Pe/ n < 758 | press.  10psi, cav
Rl C tee” Moot = 1-23
TEE 5 Mt = ty-ta =
Readings Derived results
%-—- 30ps; t= t = P /P =
P= t= L= Mt = g,
F‘;: 15 psi t= % { = | Mp =
| P= s ot = g-i\ﬁ‘pﬂ&f{ = 093
P= te -
P = t= t- P /p=
P = t = b= Mt = »
P = t.= o |m§_»r_~tﬂ* O 46ms | Mp = R
N t.2o056ms, t =
tLzo70ms t =
i t = |
C + HW
~~~~~~ L = Scale time: . s/div
press: 5 psa'/d.iv '
P4 = Zorg‘vp_s_}g_m P/ = 132
_Patmes = 29:81"Hg s pdn
Totmes = @°F a7 1118 {es
Ttee = ©6I° Qg = 1118 fps
2.2, JToHnson

1969



SHOCK TUBL Fun ne. Ll 30
DRIVEN TUBE :
Readings Derived results Scale
b, = 5.G5 psi M;F.z '|-q5 tcmeA: o-zms/dw
T 7 eier | | press: 5 pgl /div
pA' = 185 psi , _f:r = ’ hm:: o-zms/d.;‘-/
RBa® - P/p = 42 press: 10 psi/Giv
ey trore = Mt 2 093
TEE ] Mit = bu-Ea =
Readings B Derived results
pb: 10 ps; £= Lt = sz/p' = 277
P= (8 ps L~ L = Mt = (66
P - t- ¢ - Mp = st
. P= t= } t = [ Mpan- 07
p = t= - -
p = t=t- Pa/p=
P = it | t = Mt =
P = Ls= _O~l2m5; lx®  O-54mS M =
p= L=ooems, £ =
tm094ms t =
- — |
£ =
oW :
L= Scale time: o imSdiv
| press: 2psd/civ
P4 = 200 psq B /P = 364

| Potmos =

Totmes = G1°F

GI\°F

Ttee =

2988" Hg  siabion

*= 1118 fps

1118 fps

Q=

R.R. JoHnsen 1969



SHOCK TUBE Run ne| Lol |
ODRIVEN TURE :
Readings Derived results Scale
P, = 5.5 psc ' M;p'-'-'- 2.0\ tcmaA: o-5m3/ci{v
T = ei°r i press: 5 psi /divv
BT ozomsi e = e o5/
Ba™ | Pe/p " 454 press:  10pu/ 9
Rers } b = Mpar = 0-97
TEE L Mt = Lhy-Ea =
Readirgs ~ Cerived results
P= q,. |t= t = FD’?./R = 2-59
 R= 23p (L= £ = Mt = 1ee
P= I t= 't = ] Mp = (54
P = = t- | { = IMpm—t = O74
P = L= __“_; i = )P Jp=
P- | t= ¢ - Mt =
P = Lg= Otms k (= 054 ms * Mwe =
t,7 0q.s t =
= o
b= Scale time: g.|,.s/div
press. §psifdiv
P4 = 200 psig /P = 364
L.___F.).Ot?"'f’s = A ~88 _” Ha  Stotien e
Totmes = G1°F &= 118 fis
Ttee = bI°F Qg = 1118 fps

K. .R. Jounsont 1669



SHOCK TUBE Run ne.| L 32
DRIVEN TUBE
Readings Derived. resulits Scale
o P.= S5ceupsi | Mip= 20 t'mg*'-g 0-2ms/div
T, = e¥°F | - pres: Spsi [div
P ® 20pst , tr T ’ time /v
Ra™ i Pe/p = 454 | press! /div
B  tewT Mpart = 0-96
TEE o Mt = ty-ta =
Readtngs Deriveol results
Fzz 12 os, t= L = EZ'L/’Pl = 343
p= t= §t= Mt = o
P = (- t o= Mp = e
P=_ 1t st = Mepart =074
P = t= t-
p= t= t- P /p=
P = t= ot - Mt =
P = ty= o-ozms;i (.= 0-54ms | M =
p = t=058ms t = |
- L7 078 ""5 t =
S
s
L= Scale + time:01mS/div
press: Spsi [dav

P4 =

.«.2.0_0 Ps;S—_. FB'+ /R -

364

| Potoes = 24:9" He  seabien

| Totmos = 63°F o= 9 fes
Ttee = G3°F Qt = 1119 fps .

R.R. Jonnson 1969



SHOCK TUBE Run ne.| L33
DRIVEN TUBE :
-Reoadingsm Deriv;a@ resuits Scale
TRy Pst Mip= 1725 t';w:;‘- 0-5 ms /div
T, = ¢3°F ! Por/, = 0.0 oress: 10 psi [div
Pﬁ”: 34 psc j_;r = 33 msS_ Evme /d«!
| Ra* 4lpst | Pe/p "33 _press; /i
Roe  Spst ,l bee™  20ms | Mun® o7s
TEE Mit = 5tu't“« = ]
21 eo..cix'ngs Derivesd results |
R= 20ps |t= t = B/p = 236
o= t= it Mt = 42
P = - L= Mp = a9 |
- P = t= b= . Mpart = 053] &
P = L= - |
p= | t= t- Pofe=
p = t= ot - Mt =
P = tg= O’l?MS; [ = 063 ms | Me =
p= L7 075ms L =
{2 oagns t = |
L=
L = Scale time: o.|mgdiv
press. 5 psifciv
P4 = 200 pst Pa /P = 14c
| Potmos = 299"Hg  staten . _
Totmos = 63°¢ %= 111G fes.
Ttee = 63°F Qt = g ?Ps

R.R. JoHnson 1969



SHOCK TUBE Rur no | L3a]
DRIVEN TUBE :
Readings Derived. results Scale
Po= 147psi | Mip= 166G hr:eta O 5ms/div
VT 63°F Pa /b, = 0413 Press! |0 psi /G
Fa ™ 30 psi Ir ¥ 35,5 | bimc cliv
 RaT 4l esi - P/p 7 3.04 press; /div
p,m:" G pst froe ™ {-5msS Mpa,rt. > 074
TEE Mt - by ta =
Readings Derivesl resulis
F;“‘" 20-5ps |t = t o= P"?/P, = 239
P= t= t = Mt = 145
P = t = L= Mp = 148
P - = le= j?mm - 056
P = it= b=
P = t= - P /e=
p=  t- ot - Mt =
P = b 0 12ms. la™ O'GZMS! Mip =
P = | L= ‘Oﬂ‘v74-m5;‘lmt =
t = =
£ =
I
b= Scale time: G jpmg/div
prcssi 5 p;[/oti\'
P4 = 14-5 psig P /Fﬁ 10-9
MP_O&E‘?S =29 .q” Hg . Stabtion S
Totmos = 63°F %= 1118 s
Ttee =  ©3°F Qg = 1118 fes

R.R. Jounson 1969



SHOCK TUBE

o T —
U ne, L35_!

DRIVEN  TUBE :

F?ead_i!f}si_m | Derived results B Scale

P = 147 psi Mip= 175 tme © . Sms/div

'i', T @3°F vac/R: 0-08 press,: |Op5i./d“£v

PA® 35 o | tr = | e [
| Rat | Ple 7 sm | pres [

vore. 4 psi ; fee = 2.:0mS | Mert * 0-.80

TEE z - Mt = [ Ly-ta = |
Readings Derivedl results
P= 20psi L= = Bo/p = 236

M
MP =

1-4.5

it

i
-n‘.
\
e - =
1]

it

i

1-47

"
o~ |
!

i Mpart = 0:56

= t= { = ;;Mrt

i

!

e ]
{

!

\
e
1y

v Dl | (Tl |TI|T
[
oy
[}
g | T

= b= 0uzmsi 1 T 0-c2ms | Mip =
_____ c  tFomes €=
t = 096w (=
b= |
- f DF AW .
L o= Scale v time: o-|ms/dw
press: &§pg/div
Pa4= 200 s  PBu/P = 109

| Potees = 299" Heg g

Totmos = G3°F 9= 19 fes

Ttee = G3°F Qg = 119 fes-

R.R. JonnsoN 1669



SHOCK

TUBE. Run no.| 136 |
DRIVEN TUBE :
Reo.ciing;sm . Derived results Scale
P = |4.'74_p5i, M;p‘: 175 tcmeé o-5ms/div
T, = 63°F | P'“"/\Oﬁ 0-06 press: 10 psi /div
Fa® 35 psi ‘ tr = x bime. : 0 -5ms /v
R P/p 7 339 | press. 20 psi/div
RoZ  Bpst J {rere ™ 2msS M;w,rc * 0-80
TEE L Mit = Thy-ts =
Readings Derivecdd results
P= 20psi|t*= { = %g/;D‘: 236
p= t= b= Mt = 1as
P = (= { = Mp = g7
p- |t = M- 056
p = t= = |
P = t= - ;P‘./p-"- N
P = t= t= Mt = |
P = b= 0-1ims (o= 0-62ms ! Mp =
p = t,= o-73ms§ t =
t,; 1-04..-“5% t =
7 - | D+ BW
L = Scale time: o 2mg/div
press: 5psi [y
P4 = 200 psi P /P = 10-9
| Potmos = 299" Ha  spaten
| Tatmos = e3°F  %F 1119 fes
T tee = 3°F Q= 1119 fes

R.R. JoHuNsonN

1969



SHOCK

TUBE

it

Run ne. _,,_E‘,_.‘?_Z,j
DRIVEN TURE :
Reo.dinss | Derived results Scale
P. = 147 psc M‘E- 64 i‘tmg‘. o-Sms/div
T, 7 e3°F ; p"*_"/p = 015 press: 5 o5, /div
Py ™ 29 psc Z «‘{‘ﬂr = 3:35mS ! Hime /CLN
Rl | R/p " 248 | press: /div
P @3 psi toe™ 1125 mS | Meart = 072
TEE . Mt = by-ta = -‘
Readlings Deriveol results
Fi)"' 15 psi = t = r%’/P' = 2-02
= = ii‘, = Mt = 140
[ =

1-37

i
o [ e
W

’\AP =

Mpart =05

i i

= Et:,_:" { = (P l/p:
= t= t = My =

T (O |00 T/ T D

= b= oilzms! (= O'bL\’MSE Mp =
= t,® oTems t =
L = |
- T TFHRW _
L = Scale fsme:o.z,,,s/dw
press: § ps\/d.i\f
P4 = 130 psi__ P /P = 8 85

Potros =

299" Hg

o _Station. ...

Motrmos =

e3°F %= 119 fes
Ttee = 63°F Qg = 119 fps

R..R. Jonnsond

1969



SHOCK

TUBE

Run o,

"L 38

DRIVEN TUEE :
Rclad.inssﬂm ; Deriyg_c_ﬁ;{gqi{s Scale
P, = 14'7wpsi. M;p: 1:57 ~ time - 05 ms /Oiv
T, = eaor Pemjpe gq | pres: 5esi [div
Pz 25psi | tr T cems | twme: [
| Ra® Pe/p = 270 | pres: /o
B> 75 psi Lrewe ™ '5ms | Mot * 0.66
TEE L - Mt = [by-ta = |
Readings Derived results
R= 165 psi L= t = F"sz/p' = 212
= t= t = Mt = 132
= t= { = ;MP = 140
P = L= t = impm = 043
P-  te -
p = t= t = fﬁ_a/w
. P= k= : t = | M =
P = | L= O'I'st‘;. [ 0-68msS Mp =
o= | L= osoms t -
= l.oamsf t =
L = '
| B L = Scale  time:o2ms/div

press: 5 psi folv

P4 =

120 psiq

ot sr e e o

Patmos =

/P

816

299" Hg

Totmes = 63°F = 1119 fes
Ttee = 63°F Qt= 19 fes

_Stotion

R.R. Jonnson 1969



SHOCK TURE

o .
Nun no.

L 39

DRIVEN TURBE :

Readmgs

. Derived. results Scale
] A+E
B = 147 psi | Mip® 144 time © 05 ms/div
T, = G3°F bm“/pﬁ = 0:30 press: § psi Jdiv
B, = 185 pst b = bime. /v
 Ra= | pz/'}:‘; =226 ‘ bress; / div
Ro  10pst | fee= 1'25mS | Mn: 055
TEE ; Mgt = 3tu‘tA =
Readings Deriveol results
l%"‘ 125 pst £ = it = i?)?./p' = .85
p = {= t = Mt = 115
P = t= { = | MP = -3l
P = Lt= ot o= ';Mpw-t = 022
P = t= ’ b= |
P=_ {= T = F‘ 1-/F>~""
P = t= L= Mt =
P = | b= 0.12ms! (s 078 ms Mp =
P = t= 0doms t -
t= \~lems§ t =
. ,
T D+ HW
L = Scale . time: o2mg/div]
pPress: 5 s [y
P4 = 90 psi P /P = 612
Potmos = 299" Hg siabién
Totmos = 63°F 2= an9 fes
Ttee = G3°F Q¢ = 1119 fps

R.R. JornsoN 1969



SHOCK

i
t

3]

t.‘.ﬁ O'75MS§ l{, =

TUBE Run no.y L 40

DRIVEN TUBE :
Readings Derived results Scale
P = 1445 psi M*‘F’_: 1165 t:mgtﬂo.z_ms /ds’v
T, 55 °F press: 10 psi /div
PA ® 29 st tr = I obme /div
Ra= P/p = 3.0 | press; [ div
-y Crore ™ M\W"; 0-73

TEE Mit = 69 |tu-ta= 1.0Bms

Readings Cerived results

%-.—_ 15 psi t= t = 5%4/39‘ = z2-04
p= L= t = Mt = 141
P= (= 't = Mp = a8
P = L= t = Mepart = 052
P = | t= B ; t = |

e t- t- P/
P = b= ot Mk =

P = L ty= o-nzmsft (= 0 63 msé Me =

i
Lt =
, =
{

i
-

o=
»
' O+ HW )
L= . Scale time: o.\ms'ldw )
press. 5 psifouv
P4 = 200 psia /P = 13-8

| Totmos = 65-

Ttee =

Potmos = . 29:67" Hg

___ Station

124 fes

1124 fps .

R..1R. JoHnsond

1969




SHOCK TUBE

RUA"- N

L 41

DRIVEN TUBE -

Readings . Derived. results Scale
B : A+H )
P, = 1155 pst * Mapz 1-82 time - 0'2mS /ci;v _

- |
T, T ¢55°F

press; lo psi /v

»0
1
0+
.
i

31 pst

Ewnc. : /v
R _FE/FE = 369 | press: | /v
Rors j brore ™ Mear. * 085
TEE 1 Mig = 180 Ity-ta = 1-0ZmS
Read,!.hg?s Derivedl results

Ff)f’ 15 pst = t = %7,/‘*:? = 230

p= t= b= Mt = 148

P = = { = Mp = .45

o P= b7 . t= M park = 059
= = ‘ t = IP I/Pz ]

t
v
§

7]
|
o
N

3
wn

o
4

]

1

T |TiT |0 T
1]

i

i
= :
i

Lt}
W U
0
3
N
3
h
-
i

¢ AW
L= Scale timne: 0.ms/div
press: Sps [ouv
P4 = 200 psig /R = 18-3
| Potmos = 24783 "Hg  seotien
 Totmoes = €55°F  %F 1124 fes
Ttee = 655°F Qg = 124 fes

R.R. Jounson 1969



SHOCK TUBE

Run  ne.

L 42

| bRaVEN TUBE :
Readings . Derived results Scale |
F’f 1048 psi L Mﬁ;z: 1-86 h?n-::*:*o.zms/d{v
T, = ¢5.5° 1 press: 10 pai /v
PA 30 pst L _?.'f = ‘L bic ./C‘»;V
_____m,mf){'ﬁi_ ‘ B P/ p = 386  bress! / dav
Bors | tee= Mpa 2 088
TEE ; Mie = 1-84 },LH“tA = 1-00mS
Readlings Deriveol vesults
PD: 125 pst t : ! t = E?”-‘/P‘ = 219
} P = t= £ = Mt = 1-53
P= L= 't o= ;MP = 143
P= = b= gMp@rﬁ = 063
P - S
P = L= t- P /p=
p = b= Tt - Mk =
p - L - - M =
p = L= 0_-I2mS; t.= 058 ms
=0 -7oms§ t =
T
,..- O+ "W
1= - Seale time: o lmdiv
press. psu/cuv
P4 2oo psig_ P /P, = 20
| Potmos = 2273" Hg Stotier. ...
| Totmos = 55°F = 1124 fes
Ttee = CS'S°F Q= 1124 {ps

R.R. Jornson

LY



SHOCK

TUBL

P\un n.o.g— L43,j

ot s e 7 oaa

DRIVEN TUBE :
Readings | Derivegﬁ. results Scale
P, = 1055 psi | Mip= -85 h:n:: 0.2 ms/div
T, = esser | PSSt 10 pal [div
‘_FA = 30 psi M’?{r = ‘ bunc / clv
R Y P T 384 | press; /div
R brewe ™ Mport = 0 87
TEE 1 M,g— = -84 [ty-ts = 1Looms
Readings Derivedd results
F’D“" 14 pst £ = t = Ez/‘e = 2-32
p= L= t = Mt = ;.53
B = t = t = Mp = 146 |
. P- { L= ot = Mpark = 063
P = L= i t = |
P = fte - Pofps
; i
p = £ = ot - Mt =
P = P b= o.:zmsi .= 0-58 mS | M =
p = [, OTomS; t =
t = t-= |
£ =
D+ HW
L= Scale time: O~Im$/d;v
press: 5 PS“—/OLQ\-‘ '
P4 = 200 psig P /P = 20
FE.Q§3T°5 = 29-713" Hq .. Stokion e
| Totmos = 65°5°F o= 122 fes
Ttee = 65-5°YF Qs = 1122 fps

R..R. Jounson

1969



SHOCK TUBE Run ne. | Lad |
DRIVEN TUBE :
Readings . Derived. resulis Scale
P, = 9.45 pst | Mgp"‘ (-89 ‘f‘lme : O-Z.MS/d.iv |
T, = 55%F press: 5 psi /div
By ® 285 pst m‘tr = b /Cuv
- Ra= Pe/p = 4-02 | Press. / div
Pmcs frore = Mmﬂ,:‘ 090
TEE IL M = 1+-89 ty-tAn = 097 mS
Readings Derivecdt results
PD"" 13 pst £= { = sz/F’) = 2-38
p= t= t = Mt = 19
P = (= { = Mp = 149
P= L= ot = B Mpart = 068
P = = | L= ;
P = t= t = PJ /p=
p = L = - Mkt =
P = =012 mS f (= 056¢mS! Mp =
P = t,=oeBms t =
B .= 094 mS t =
s ;
W
L = _5caw time: O ImScdiv
press. 5psifdiv
P4~ 200 psiq  Pa/P = 22
| Pateos = 2973"Hg  seabien. .
Totmes = €55°F o 124 fps
Ttee = 655°F Qp = 1124 {ps

R .1R. JouNsen

1360,



SHOCK TUBL

Run ne | L 45
DRIVEN TUBE :
Reodings Derived resulis Scale
P, = 7.6 pst Mgpz -43 t:mg*:uo-znns/ci{v_
T, = 55°F | | press: Spsi /[div
p,\ = 24 pst | '!:r = ‘ Fime / clav
Ra™ Pe/p = 416  press: /div
me 3 frove ™ M’P&ﬂ = 093
TEE o Mg = 195 )L;,—tpi = 094 ms
Readtngs Derived results
R= 1lps. = o= E’n/g? = 245
= = b= Mt = 1-¢c2
P = = ;t = iMP = {50
P= = t = Mp&,{ = 07
p = t= - .
T ;
P=__ |t - Po/es
P = ¢ - Mt =
P = Lg= 042Zms (.= 055 mS | M =
P=  troems t=
| t = t- |
L=
- i : O+ W
B : L= ' Scale time: o.|m5r/dx"v
press: 5 psi/ouv
P4 = 200 psig /P = 27-2
| Poteos = 29737 Hg o Skokten
Totmos = C55°F %= 124 fps
Ttee; = Qg = 24 s

R.R. JonnsoN 1969



OHOCK  TUBE

Ruh_ r\,@_‘1 II.46 !

ORIVEN TUBRE :
.Reo,d.ings Derived. resuits Scale ,
P, = G pst Mip= 1-95 tcrgg_: O-lms /div
T, = 655°F: oress: 5 psi Jdiv
B 20 pst tr = time /d;v
’?'Az | ; Pz/F,’ = 428 press: /d-l'V‘
Rt frove = Mpart = 094
TEE Mit = 196 Lyu-ta = 093 ms
Readlings Derived results
R= dps |t° it = Be/p = 247
p= = t = Mt = 71
P = = t = Mp = 5]
P = {= t = Mpart = OT7
P = 1= ; t = | |
P = t= t = ‘P /p=
p = £ = t - Mt =
P = L™ 012ms | lg™ 052ms | M =
p = £ ochms| t =
ts o-qomsf t =
b=
: ~p5AN
L = ] Scale - . time: o ImS/div
press: Spstfdiv
P4 = 200 psig /P = 338
Poteros = 2973"Hg spatiom.
Totmes = €375 °F *E N124 fes
Ttee = 65°F at= 124 .Fps

|

R.R. JoHNsonN 1869 ;




SHOCK TUBE

"'n_o_i L 49_j

2 ety e g

ORIVEN TUBE

Readings Derived. results Scale

P, = 252 pst ;MEP: 2.2 ‘ca:ne: O \ems /div
T, & 655°F | press: § e /’div_ .
By = 11’5 pst tr = bime. /Cliv

 Ra: P 555 press; /div
Bort | b= Mport *
TEE

2-26 ? LH'EA = 0-8f mS

7
i

Deriveol results
PD - 4_ Ps\_ = t = Pﬁ:/ﬁ - z.sq
p = = ) t = M& = 185
~ p = i = _‘i t =3 f Mmﬂ: 0.87
| |
P = L= b= !
1 1
P = t= L= M =
S E !
P = b= ocomS T 04Bms | Mp =
P = <= 056w\5é t =

[
i

Scale ' time: olmFdiv

D4+ KW

press: 2 ps. [

P4 =

200 psig

b e e

Patres =

Pe /P, =

80-4

| Totmes = 655 °F

. 29.73" He

o Stokion

St 2T 1124 {ps
Ttee = 655°F ag= 1124 fps.

R.R. JonnsonN 1969



SHOCK  TUBE

[

Rumn  ne. L 50

DRIVEN TUBE :

Reo,dings

, Derived results

Scale

P, = 168 pst ’ MKP: 2-47

time © 0-lms /div

T, = ¢55°F

i

poress. 2 ps; /dJV

PA = 10 psi , K‘ﬁ;r = e /dJV
% ERrNrer
Mrore : frore ™ ‘Mmﬂ’" 118
Readings Derivedl results

B 0t g - o
p= = ) £ = Mg = 2oz
P = b= t = 'Mp = 159
P= L= b= ifMpmr’C = 0%
p - L= e-
p = t= - Pa/e=
p = b= - Mt =
P = L= o-loms§ (= 044 mS Me =
Pz = 054 t = _

L7 o-7éms§ t =

. -
L o= Scale time: o.\ms"div‘
' press. 2 PSYoiiv
P4 - 200psig  Fa/P = 120
| Potwos = 2973"HMe  seatien
| Totmos = 655 °F = 1124 fps
Ttee = 655°F Qg = 1124 fps

R.R. JonnsoN 1969



SHOCK TUBE

Run no.

L 51 |

DRIVEN TURE :

Readinss

. Derived. results

P2 Vv2psi | Mip=

1- 89

Scale

A+n o
- time - O-1rs /aiv

05'5°F

press; 2 psi /div

i

tr =

3 -G psu

/div

timec

P/ = 40

/div

press,)

v 5

1-85

§ Mw"‘ 0-89
f

} LH‘tA = 099 mS

Readlings

Derivedd results

MPD“" 2 pst t_:._:

%z/P‘ = 267

Mt

H

1-53

156

Mpart = 03

058nms t =

P=__ = t-= M o=
- = k= o (=058 ms | Mp =

ot = -t =
b=
T T - - T ] . o D+ W .
) L= Scale time: s, jmddiv
| press: 2 ps; [y

P4 140 psig Fa/P =

18

- Potmos =

2967 " Hg

Totrmas

P

cs-5°¢F &=

Ttee = ¢5-5°F Q=

b

. Station

124 fes

e e o e e

1124 {ps

KR.R. Jounson 969 -



SHOCK TUBEL

Rum  ne.

DRIVEN TUBE :
: Readiﬂgs | {)erivaci resulis Scale
Ro= 117 psi | Mipz 2 62 "EameA‘.”;)-ims/d{v
T, = 655°F ' | Press: 5 ps; Jdiv
Pa ™ 8-0 psi , w'?;f = | bime /v
Ra™ f Pefp = 785 bress; [div
va? ,[ freve = MWL:' 1-23
Readtings B Derivedl results
"F‘),z 28 psi |V t = R”-/P' = 339
P = = E ] Mt = 207
P = = t = Mp = 175
P = L= ot = iJ\/’{;,:M”=_ 100
P = L= e
p = t= b= LVA
p = £ = t - M =
P = L= O'O3m5§ (s 043 mS Mg =
p = {.= 04Cms, t =
t = - |
L - |
. S
L= | Scale time: o tms/div
| press: 2ps; [y
P4~ 200 psig Po/P = 1
| Potmos = 29°61° M3 spabien
Tatmos = G95°F %= 24 fps
Ttee = ©55°F at = 124 fps

R.R. JoHnsen

1969
i



JHOCK

e

TUBE. Run ne. Lsaj
DRIVEN TUBE :
Readings Derived. results Scale
P, = 0712 psi M;E? 2-86 ’Cnm:f O lms /div
T, = 55°F press; 2 ps; /div
P = 6pst. tr = Fime /v
P Ple " a | e Jo
R,,= e = Mmﬂ" 1-32
TEE . Mit = 286 [ty -t = 004mS
Readings Derivedl results |
P= 2psi |t= t = Rdp = 380
= = t = Mt = 233
= - t = ‘Mp = 185
o P= b ot = M= 113
P = L= ~_§i= %PI/P:
P=  1t= ot - Mt =
P = ts= o ' {,= 030 msS | Me =
P = i:,=o-3ams§ t =
t = ¢
L -
| oW
[ L= Scale time: o.msichv
press: 2, psifolv
P4 = 200 psig /P = 28|
_ Patones 29-67 "Hy seokien .
| Totmes = @85°F = V124 fes
Ttee = ©55°F Q= 1124 {ps.

R..R. JonnNson 1969



p—

SHOCK TUBEt Run ne.| L 5:!
DRIVEN TUBE :
Rﬁ@diﬂg__s ‘r Derived. results Scale |
P, = 0609 psi ' M;p"" 289 t‘mek'- o-tms /div
T G2-5°F E | press: zpsi Jdiv
PA = 52 psi , tr = bine. /div
- R Y R 7956 | fress; /div}
R e E frare ™ Mpa,rt.; 33
TEE 1 Mit = by-ta =
Readings Derivedd resulfs
RB= 2 ps (b= t = Pm/plr- 429
p= t= E o= Mt = 22
P = t= L= Mp = 19e
T t= Meee vo7
P= it -
p = = t- P /e
P = = t = , Mt =
P = b= 005ms| lg= O40 mS ? Mp =
| P=  hroutes t -
t = t-
D+ W
L= Scale tim2:0-1ms [div
press: 2psi /v
P‘*% 200 ps9 P/ = 326
| Potones = 2970" W9 spatien
| Totmos = 625°F %= 1120 fps
Ttee = 625°F Qg = 1120 fps
. IR. JonnsoN 1969



B

SHOCK TUBE Rur ne.| 155 |
DRIVEN TUBE :
Readings Derived. results Scale
P, = 0795 psi Mip:’ 3.00 ’L‘nme_A: O'\mS/d".V
T, = ezs°F | press: 2 psi Jdiv
Pa® T4 epst ‘;:;_:f = binc /d,!v
N Pe/p = 103 fpress; /div
Crore Lo = Mp&rc:' 1'36
TEE L Mt = by-Ea =
R’eads‘-nqs Deﬁ_ved results |
P= 2pi |b= t = Be/p = 352
P= = t = Mt = 216
F} = = L= | MP. = 78
P = _ = bt o= ;Mp&.‘l"t = 1-05
S T
P = t= t- P /p=
P = t= ot - -g_jy&t =
P = .= o.o4.ms§ (= O0-4lms | Mp =
Fi’ L= o~4.5ms§ t =
-
; D+ HW
o= "Sceale time: o lmdiv
| press: 2 pst v
P4 = 200 psig 4 /P = 253
| Potvos = 2970 " Mg stafien
Totmes = 62°°F %E 1120 fes
T tee = 625°F Q= 1120 f{ps

R.R. JounsoN 1969



SHOCK TUBL Run ne ! L 56 |
DRIYEN TUBE :
Readings Derived. resulis Scale
P, = 0915 pst Mip= 278 fime - O-1mS Jdiv
T, ® 625°F press: 2 psi /div
B, = 72 psi | ‘_;Jtr = time, /d,iv
Ra® Pz/y:} = 8086 Press! '/oﬁv
Ly | Crowe = Mp&ﬂ-; I-29
TEE L Mig = by-ta = B
F\’ca.d,t.nqs Derivesl resulis
E’ = 22psiil= =

Ry = 3.3q

Mt

P = 21|
P = = = Mp = |75
‘p=~ ...... = (t - g‘MpQ;ﬁz "02.
p = { = _i =
P= ot P./p= |
P = = ot M =
L=
P = Ls= 0-04psi L = Mp =
P = [,= 04Gms t =
t = O.GqMS‘ t =
oL
L —
D+ W )
b= Scale time: O-lmS/d\V
press: Z psi foiv
P4 = 200 psig____Pu/F = 220
| Potees = 29707 He  seavien
Totmes = 62:5°F G 1120 fes
T tee 625°F Qr = 1120 fps

K., Jounson

1969,



SHOCK

~
-
®
i

RW“ ne, r L5’7l
207 ]
DRIVEN TUBE :
Re@dings Derived. resulls Scale
P, = 0795 pst pr: 3.00 tzma? O oS /‘:i{v
T, & 625°F | ress: 2psi /div
PA = 14 pst , _jr;_r; = Fime /C’dv
Ba= Fe/p ~ 103 oress! /div
NMrore Trre ™ MM‘*‘; -3¢
TEE : Mit = ‘LH-EA=
Read.t‘ngs Cerivedl results
P= 2ps (L= (= Ra/p = 352
P = t= t = M{; = 2-2
= t= L= Mp = 118
p": = ! t = }Mm"‘t = |07
P= |t= b
P= t= - P /p=
P = gt { = Mt =
P = | Ls= o-oq.msg t,= 040 Mep =
p- L= o4qmd t =
£ = 0G7ms t =
b=
; STRW
L= Scale time: otms/div
press: 2 psifdiv
P4 = 200 psyg P /e = 253
| Potmes = 2970 Hg g p0n
Totmos = G23°F %= 1120 fes
Ttee = 625°F at= 1120 fps

R.R. JoHnsont

1969



SHOCK TUBE Run n@m
DRIVEN TUBE :
cadings . Derved results Scale
P, = 1635 psi Mgp= 2-50 time '.A o-lms/d.{v
T, = c25°F | press; 2psi /div
_PA IOps: '" tr = bime. ‘. v |
F}A" _________ i Pa/"sf-? = 713 ‘ bress! /dJV
Ra | o= M ® 120
TEE 1 Mit = f@tn—tA =
Read.ings Deriveol results
R= 24psi|L= t = Rab = 247
P= = = Mt = (97
P= t= t=— Mp = s
P= 1t } t = EMWV 0-94
p = = b= §
P = pte t- P /p=
P = L= { = Vit =
P = [ = 0-03mS | {,= 045 mS ’ Mp =
p= | t=048ms t = ]
t= 072 ms t = ;
o ;
I |
L= Scale time: 0ums/div
press: 2 psi /oy
P4 = 200 psig /P = 123
[ Poteos = 2970" Hg seabien
Totmes = ©25°F &= 2o fps
Ttee = 623°F Qg = 1120 fps

R.R. JonnsoN. 1969



SHOCK

. a——

T UBE

-

L59 |

Run

no,

DRIVEN TUBE :
Readings . Derived results Scale
P, = 462 psi i Mip= 217 ‘amg_: O\mS /div
- T, = ¢25°F , press: 5 psi /d«f‘v'
BT 2opsi e = bime. /div
Ba® | P/p 534 pres  [div
R , toe™ Mm’“ I-05
TEE L Mt = ty-ta =
Readings Derived results
R s - /e = 208
P = = ‘t' = Mt = 77
P = = o= ‘Mp = 39
P-  t= t o= Mpart = 082
P=  t- b=
P = t= L= P /= _
P= | t= { = Mt =
P = L= o~|oms:I = 050msS | My =
P

Iu

L= Scale time: 0 ImS/dv
press: 5 ps fauv
P4 = 220 psig B /P = 40 4
| Potmos = 2970 " H . Stakien
| Totmos = ©25°F &= 1120 fps
Ttee = 625°F Qg = 1120 fps .

R..R. Jonunson

1969



SHOCK TUBE. Rur nel Leo |
DRIVEN TURBE
Reodings . Derived results Scale
P, = 94 psi L Mip=  ta f'meﬁAO-st div
T, = ¢2-5°F ress: 5 psu /div
p,\ = 29 psu ; "t!r = Ewhe /d,w
»}%ﬁ_ ] i Pz/';a ~ 4-08 press. /d.iv
Ror trose = Mpsrt = 0-91
TEE Mit = by-Ea =
R’ca&il’ngs Derivesl results
= 126ps L= t = Pw/pl = 2.33
P = i= P = Mt = rel
P = L= L= Mp = 14c
P= = ! t = ZMpm”t = 079
P = (- t-
P = t= ‘ t = iPWI/P': N
P = L L= ot - Mt =
P = Ly = O'lZmS; (o= ©0-55 M =
o = trf-‘- 0-6ImS, =
t.z 09zms { = !L
t = .
.
L= Scale time: o-|m$/d{v'
press: 5 ps./ouv
P4~ 230 psig  Pu/P = 254
| Potenes = 2970 ’ HS o Stakiove .
| Totmos = 625°F %= 1120 fps
Ttee = 62:5°F Qg = 1120 fps

R.R. JoHnson 1669



SHOCK TUBRE Run n,c-,‘ | L6
ORIVEN TUBE :
Readings Derived results Scale
P = l4"5,4' pst M5P= 1-78 -i‘tm‘:’_: o5 ms/d.{v
T, e25°F | Pm«/pf 0-06 ovess: (O psi /d.iv»
F’A = 37 pst _..‘.;tf = 3-4mS bime / s
____”wa’iﬁf : pz/'}"»‘,’ “ 355 ovess / dav
R, 3esi freve ™ 25 mS | Mpe* 082
TEE { Mt = iby-Ea =
Readlings Devivedl results
F;-.—. 17 psi t= L = PD”/R - 27

it
\f

= Mt = 14

\!

Faia [ ol o
1

[ sunad cre

, = MP = 1'42
= L = B t = ;PAW"{ =- 05'2.

5 |0/ |G |T | T|T|T
i
¥
i1
re

L s
= t:“ Kt“;_ ;P___‘/P-—
= t= b= Mt =
= Ls= 012 ms (4= 0.63mS Me =
= t.=015ms t =
LF - y
L= |
DWW )
L= Scole . time:o1ms/div
PrES:S‘. 5 psi‘,[dz.i\’
P4 200 psig P /P = 148
WEO‘S?”"_S = 2970 ”* He  Stobiom
Totmos = 625°F %= 1120 fes
Ttee = 62'5°F Qg = 1120 fps

R.R. JounsoN 1669



SHOCK

TUBE un  no. L 62__}
DRIVEN TUBE :
Readings Derived. results Scale
P, 913 psi Mii@: |-81 ttme‘: o-zmyd{v
T, 62:5 °F press! 1o psi JdiV
PA = 24 psi , tr = | I Fime : /Ci;v
Ba”® ; Pz/ii} A “I"’ 363 | bress; /div
B | tee= Mpart = 0-84
TEE _ Mt = [by-ty =
Readlings Derived results
R= 4o0psi|t= t = P/P”"
P = = t = Me = 58
P= = { = Mp =
P = - ot = Mpart = 067
P = = j P o=
P = = ’ t = P i / p=
P B = t = Mkt =
p - b= 010ms n= 05ems | Mp =
p = L= oGems t = |
t = Ct-
b
nw
L= Scale time: o lms/div |
press: jo ps/auv
P4 = 200 psig /P = 229
| Pateos = 2976" Mg spearien
Totmos = 628°F &= 1120 fps
Ttee = 025°F Q= 1120 fps

R..1R. JornNson 1369



SHOCK TUBE Run ne.| 1es]
ORIVEN TUBE : ~
Rao.d‘inss ] Derived results Scale
i A
b, = |55 psi i M§p~ 240 time . O \ms /div
T, = oz5°F press; 2ps /div
pP\ = 86 psi j:r = Evne / iy
Ba Fa/p = €55 | press: /div
R.= frewe ™ Mp@,ﬂ = 1o
TEE ‘ Mit = Ly-ta =
Readings Derived results
E=l6'5psi = t = P/P"
p = t= L = Mt = ias
P = = L= Mp =
P I TS
p = t= -
p - t = - Po/e=
P = b=t M =
P = L= 0-07ms l,= ©0-46ms Me =
p = t = 053ms t = ]
= 015 mS t =
b = |
: CVHW
L= Scale time: o ns/div
press: 5 psi/duv
P4 = 200 psig P4 /P = 130
_io;t_’?i"f‘ = 2976" Hg  seakien
Totmes = G25°F %= _ 1120 fes
Ttee = 625°F Q= 1120 fps

R.R. Jounson 1969



SHOCK TUBE Run no.| L 64
ODRIVEN  TUBE :
Reo.ci.ings«_; 3 Deriw;:;_ﬁ. resulls Scale
! Arc
Rt uss e Mipm 231 | g /o
T, = &25°F press; o o Jdiv
Py 84 ps | Tt = Etme /v
o Ras P/ = ea9 bress: /div
b= | b Moot = 1115
TEE g Mt = Phy-ta =
Readings Derivecdl results
pEzB'ZpsL = { = P/p'—’—
p= = t = Mf = 2-04
P = = { = Mp =
. P=tF ’t = ?Mp«m = 097
p = = e ,
p=  lt- b= Po/p=
P = = , { = §le =
P = L= 012 ms ' (= O-4a4ms | M =
p = =056mS f =
{,7 oBoms t =
L =
e Hw
L = Scale- time: o lmS/div
press: 2 psi [cuv
P4 = 200 psig P /R = 132

Potmos =

29-76 ” Mg

_ . Stotion

Totmes = ©25°F %= 1120 fps
Ttee = Q= 1120 fps

R..R. Jounson

1969




SHOCK TUBRE " Run ne | L6s |
DRIVEN TUBE :
Reo.dings_w Derived. results Scale
A
p‘ = 15 psi Mlpz 70 {'lm€. . o,sms/div
~T, = 4§qe°fr ; mK/P‘L = 0-06 2 joress: o psi /dJV
PA = 33 psi ' tr = 3.4 mS Ewne /Chv
Bo = . Pfp <3.20 | bress: /div
%
p,m:: 3 psi }‘ tm = 25 ms 5 %Apm‘b = o 17
TEE 3- M[t = jtu’tﬁs =
Readings Derivecl results
pb: 19 ps;i = t = Rz/ﬁ = 227
o= = L = M{ = 134
‘ p.': = t = E MP = [|-45
p = B = ; t = B Mp&"‘t = 0.45
|
P = t= b=
P = t= | t= EP“/P'— —
P = B t = ‘ f = Mt =
P = L= 0 10ms! 1= 0.cems | Mp =
p = L7 o76ms t =
(e 096w t = N
L= 3
. OFHRW .
L= | Scale : time: oims/div
press: Sps; [div
P4 = 200 ps{g A /P, = 14-3
| Potmos = 30-58°Hg  siotien
| Totmes = 59°F  G= 1117 fps
Ttee = 5B9°F Qt= 1117 fps

R..IR. Jounson 1969



SHOCK

TUBE

Run L 66

ne,

DRIVEN TUBE :

) cadings

, Derived results

Scale

) P, = 9.0 pst ‘ Mﬁiﬁz (-9o0 ftme‘:\ 0~|mS/£iiv
T, = 59°F press: 5 psy /v
i B ™ 2715 psi , e = | e /v
Ra= . P/ " 406 | press /div
B |t Mpart *
TEE ;_ Mit = by-ta =
Readings Derived results
B= 14ps t= t = %’/P,: 255
b= t= £ = Mt = 1oa
P= t= t o= ‘Mp = 53
P= t= __E t = ng«z = 072
p - t- -
P = t- LV
P= = { = %‘Mvﬁ =
P = b= Olims 6= 054 | Mp =
p= hroems t=
t = ot =
: D¥F HW
L= Scale time: 0. 1ms/div
press: 2 psi [y

200 psiq

P4z

 Totmes = 859°F %= 117 fps
Ttee = 59°F Qg = 1117 fps .

- Potes =

/P = 232

3058 "Hq

_Stotien

R.R. Jonnson 1969



|
SHOCK TUBCL

My

-

no.

ORIVEN TUBE :

Readings Derived. results Scale
P 116 psi Mip= 2-40 tcmeA: O-1m S/div
T, = 59°f press; 2 pg; Jdiv
F._‘)&m.: 7-4 psi : B tr = ; Eime /CL'V
B | P/r "o ress: /div
Trore j§ (e ™ Mp@,ﬁ: = e
TEE (Mt = by-ta =
Readings Derived results
R= (papst= t = P A=
P = t= t- Mt = 193
p= t- t = Mp =
P = B L= gt’; !?Ap:u‘t"oqz
p=  |t- b= |
p = t= - P
P=_ t= t- Mt =
P = Ls= 0-06ms’ (.= 0-46 mS Me =
P = t,=052msS t =
£t z013mS { =
- |
ETEW
L= ' Scale time: o .g/div
press:. 2psi [y
P4~ 200psiy B /R = 173
| Potemos = 30-58"Hg  siopion _
Totmos = 89°F %= 7 Afps
Ttee = 59°F Ot = 1117 fps.

R..R. Jounsend 1969



SHOCK

T

t UB& : qu;n no. L 6;!
DRIVEN TURE :
Readings . Derived. resuits Scale
T, = 59°F ? press: 10 ps; /v
Py = 33 psi : e = Eime ' /d.;v
Ra” . P/ < 32 ' press: /div
Rurs ; frowe ™ MP&’“‘ * 077
TEE ; Mit = Ly-ta =
Readings Derived resulis
B= 16ps (L° t = /b = 2.0
p= L= b= Mt = 148
p= b= t - Mp = 139
P = t= _it= Muart = 059
TR
P = t= t = zP /P .
p = b=t Mt =
P = =0 osmsi; (.= o coms Mp =
P= | Geoesms t-=
t = t =
b
| : DT AW
§ L= Scale time: 0 1mSdiv
press: 10 psi/cuiv
P4 = 200 psg P /P = 14:3
| Potwes = 3958 "Ma  suatien
Totmes = 89°F &= V17 fes
T tee = 59°F Qt = 1117 fps.

/. R. Jonnson

1969



H
!

SHOCK TURE Run ne. r _Legj
DRIVEN maz—:‘:
Readings | Derived. resulits Scale
R, 41 psi | Migz 2.52 time 0 |ms /div
T, 89ef oress: 2 oo Jdiv
B 88 psi b = bime /div
. S  P/p 720 press: /div
Frore (e ™ MP‘% = 120
TEE Mit = I
Readings Derived results
PD" 2-4 psi t = t = E’-/P‘ = 2-70
= L= t L= Mt = 2.0
- ¢ | |

,.,.
i

Meat = 097

i
}

!

%@F:‘/ p=

- Mt

——
=

1

ot = O 44 mS

Me =

T |D/T T |T T T|T

t

- [
L =
L= Scale time: 0lms [div
| Press: 2 psi [y
P4 = 200 psig  Fu /P = 143

| Potees = 3058 “Hg  sigkien _
 Tatmes = 59°f &= 4117 - fps
Ttee = 59° F Qg = 11VT7  fps .

R..1% . JonnNsond

1969



SHOCK TUBE Rur ne| ma1|
DRIVEN TUBRE
Readings . Derved resulls Scale
P, = 149 pst | Mgp’* 1-69 | {'m?e_'. o-\ms/ds'v
T GI°F | Press: 1o pa /A |
PF\ = 32 pst tr = f:amz PO Ims /C%:iv
L e Pe/12 =315 | bress. 5 pst /div
N Loz = Mpart = 076
TeE Vit = b -
Readings Derives results
RB= 12 IL= t = Fé:,/p: = 18l
) = 20 psi t= L = M{: = 13D
Be™ 14-pst Lz 0-22ms o= | Mp = 130
T T M=o
P - b=
_P= i t= L= P '/ P= L
P= t= - Mht =
P = : ty= O'2Im5§ ;= 054 mS éM‘m =
p = | t = 0-75.“5; b=
t = ot
b |
£ RW
p o= Scale time: o-\@d;v
pPress: 5 psi [aiv]
| Ps= -~ Pe/P = g

 Potmos =

| Tobmes = eI°F  %F 117 fps
Ttee = 6I°F Qg = LT fps

R.R: Jounson 1969



SHOCK TUBRE. Rumn ne.! R 2
DRIVEN TUBE :
Readings Derived resuiis. Scale
; A+D _
P. = 0773 pst ? M;;ﬁ)z 2-96 time - O-lms/dsv

T] = GI°F

Press’ 2 psi //C*‘"';V'

Pa ® 7 psi vtr = time /C'.Jv
Ba® Pe/p = 1006 bress: /div
Rors Crore ™ Mpart = 135
TEE Mt = Ly-ta =
Readings Derived. results

R 1eps (L=

o~
il

%1/1? = 3.07

Ol3m$ LSJ 0-34 mS Mip =

i}

P= 9 psi|t L = Mt = 209
E"' G pst teE= 0-2ms | L = MP = 147
~p = o t,—'—' ; t = ;MP&r’cz -1
P = t= b= i
P = t= L t= ;Pi/Pz ]
P = £ = ot Mt =
P = L
a

L‘O’Aﬂmsg ¢

t_(‘-:()'77rv\55é t =

E .
Scale v time: O-IMS/d\v

press: 2 psi /v

I

R /P =

Potmoes = ~ 30-15"Hg

Totmos = GI°F

T tee = GI°F

. Station ___

=17 fps

Qg = 1117 fps

R.=R. JoHNsoN 1969



SHOCK TUBEL

Run no,g-' ns_J

DRIVEN TUBE :
~ Readings . Derived. results Scale
P, = O-C\OQ pst :L M;}?S 2-70 tam&? o.|m5/dq'v
T, = Gi°F | OYESS! 2, st Jdiv
| PA “_ 72 psi tr = _ Einc C o 1mS div
| Bat _PB/p 835 press. (psi /01
-y Crene '.MP@, = 27
TEE L Mt = by-ta =
Readlings Devivecdk results
Fl>>= -G pst "i £ "_—" Pm/op‘ = 27¢
p= 72psi|{= L = Mt = 2o
> A4psii bz o2ms { = ,; Mp = 159
MW___,.__p,mz_ ] (= L bt= L Mpart = 0-97
P = i= j b= i
P = b= Paufe=
P=_ _|t- t- Mt =
p = - o= M =
p = (= 0u3ms. b = 037
t-r: O-.50m$§ { =
E =
E 4 HW
L = ! Scaole time: o. ms/div
press. 2 psi/div
P4 = 200 psg_ P /P = 22\
 Potmos = 3015 Mg Staben
Totmos = GI°F BE T fes
Ttee = GI°F Qt = 117 fes

R.R. Jonnsond 1969



SHOCK

TUBE.

-
N ne.

DRIVEN TUBE :

R eadings

- Derived resulis

Scale

]

2 L
- T _ LA .
b, = 0.93¢ ps. | Mip= 2-79 | time O'lms/d“’
| T ; .
T, = GieF | press: 2.5 Jdiv
A 5 .
PA 7-4 psi x 4{_‘( = ‘ fime o.|m§/£’d"v'

press: | psc /div

SRR SN

Pe/p = 888

toe ™

Mpart

\-30

Mit =

by - Ea

=
=

i

Derived results

B R= 18psi (L= b= Ru/p = 29z
p= t= t = Mt = 207
R= b= t = Mp = c3
P= 1t ot = Mt = oo
P gt |-
p = t= Lt LAV
; ;
P

W

= Mt =
Ls= 018mS = 0-36mS. =

By
I

t

i

- Mrp

i
,

i

t = ] = |
t =

TTTTTE ¥ ww ]
L o= Scale - A‘l‘ime:oqms/dw

press. 5 pst oy

2_9_9”9533_%_

P/pP =

214

| Poteos.
 Totmos =
T {Iee, =

GV TF

GI°F

= __3015"Hg

. Station____

1117 fes

(1 V7 fps

... JoHnsent

1369



SHOCK TUBEL

ﬁuf’! no. R 5 !

DRIVEN TUBE

Readings . Derived results Scale

P, = 11173 psi

A - .
Mip= 2062 time © 0-1ms /div

T, = Gi°F press:  2psi. JAV
pp\ = 8 psi l tr = f.‘lYnCD.‘ O ImS /ﬂ’o;v
.m_._m__,m@ﬁf_m__w Pa/ P T 761 ; bress, lpse / dsv
Crore | Crove ™ : Mmﬂ,"‘ I-24
Readings Derived results
= 22psi|t= t = Re/p = 282
p= t= L = Mt = 19¢
P = = 't = Mp = I'Go
P = 5(}"'5 _ ' t = Mpart = 0-9% |
P = t= - g “
P = ~ {= J t = gP_J/p: B
P = t= f= Mt =
P = t,= 0 fzmss (.= ©-38 Y
P = i 0-50m$§ t =
t = t o=
L= i»
, Frww
L = B Scale . time: g ms/div
press: 5 ps./oliv
P4~ 200 psig P /P, = 187

- Potees = 30:15“Hg  Sgakien

_Totmes = GI°F et A L
Ttee = GI°F Qg = 117 fps

R..R. Jounson 1969



SHOCK TUBE

R 6"”

L, o e 972t 1R

]
U no.

DRIVEN TUBE :
Readings Derived results Scale
P, 1-125 psi M;p= 262 ‘Ccmt’_’. O-tms /div
T, Gl°F | | press: 2 pst Jdsv
pﬁ‘ = 806 pst tr = B | -“:w:c ' 0~|m$l/d-;V
| Ba e/ = 788 press: {psi /div
Brars _ e = Mm&‘ “2-4-'
TEE 1 Mt = ty-ta = |
Readings Derivesl results
}%-.-.-. 25 psi = t = &/R = 3.00
p = t= Lt = Mt = 196
P = t= it o= Mp = 1o
P= t= ’ t = Mpart = 094
p = = e
p = t= i P /pe
P=  lt- t- Mt =
P = = 012ms | 1= 03B mS. | Mp =
p = i;,=o-50ms;;_t =
t = - |
t =
&
L= [cale time: O (mS /div
Press: 5 psi [div
P4 = 200 psiq /P = 161
| Potmos = 30:15" Hg _Stakion ______
Totmos = GI1°F %= 1017 fps
Ttee = ©F°F At = 1117 fps

R.R. JoHNson

1569



SHOCK TUBE Run ne { R %
ORIVEN TUBRE :
Readings i Derived resulls Scale
P = 1:4-'6 st s Mip= 255 . t:me,t. O-1mS /div
T, % 6 °F % | press: 2 psi Jdiv
P,\ = 94 psi ‘ tIr = ; vhm: : o-\m‘s/div
.___*..___WE"‘\ = P/ P T 743 | bress! | pst | / cav
ey frove = Mpat = 122
TEE o Mt = byt =
- Readunas Derivedd resulis
R= 2cpsi|l= t = Pa/p = 278
p= t= L = Mt = 9
P = t= { = Mp = 159
P L= ot = %Mpw*t"‘ A
i | A
P = i= : b= ;
P = t= t = ‘;P__}_/P:
P= lt-= ot - Mt =
P = L= 0'”m5§ (.= 034ms | Mip =
p = L= O-50m$§ t =
t- t-
b - |
€ +HW
B L= Scaie time: o ims/div
press:. 5 pst [duv
P4 = 200 psig Fu /P = 138
| Potmos = 30-15"Hg statien ..
Totmos = GI°F GE M7 fes
Y tee = G6I°F Qt= 117 fps .

R.R. Jounson 1969

A et e



LA St g

SHOCK TUBEL

T

R 8

B R ]

Fun ne.

DRIVEN TUBE :
Reqcfxings S Devived. resulls Scale
P = 152 pst ' Msp: 2-57 tt?’;&: Cirms /div |
T, T ei°F ; Press” 5 psc Jdiv
i ‘ D PR
Ba 10 psi mj:r = | Emc : 0-lmS /C’d’\l
pm.rf' : Core ™ MP&“"; 22
TEE i Mit = by-ta =
Readings Derivesh results
Ii 2-6psi L= { = F?,z/.e = 27
p = = t = Mt = 1q
p= = 't o= Mp = ;57
p- it - Momcs = 01
p = t= b=
_ pP= t = b= P /p=
p = £ = ot - Mk =
P = L= O'lA-Ms; (= ©3%ms i"\41'—" =
B p = b= 0-53 mS | _t =
t= ot - |
£ o=
- ! TTTTE
é L = Scale t!me:.o.lms/d;v
Press: 5 psi /oy
P4~ 200 psyg Po/P = 132
| Pateos = 3018 " Hg  seakien
| Totmoes = G°F  %F 10T fes
Tte_e; = GI°F Qt = 117 fes .

R.R. Jonnson 1969



SHOCK TUBRE

Run ne.

ORIVEN TUBRE :
ﬁ?eo.d.ingsk ; Derived. resulis Scale
P, 1-665 pst § Mggfz 2-53 tm?e_: O 1mS /d,{v
T, ea°F | ; foress,: 5 psu /d,w
B 105 pst tr = ' h‘r:c. C O S /d,;v
_____***f%&’:m | pz/;f:‘; = 730 | press:  (psi /d;iv
Vvore | e MW&‘ -2
TEE E‘ Mit = bu-ta =
Readings Derived resulfs
R= 27psi (L= t = Ba/p = 2.2
p= = t = Mt = 186
P = = ( = Mp = 55
_mp: B = _Tt = IMpr{- 0085
P = 1= : t =
P = = L= P./p=
P = = f = Mt =
P = Ls" O-Iq.mS'f; (e~ 0 40ms i Mp =
P = L= o-54ms§ t = ,;
t." 084ms t = |
=
EVHW
L= . Scale . time: g us/div
press: Spsi/div
P4 = 200 psig P /P = 121
Potmos = 30.15" Hg  seakien
Totmos = G1°F %= 1117 fes
Ttee = ©I°F Qt = 1117 fps

R..R. Tounson 1969



SHOCK TUBE. fun ne. | R 10
DRIVEN TUBE :
Readings . Derived resuits Scale
P, = 174 psi ‘ pr: 2.53 {'cmé: o-lms/d.{v
T, 7 oi°F ’ oress: 5 psi /Jdiv
PA T psy r _ tr = tlmz D O-lms /d.w
IS 7/ B A press. 2 psi /div
ey |t Mpart = 1-21
TEE L Mit = by-ta =
Readings Derivecdl results
B,= 27psi t= t = Pm,/pl = 2.55
p= L= o= Mt = 186
P = (= e Mp = 53
< = L= i__t.:m = M part = 0-88
P = t= | b= |
P = L= - P /p=
P = te - M =
P = L = t { = | M =
P = t,= 015ms. L = 0:40ms
- tr = 0-55,“5;5£ t =
| —
L= Scale time: o imydiv
press: Bpsi /di\’
P4 = 200 psig /P = e
| Potmos = 3018"Hg  spatien .
_Totmes = GI°F i E 1117 fes
Ttee = 6I°F Gt = (117 {ps

R.1R. JomnsoN 1969



SHOCK

TUBE

B

in ]

Run

ne.

DRIVEN TUBE :
Reodings . Derived. results Scale
B, = (85 pst J_ M‘}p: 254 ftmg L O-lmS /div
T, = ¢i°F press: 5 psi /Jdiv
B = 12 psi tr = | twne : 0-tms/div
a ~ pz/ﬁ:? T 736 press! 2 psi /dj"
ey Crare = Mpart = 121
TEE Mt = by-ta =
Readings Deriveodl results
= 25,6 (L= t = Re/p = 235
p= = t = Mt = 182
p= = 't = Mp = 147
P = = t = Myart =085
P = t= e |
P = t= t- P /e
P = L= ot WVt =
P = tsf—_mo-u,msg = O4lms 1 Mp =
P = {,= 055ms| t =
) t,7 085mS ¢ -
L -
EvHW-
b= Scale time: . Ims/div
press: Spsi /oy
P4 = 200 psig /P = 109
| Poteos = 30:15" Hg  stabien .
Totmos = GI°F %= U117 fes
Ttee = 0©I°F Qg = 1117 fps.

R..1R. JTonnsond 1369



SHOCK TURE

A — r———rae T

>
R_un ne. R 12

ORIVEN TUBE :
Readings Derived. resuits Scale
P, = 2239 os Msp"‘ 2-34 ’CameA: o.\ms/div
T, = ci°F ; press: 5 psi /o
R, = 125 psi te = bime. : O tms /v
RBa” Pe/p = 23 press; 2 psi /div
R,z foe ™ 'Mmﬁ"‘ 13
TEE Mit = byt =
Readings Derived resulis
B= 3, (L= t = Et/PI = 227
p= t= t = Mt = 182
P = t= if o= Mp = 135
P= it= ot = M= 08
P = t= k-
P = 1 t= t= iF’ /p=
P = ; = ‘ t = ,N’k‘; =
P = | ty= 0-!4,\5; {r= O-41 mS | M =
P = t= 0.55. t = |
e o-%(amsg t =
| L -
z ‘ ETHW _
L= Scale time: oms/div
pPress: 5 psc [olv
P4 = 200 psig P /P, = 86-4
| Poteves f 30157 Hg _____ Statiem . .
| Totmes = GI1°F o= T (s
Ttee = ©I°F ag= 1117 _fps

R.R. JonnsoN 1969



SHOCK TUBRBL Fun ne. r R 13 _J
DRIVEN TUBE :
Re&dings ] Derived results Scale
P, = 303 psi : Mip= 224 hmg . Oms Jdiv
T, = GI°F ‘ | press: 5 psi /div
pp\ 14 psL wtr = I &m?c O lmS /div
R B 5 Pz/if-‘,’ = 5.70 ' oress! 2 psi /dJV
Bl |t Mpart = 1-09
TEE i_ Mit = [by-ta =
Readtngs Derivect results
B= 34psi|t= L= R/ = 213
p= = 't = Mt = 178
P = = t = Mp = ir40
P = = ot o= gMpm't”" 0-82
p = t= i |
p - t= t- P /p
P = t = t= N___;Nfrt—.;
P = Lg= 015ms ;= 042 ‘ Mp =
P- b= 08Tms | t =
t = t =
-
€+ BW
L= Scale time: o jms/div
press. 5 psi/duv
P4 = 200psiq P /PR c 7
Potmes = 30:15™g station
Tatmos = 61°F &= T fes
Ttee = GI°F at = 1117 fes

R..R. JoHNsen

1369



SHOCK TUBE Run no.[ R 14 |
DRIVEN TUBE :
Readings ] Derived results Scale
P = 391 ps¢ Msgz 2-25 fime - OIS /A
an = GlI°F press; 5 psi /div
’ By 185 psi N tr = ! fime. : 0 ims /thv
| o= Pe/pp = 573 | press: 2 psi /0iv
Rors e ™ M = 1:05
TEE { Mt = by ba = |
Readings ,‘ Derivect resulis
P= 4psi t = t = Rz/p = 2.02
p= L= t = Mt = 173
P = t= L = {Mp = 137
p=  It= : t = Meart = O79
P=  it= } b= |
p - t= t- Po/p= |
P= t- ot - M =
P = b= 017 ms (= 043ms. | Mp =
p = trj‘O'GOmS:; t =
t = Lt |
b =
- - EFHW
L = Scale  time: 0 fms/div
press: 5 psi foy
P4 = 200psig B /p = 52
___,.EQE'_‘"PS - 30_ '5" *:‘—9 .. Stotion e
| Tatmos = Gi°F %= 1117 fes
Ttee = ©°F Q= 1117 fes |

R.R. Jounsond

1969



- . u ;
__*;F.)EEE‘Y‘:‘,’.?_.. —_‘§0|5 '_45 ... Stokien . _

| Totmes = GI°F o= 1117 fes
Ttee = O6I°F Q= (117 fps.

SHOCK TUBE Rur ne.l R 15 |
DRIVEN TUBE :
Reo.ciir{}gi : Derived results Scale
P = 547 psc | Mjpz 2.14 time ! O tms /div
T, = eloF | oress: 5 psi Jdiv
PA = 215 psi ) tr = B hmcb-: O-tms Jev
F?:ﬁf pz/iif “5-15 bvess, 2 psi /d-i"
Rz | tee” Mport = 104
TEE ' Mt = Thy-ba =
Readings Derivedk results |
P= 44psi|t= t = Byp = 185
p= = t = Mt = 165
P = L= 't = Mp = 132
P= it- t = Mpart = 073
P = 1= f t =
p = t= b= LV
P= |t= ot - Mt =
P = Lg=018ms | ;= 0-45mS | Mip =
P = t.= 063ms;, t =
t = t =
b=
EF¥ 0w
L= Scale : time: O lms/div
press:. Spst fduv
P4 = _200_psig /P = 397

R.1R. Jonnson 1869



SHOCK

TUBRE

{3

YA Ne

Boamesntn s st s

R 16 1

DRIVEN TUBE :

Readings Derived. results | Scoale
Po= 7.2 psi M};p‘: -95 § time - O 1mS/div
T, &1 °F press; 5 psi /div
F’A = 235 ps(| '§Z r = : i:tm:,D; O ImsS /d}v
Ba® Pe/p = 426 | press: 2ps /div
R L tee= Mpart = 093
TEE «_ Mit = by-ta =
Readings Derived results
P= 5 ps b= t = %z/p’ = .70
P= 20 i L= L = Mt = 162
B= 15 psi b= 1 { = | Mp = 127
P = ) {f-"‘" ~ ’t = %Mpm«~ o70
P= |t -
p = t= i P /p=
P = t= t = Mt =
P = ™ 017ms U™ O4Gms  Me =
p = L L® o063.s t =
t = t = }
£ =
EF AW
L = Scale . time: 0iims/div

press: 10psi/duv

P4 =

/P = 26

| Pateos = 3015 Hg Stk
Tatmos = _GI°F  %F 1117 fes
Ttee = OF°F ag= L1117 fes

R..R. Jounson

1969



SHOCK

TUBE

e o

DRIVEN TUBE :

Rea.dings

Derwved results Scale
P, = 844 pst | Mspz [-Q2 _t:me‘: o.|m5/div
T, = 61°F é | press: 5 psi _/c{iv
Pt 265wl tr time”: 0-1ms/li
LN * Fa/:,c,» T 404 press. 2 psi/div
pmré: . froe ™ Mp@,ﬂ."‘ 0-92
TEE . M = (b ba =
Readings Derived results
PD"’" 7 psi t= t = %/R = 1-83
p= t= t = Mt = rez
R = t= L = !MP = 1-3)
i ©P = t= 5 t = ngﬁ = 070
p = - e |
N T T Y
P= | t= - My =
P = L= o-zoms§ = 0-46ms  Mp =
p = i.= o-c,c;msf3 t =
t = =
- 4
- € + "W
L= Scale timne: O lms/div
press:. [0psifdiv
P4 = 200 psig Fu/P = 247
| Potmos = 3015 Hg  srakien
| Totmes = O1°F %F 117 fes
Ttee = 6I°F Q= V117 fes
R..1R. JonNsont

1969



el

SHOCK TUBE Run ne. ﬁ".
DRIVEN TUBE :
Readings | Derived. results Scaole
P, = 110 pst Mip= 1-83 hmé?%-ms/div
T, = Gl°rF ’ press: 5 psi Jdiv
By = 30esi ?;r = . bime [l
- ﬁ)"f‘\:- B ‘ Pg_/ p < 373 bress: / div
ey J‘ Lo = sz 0-86
TEE {' Mt = byt =
Readtngs Derived results
P= G5, L= t = ’%z/g = 186
P = t= t = Mt = 158
P= t= 't o= Mp = 32
P= 1t ot = EMW«W_ o ¢
P = 1= ; L=
P = 1t= b P, /p=
P = t = { = Mt =
P = b= 0.20ms U= O4Tms | Mwp =
P = t.= o-e7ms§ t =
t = b=
t =
£ W
L o= Scale time: o.|mgldiv
press: 10 psi/dav
P4 = 200 __ps.lg P, /FD, = i].z
| Pateos = 30:15" Hg  scabien.
| Totmes = G1°F %= T fes
Ttee = GI°F Q= 117 fps

=. F-Q. JOHNSOMN

1969



SHOCK

TUBE

R urn no,

T ]

ORIVEN TUBE -

Readings Derived. results Scale
B = 147 psi ‘ Mip= 1-75 time - O - 2ms/div
T, G2°F l pmss 1O psi [div
7 35 pst ftr = Eime / cav
,__“..___f';)’ﬁ__“ F:a/ p = 3308 bress / dav
ey frore = Mpar * 0-80
TEE Mt = [ty -ta = .
Readings Derived results
'af’ 15psi V7 t = e’-/P, = 202
p= t= t = Mt = 14
P = = L= Mp = 137
P = _-_..____-J L= o= | Mpart = 052
p = = t- P /p=
P = t= ot - Mkt =
P = L= O-Ioms_; (= 0-53mS | Me =
p = t= 0eims f =
b=
o i h f DI THW
: b = f Scale time: o~|ms/dl“~'
| ) press: 5 psi S
* Hot wire bos‘ltc.oh Check
P4~ 200 psig __ Fu/R = 14 G
| Potmos = 299" Ha  statien.
Totmes = 62°F %= 1118 fes
Tiee = 62°F | 118

fes

R_.1R. Jonnson

1369



SHOCK TUBE

Run  no. 3’20_!

B s et o

ODRIVEN TUBE
Readings . Derived. results Scale
P, = 1-9¢ pst | M_!P: 2:50 t!mgi O-st/d‘.v
T, = 62°F 3 press: 5 psi Jdiv
f_)"\ =12 pst j:r = | bime | /Ii;‘-./
Rp = i P/ 712 bress; /div
B | e Mpart = 120
TEE Mt = by-tn =
Readtngs Derivedd results |
P= 32ps|t" t = ) F‘)n/P, = 264
P = = 1% Mt = i8¢
p= = f { = Mp = 55
P= It= ' t = :Mpmt = 088
P = 1= f - s
P = Jall t- P./p=
P = b= ot M =
P = tg= 0-03,“5;? {s= O 40.s  Mp =
p = -t 0-43.“s§ t =
¢ = t-=
t -
DFHW
L = Scale tinne: Oslms/div
press: 2 psi fov
# Hot-wire posttion check
P4 = 200 psg  Pu/R = 103
| Potmos = 299" Hq . Stotien . _
Totmos = 62°F %= 1118 fps
T tee = G2°F Q= 1118 fps |

=..R. JoHnNsent 1369
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CHAPTERO

PRINT+CO ORDINATES OF THE SHOCK AFTER A 90 DEGREE BEND +
PRINTHACCORDING TO WHITHAMS THEORY=+

NEWL INE4
PRINT+ANGLE RAD
NEWL INE2
C45,0743
D&Z3QRTI(C)
E&C41
E&BSQRTIE)
E&E/D
F&IARCTANI12D)
1&0(1)50
X&=0,0117
PRINT(X)125
Y&~1,8!
SPACE
PRINTIY) 224
G&X/D
GAGEXP(G)
HRAS INIF=X)
AREGH
SPACE2
PRINT(A)OR4
280608 (F=X)
BAEGZ

SPACE
PRINT(B)0C4
NEWL |NE
REPEAT

END

¢cLOsE

MAG CARD LIST  PAGE NO 0f

ANGLE DEG



GO ORDINATES OF THE SHOCK AFTER A 90 DEGREE BEND ACCORDING TO wH{THAUS

ANGLE RAD

0.00000
“0.03142
=0.06283
«0.,09425
=0.,12566
'0015708
=0.18850
“0s21991
“0025153
«0.28274
031416
-0.34568
-0057699
‘0.40841
‘0045982
~0.47124
“0.50265
«0.53407
'0056549
=0.59690
=0.62832
-0065973
=0469115
=0.72257
“0475398
“(,78540
“0.,81681
~0.84823
“0087965
“0091106
=0.94248
~«0.97389
=14,005%1
=1.03673
"1006814
=1,099856
=1,1%097
‘1.16239
‘1019581
"1022522
'1.25564
‘1.28805
51131947
“1.35088
“1038250
“1041572
-1.44513
'1.47555
=1.507%6
'1055938
“1.57080

ANGLE DEG

0.0000

1.8000
'356000

5.4000

7.2000
+9,0000
=10.8000
‘1206000
~14.,4000
=16.2000
«18,0000
=15.8000
=21.6000
=23,4000
"25.2000
=27.0000

=28,8000

“30.6000
»32,4000

'H5402000
'"5660000

“3708000

'"39.6000
'"4104000
~43,2000
'“4500000

46,8000
=48.6000
“50-4000
=52.2000

"54&0000

«55.8000
=57.6000
-58,4000
=51.2000
‘6300000
«“54.8000

=66.6000

“68.4000
«70.2000
«72.0000
«7%,8000
«75.6000
«77.4000
=79,2000
=«81.0000
«82.8000
‘84:6000

"8604000

“88.2000

=g0,.,0000

X

0.1000
049994
0,9977
0.9948
0.9909
0.9859
0.9799
0.,9730
0.,9651
0+9563
Oi9466
0.,9361
069247
0.9126
0.8998
0¢8863
068721
0.8573
0+8419
0.8260
08095
0.7826
0,7751
0.7573
0&7591
0(7205
0.7015
0d6823
0.6628
0.6431
0+6232
0.603
0.5828
0.5624
045420
055214
0.5008
0.,4802
0.45%86
0.4391
0.4186
0.3981
0,3778
0.3576
043375
0¢3176
0.,2879
0.2783
0.25%90
0.2399
0.2210

A A A N A A A N Y Y Y N

Y

044439
0.4066
0.3698
0.3336
0.2980
0.2630
0.2287
0.19581
0.1622
0.1299
0.9845
0.6772
043775
0.8566
=0,1983
04742
‘0.7419
-001001
'0.1253
“0.,1495
=0.1730
=0,1956
'002173
=0,2382
“0.2583

"002775

=0,2958
=0.3133%
«0.3299
=0.35457
“0.3607
“04s3748
=0.3881
=0+4006
=“0.,4123
.004232
=0.4333
«0.4426
“004511
“0.,4589
'004659
“0,4722
=0.4777
a0.4826

“0,4868

=0,4902
=0,4930
=0.4952
“0.8967
'004976
=0.4979
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MAC CARD LIST PAGE N2 01
CHAPTERO
Fodé
Umd
Ded
PRINT+SOLUTION OF WHITHAMS THEORY FOR SHOCK STRENGTH AFTER A +
PRINT+ 90 DEGREE BEND BY SIMPSONS TYPE INTERGRATION+
NEWL INE4
PRINT+ MO MW+
NEWLINE2
B&0,005
K&1(1)24
A&l 42404 1K
PRINT(A)1£1
SPACE2
Y&0
1&0(1)400
Ul&A=|B
J2sUy=B/2
U3&y1=8
J&1(1)3
JUMP22UJ3& 1
D80, 4UJUUT2
E&zoBUJUJ'O¢4
DAD/E
D&GNMOD (D)
D&BSQRT(D)
E&140.,7014214/D=0,7014214D
Fa2D+1+1/Ud/Ud
F4EF
FJ&2/F |
DJ&F JUJUJ=FJ
DJ&=2/DJ
DJE&ZWOD (DY)
DJEZSQRT(DJ)
REPEAT
2)X&p1+4024D3
X80.3333333BX
Y&Y$X
JUMP12YX145707964
REPEAT
tIPRINT(UB) 123
NEWL |NE
REPEAT
END
cLOSE



