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_' Absttect -

 Two tearns a poiyether (densuty 325 kg/ma) and a polyester (densn‘.y 38

kg/m®) faam were tested in a shack fube to analyze the interaction.of a
normal shock wave and a compressible porous material, The foam speci-
mens were placed in the shock tube test section, the foam being bounded
by two steel walls, two glass windows and a solid baek plate. The compress-
- lon chamber of the shock tube was pressurized and the diaphragm separa-
- ting the compression chamber and the expansion chamber was ruptured,
thus producing a normal shock wave WhICh travels down the ehock tube and
- strikes the foam. . =

. Psezoelectnc pressure transducers wera used to record the pressure before
 alongside and behind the foam. A complete set of schlieren photographs,
“recerding the interaction of the incident shock wave and the porous material.

were taken for each foam. A methodtor tracking the path of particles of foam

- (path photographs) was developed, Combining the information obtained =

from the pressure records, schlieren photographs and path photographs a
eomp!ete plcture of the sheck wave foam interaction was developed

Ali the gas waves wers identified and analyzed A foam wave (velocity 90
‘m/s})- traveliing - through the skeleton of the material was discovered. A
physical model was developed to explain the high pressure recorded behind -

- the foam. This madel is based upon the foam being comprassed and forming -
an almost solld piston, thus foreing the trapped gas into & dtmlnlehing VOiume

and creating a high pressure behind the feern .

The theoretleal analyses of Monti ©90) , Gelfand (20) and Gvezdeva (22) were
- analyzed and compared. The generel finding was that for the range of
- incident mach numbers 1.37 to 1.46 Mont's analysis under predicts the
reflected Mach number by 3 % and Gel'fand's analysis over predicts the
refiected Mach number by 6%.

The coeificient of pressure increase (the ratio of the meximum presstire
recorded bishind the foam to the equivalert pressure recorded during die
reflection of a shock wave from a solid wall) as predictet! by Gvozdeva's
anelysis for the polysether foam lies within the scatter of the experimenial
results. However for the polyester foam Gvozdeva's enalysis under prtdlcts
the cosfficient of pressure increase by 15%. -
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11 Background

. When an_expiosion oceurs a sphenca!' biast wave is generated which-
. propagates outwards, reflecting off any solid surface, The reflected biast

waves can cause a larger proportion of the damage during an explosiondue -

- tb the higher pressurs. Thus if the destructive power of the reflected blast
wave oould be reduced, the overall effect of the explosion would be reduced

The idea of plaang a porous material :rrfront of a solid surface to reduce the
reflected shock wave and sitenuate the transmitted wave, was the initial
reasort for starting 4 research program into the interaction of shock waves
and porous materiais. A number of porous materials were considered, a
collection of straws bound together, metal bali bearings bound in a latice
structure and porous compressible foams. The initial experimentation indi-
cated that the porous compress % foams showed the most promise as a
reflected shock wave reducer. & urther experimentation was confined to
porous compressible foams

Atkins () documented an mvestlgatlon into the interaction of shock waves
and porous oompressnble foams. The rasearch was carried out wﬂh the
following objectwes in mind: .

. to determine the effect of foam densﬂy on the reflected shock wavs' '
strength , . . . '

s o datermlne the effect of the foam Iength on the reﬁacted shock ;
wave steength :

. to deterrnine the variation of the shock wave Mach number of the
refiected shock wave with the incident shock wave Mach number.

. Five diffetent foams having densilies ranging from 14.8 kg/m 'to. 38.0
kg/m?> were tosted. Three different !engthsofeach foam were tested, namely
50 mm, 120 remand 190 mm. .

- The results were limited to pressure traces obtained from four pEBZOBféctrlC-
pressure transducers. Two transducers were located in front of the foam,
one alongsnda and one behind the: foam



A typical 'pressﬁre trace is shown in figure 1. 1 The pressure frace is from
“the interaction of a shock wave hawng & Mach number of 1.343 and 180 mm
ofpolyetherfoam(p_ﬁskg/m ) ' o .
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Figlire 1. 1 Pressure varlation, 120 mm of polyether

foam (p = 14. 8 kg/m 3) incident shock wave Mach num-
ber 1 343

Analysing curves (1) and (2), the pressure from the two transducers located-
in front of the foam, three waves can clearly be identified. The first rise in
pressure is as a result of the incident shock wave passing the transducer.
The sscond rise in pressure is the shock wave that has been reflected from
the front face of the foam. The third distinct rise in pressure is a compression
wave travelling in the same direchon as the reflected shock wave. -

Ana!ysung curve (3), the pressure recorded alongside the foam, all that can
~ confidently be stated is that two waves can ba sesn travelling thrcugh the
foam, one towards the back plate the other away from it.

The analysns of curve (4) provided the most difficult challenge that had to be

solved in order to understand the shock wave porous foam interaction.

Considering that the rise in pressure across the incident shock wave is
- approximately 100 kPa and the pressure megasured behind the 190 mm of
~ polyether foam was 800 kPa, the foam was acting as a pressure amplifier.
Extensive precautlons were taken to ensure that the prescaure that was being



- The fo]lowmg recommendations were made:

measvred was gas prassure and that the foam was not strlk:ng the face of o
~ the transducer. - o _ :

‘J-'.b )

Atkins M came tothe a‘ollowmg gonclusmns e

e foarn reduced the reﬂeﬂtad shnck wave strength fur a Ilmsted time

e : .the densar tha foam the !arger the prassure thll"ld the raﬂected -
: ”shockwave S y . :

. 'the time taken for the reflected pressure fo Tise lrg*hat whlch was,
- .obtained without the foam increases as the da"i“ﬂ.y increases and.
' increases as the foam iengﬂ"t increases Lo _

'_o the prassure behlnd the ref!ected shock wave doas not change as
~ the Ien‘gth ingreases. _ . .

No exp!anatton ofthe pressure ampllﬁcation behind tha foam was attempted -

e
L

| 'o : the shock tube be ﬂtted wlth a wlndow tn al!ow the faam speclmen
- - tabe viewed . .

o _mrtheir stu_die_a_s are reqUi_red on the wave transmitted through the

The literature survey and the experimental results Atkins ) obtained high--
lighted that a large proportion of the waves present in the shock wave porous
-foam interaction were not cloarly understood. This Jed to the formulation of
a test matrix for further research. Since the baslc dependence of the shock
wave p%r?meter‘san the length and density of ihe foarnhad been determined
'(Atkins ), it was logical to limit further research to two foams of difiering
“density, eack.{.aving the same [ength. Thus snabling a larger number oftests
to be carried out to ldentify the waves present and to determine what was
physically happening in the shock wave porous foam interaction. :
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Monti (3“) in 1970 publ:shed the results oT a meofeﬁcal and expenmental -

Investigation on normial shoek wave reflection from cellular and open struc-
ture foams. A block of material was placed in front of & solzd rigid wall and .
_ struck by a norma! shock wave ' . :

Startmg with the equatfons goveming the propagatlnn of normal plane shock
waves in continuous and isotropic media, Monti develops a simple solution
for the strength of the reflected and transmitted shock waves away from and
into linear (Hooke type) materials. The solution is & fmctlon of a smgle
parameter whsch measures the defarmablhty ofthe material.

‘Based on hus meareﬁcal anaiysis Mont] stated thet if tests were conducted
on the refiection of shock waves from a foam material in front of a solid wait
and a solid wall, with the incidsnt shock wave having the same Mach numbser,
the pwssure on the solid wall could be larger in the case with foam in front
of it. _ _

o Figuré 1-.2 isa distance ~time Qraph showing the Waves that Moritl _assumad |
- were present during the shock wave interaction with the foam material.

_Figure 1_'.2 shock wave positions as a funétion cﬂ' time
for shock wave Impingement on a deformable material®®



The 1ricadent shack wave (Sl) strikes the matf el face (D), é shook waveis
reflected (Sr) and the material interface begins to move. A shack wave (81) -
Is transrritted Into the material, this shock wave then strikes the solid wal
~behind the material and a shock wave (STR) is reflected back into the foam,
This shock wave then strikes the matetial interfece, a rarsfaction wave (Fl) is
reflected back into the matsrial, 2 shock wave (Star) Is transmitted info the

 air and the mahenal snterface changes dlrecucn

- Montl’s experlmental setup conslsted ofa shock tube havmg a cross-section '

- of49 mm by 49 mm, with one piezometer located in front of the foam. Tests

‘were condutied on cellular and open structure faams with incudent shock-
‘wave Mach numbers rangmg from 131022 : _

| _ The test spec!mens were parra!leiepnped in shape At rnm gap was left'_
~ between the walls of the shock tube and the matenal “The gap was left to
~ avoid fristion between the foam and the tuba walls '

- "fhe expenmantal data was fimited to one pressure hlstory ata partlcular
distance away from the front face of the foam. An example of this Is shown
in figure 1.3. The pressure jumps S| and SR can clearly be seen. The shock
wave StRr or strictly spaaking a compression wave, Is the thard rise in
- pressure, _ _ _

Figure 1.3 Typlcal r.}resmre history recorded upstrearmt .
of the foam model % - -



The results presented by Monti are a oompaﬂson betweer the experlmental -
reflected shock wave pressure and the predicted theorstical valuss. The
agreement between the experimental and theoretnbal shock wave SR press—
ure ls saﬁsfactory : _

In 1871 Cloutier et al (1) pubhshad axperlmental results that were carried

out for the Defence Research Establishment Valcartier, Canada. The DREV -

-~ had been facad with the problem of finding a means to attenuate the cut.

- going shock wave sysiem from a hypersonic model flown in a freeflight
‘ballistic rangs, so that the reflected shook waves did not :nterfere with the
turbulent wake o,j the model that was baing studied :

- Rifle bulla’ts were used to gsnerate the waak shock waves so the relative
eifectivensss ‘of different materiais to attenuate shock waves: could be
determined. The shock' waves. were mapitored by prassuré transduoers :
shadowgraph and schlieren gha@ographle teohniques, o _

. Figure 124 shows the expar:mental layout. The ﬁbregias.. mard was plpced
_tipon a solid backup plate ant a 303 /fle bullet fired 4 in. above the surface.
- The angle hetween the incident shogk wave and the plslne of the: matenal :
- was approximately 28 degrees ) _ o
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T . . suims Hamac__'nou : _
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'Figure 1.4 Experlmental iayout for sh?c!t'waave
reflection generated by a rifle bullet {'" |



anura 1.5 shows fwo schheren photographs of the reﬂectlon of weak shock
waves from 2 in, tfiick ﬂbreglass boards having densities of (a) 7.0 !b/ﬁ“ and
{b) 3.0 :b/ﬂ"

@ e

Flgura 1.5 Schiieren photographs of the refiection of
- a weak shock wave from the surfaces (a) 7.0 b/it° fibre-
glass board (b) 30 Ib/ft:* fibreglass board (")

' The reflectlon from the backup plaha ean be seen in phmaograph (b) This
phenoimenon accurred with thin layers of low density fibreglass material,
which was the material with a low surface refiection property. Cloutier et al.
found that by increasing the thickness of the material or adding layers of
different density fibreglass, the reflactions from the backup plate could be
gliminated, while still having a low surface reflection proparty.

Table 1.1 shows the relative amplitude ofthe weak shock wave reﬂected from
various materlals. The results indicate that the fibregiass materials tested
gave weaker surface refiections that the urethane foams and the lower

* density fibreglass materials gave less surface reflections that the higher
i denstty ﬁbreg!ass



 Table 1.1 Relatlve amplltude of weak shock wavyes r ected from
surfaoes of various materials at atmospherlc pressire. m -

-Mat_erlal BN Density | Relatlve re-
e |
 Metelpete | | 100
VinyMacedfibreglass .~ | 075 | 0
3 Urethana‘foéﬁi _ - 3.'2._' ' . '55'
Urathanefoam - 1 . __25'
_ Fibreglass board | __ 7 5 1 |
.. Fi'bré,glaés board " 3 8
Fihreglass board - [ 43 6
Fbregiassblankst | 075 | 4
Fibreglass blanket | B | 05 | “ | 4

Beavers and Matta. @ in 1972 pub!ished the results of an analyﬂcal and
experimental program on the reflection of weak shock waves from permeable
materials for the Department of Defense (U.S.) An analytical minde! was
developed which allowed the calculation of the refiected shock wave velocity
for a given incident velocity and known properties of the permeable material,
The model is based on a non linear extension to Darcy’s law. Beavers and
Matta assumed that there were no shock waves transmitted into the matenai
‘and the velocrty behind the reflected shock wave was zero. '

Figure 1.6 shows the expenmantal setup, the permeable(matenal was fixed
in the shock tube and had no back plate. The only recording devices were
timing units in front of the permeable material which were used to calculate
the velocity of the ingident and reflected shock iraves.

The experiments were carried out in a 3 in, by 3 in. shock tube Thres
materials were tested, namaly,

. foametal -8 Iattic,awork of mratailic fibres with no free ﬁbre ends wnthln
the material
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Figure 1.6 Experimental conn_guraﬂon- @ -

® - Feltmeta! collection of short sintered fibres with free ends withinthe -
' metal

C granular aluminivm oxlde grains of unifom size heid toga‘ther In a
ceramic bond _ . _

'Figure 1.7 shows, the résu!ts published by Beavers arl_d_ Mattar (3’ The -
dependence of the reflected shock wave Mach number (MR) on the incident
shock wave Mach number (MI) and material parameters can be seen. Fair
agreement between experimental and theoretta results were obtained for
ail the materials, but one. Beavers and Matta ™/ assumed that there was a
shock wave transmitted in to the permeable mateial when the incident shock
wave struck it, which was in contradiction to the assumptions made in
formulating the analytical model. This they stated was the reason for the
_ discrepancy ba?cween the axpenmantal and theorettcal results for the foame— _
tal.
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Figure 1.7 Dependence of reflected shock wave Mach
number on incident shock wave Mach number and ma-
terlal parameters _ . :

In 1873 Guy @ pubiishad his experimental results for the attenuation of
shock waves in a duct with absorbent lining, carried out for the Australian-
Atomic Energy Commission. As a shock wave travels into an abrupt expar-
sion duct, complex patterns of diffracting and reflecting shock waves are
- produced, which interfere with the unsteady flow moving along the duct. It
is this interference, which is undesirable in baliistic range enciosures.

Guy ) stated that the complexity of the shock wave propagatton preciuded
any theoretica! investigation.

* The experimental znvestigatlon was carried outina 4 cm diameter cylindrical
shock tube, Two test sections were used. The first shown in figure 1.8 (8)
was atwo dimensional abrupt eXpansron duct with an expansion ratio of 2:1.
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 This test secﬂon had glass windows Wthh ailowed schiieren photographs
to ba taken. The secondtest section figure 1.8 (b) was a cylindncal expansion
. duct with an expansion ratio of 4:1. Mounted on the axis of the duct was a

pressure transducer. Both test sections were lined with 2.5 cm thick poiyure- L

thane strips.

~Two Dimerisional Expansion .
' Duct With Glass Sides

' }W‘}‘?\}‘fb‘f\x“f“ﬁzz“f!‘*f“'}& s

: !J

_ W
)

_ w}z}}x“}t}‘x}x.-*}(,gt«"‘aa}:‘f« /}‘*fhf}}

Plastic Foam Lining

(@)

Shock Wave Reflecting Pattern

- With-No Foam ._L.ining s Pressure T_ransducér

_ | e
(\ﬁx{\'&‘f\{x{x’\{\A(x{\ﬁx{n{\{ INNANNR.

Plastic Foam Llnlng

()

Figure 1.8 Shock tube test section () two dlm?n?ional
expansion duct (b) cyllndrical expansion duct ©

 Tast were run with an incident Mach number ranging from 1.1 to 1.4. Figura
-1.9 shows a drawing replica of the schiieren photographs taken of the two

dimensional test section (a) with no foam (b) with 2.5 cm foam lining. The
. Iinung almost tota!ly elrmlnated the shock wave reflection.
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Figure 1.9 Shock'reflecﬁun in a two dime{ns;ona! duct
(a) no foam lining (b) 2.5 cm foam lining @

: Fzgure 1.1010s the pressure varlation inthe centre ofthe cylindrical expansion
duct {a) with no foam {b) with 2.5 cm foam tining, for an incident shock wave .
strength of P2/P1 = 1.4, No scale for the traces was published
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" Figure 1.10 Axial pressure variation in cylindrical
ducts (a) no foam lining (b) 2.5 cm foam lining #7

The high frequency noise associated with the pressure peak in the unlined
- dugt is eliminated by the presence of the lining and the peak pressure is
significantly reduced. Guy @Y concluded that a polyurethane duct lining
onuid be extremely effective in reducing the strength of shock wave reflec-

tions. - o

* Gel'fand stal, (8 in 1875 published experimental results on the propagation
and reflection of pressure wayves in a porous medium. Test were carried out
in a 45 yam by 30 mm shock tubs. Piezoslectric pressure pickups were.
- lacated before, slongside and behind the porous material. The pressure
varietion from the pickups was monftored on a fwo heam osciliograph.
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- Blocks of polyurethane foam ranglng inlength from 150 mm to 600 mmwere

mounted in the test section, w;th the rear ¢f the foam ﬁtting flush agalnst the -

back plte.

.“'

F‘gure 1.41 shows an oscrllagraph ofthe readmgs from the pressure pickups.

- for a test with an incident shack wave Mach number of 2.0, striking a 150

mm polyurethane biock. Below is a schematic of the shock tube show:ng the
iooa‘trcn ofthe pressure prckups . o .

F M . SS% IS R
=TT 3
ol ¥
AW, RN
) B (4)
Time

Flgura 1.11 Pressure variatlon, incident Mach mrmherz
~ polyurethane foam length 150 mm @
The scale for each trace' is as follow_s; :

. pressuire pickup (1'). -y axis 60 bar/division, x axis.iOD-ys/division

e . pressure pickup (2) - y axis 80 bar/division, x axis 100 psldivislorr |
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¢ press_ure pickup 3) -y axie 1 -bar'fdi\deien', x_axi_s Wpeldiv%ien _'
. pressure plckup (4) y axas 34 6 barldms;en X axds 300 ;;eldiwelon '

' Analyzung curves (‘l) and (2), located § in front of the foam, the flrst pressure

' rise is therincident shock wave passing the pressure pickup. The second rise
Is the.shock wi a?re that has been refiacted from the front face of the foam,
Gel'fand et al. 19 states that there is a wave which Is refracted. in the

polyurethane foam which strikes the closed end of ﬂ*le tube whld\\after o

- reflection gaves rise to the third preseure rige.

Looking at curve (3), loealed alongside the feam Gel’fand etal, ( 3 assy J'nes

that the reason for the long rise time of this wave as compared to the indident

- shock wave is as aresult of the large difference in acoustic resistances of air
end foam. ( &ir - po = 4.2x 102 kg/m s, porous medium - - po = 4x10°
kg/nis )

 Geltandetal, P werethe firstto show expenrnentallythat the peak pressure
recorded behind the foam was considerably larger than the pressure re-
corded for normal solid wall reflaction, with the sama incident Ma umber.
This phenomenon can be inferred from curve (4). Gelfand et al. ® states
that the high pressure recorded behind the foam on the rigid wa!! was
obviously explained by the fact that the solid phase of the porous medium is
. setinto mot:on bshind the wave and thIS momentum is transmztted to the

'_ wall.

The dependence of the reflected shock wave strength on the strength of the
incident shock wave is shown in figure 1.12. A Py and A PR represent the
pressure rise across the incident and reflected shock waves. Po represents
the atmosphenc pressure

i0
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o ]

0 4 8 121620 -

AP
Po :

Flgure 1. 1 2 Dependence of the ref!ected shoc}( \Yave
strength on the incldent shock wave strength
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Dunng the perlocl 1983 to 1985 JF Clarke published five: papers on shock
wave reﬁecttan fram a porou'- medsum

~ Clarke (8) in his paper titled Regular Reﬂectlon 0f a Weak Shock Wave from

& Rigid Porous Wall theoretically investigated the reflection of a shock wave |

from a porous material, placed parallel to the direction of flow. Figure 1.13
shows the waves Clarke assumed were present during the shock wave and
- foam interaction, The incident shock wave (I} strikes the porous material at
an angle ©, an exparnsion wave (E) Is reflected from the surface of the

material. The reﬂected shock wave (R) then forms at the tail of the expansion
wave.

L Fteflécted
Incident '\ . Shock (R)
Shock (1) Expansion

e e  n  a e

% 5
N

1777777777777 777 '

Figure 1.13 Configuration of the incident and reflected -
shock waves interactlng with a porous material 8

'Clarke (6’ concluded that a reductlon in the reflected shock wave strength
could take place over distances of centimetres from the interface. He
suggested thee need for experimental results to validate his assumptions,

In October 1982 Clarke ¢ publlsh.ed some additional results concernlng his
first paper. He simplified his previous theoretical approach to a case of one
dimensional unsteady field, by assuming that the angle of the incident shock -
wave 8, tended to zerc. Thus he was able to compare his theoretical
_ predictlons to the experimental results of a reflected we:2k shock wave from
‘a porous plug. In his own words "Agreemsnt between calculation a?_g
ohservation i3 mare in the nature of tolerable than excellent." Clarke
expressed the need for further and more careful experimental study.
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Clarke © continued his investigation of the reflected shock waves from
porous mediums, the results of which were published in a paper entitlied
~ Reflection of & Weak Shock Wave from a Perforated Plug. He considered a

weak nc.mal shock wave striking a plug, consisting of a number of slender
- nollow: tubas The perforated plug |s shown in figure 1. 14 _

Perforated
Plug

P

Incident
Shock Wave

TITTELESTTTESN,

R F s IS ETEL SIS

Figure 1.14 Shock tube with a perfore”ed plug ©

The primary objective was to determine the reflected shock wave strength
 and it's variation with time. He based his theoretical analysis upon the
- -assumption that the motion of the air in the tubes could bs modeled as a
cne-dimensional unsteady polytropic compressible flow, He concluded that
the reflected wave field is dependent upon the tube length, the tube diameter -
and the coustic impedance ratio of the ambient air and air within the tubss.
Clarke @ found the companson between theory and axperzment to be
sattsfactory . _

To pret(flis:t the reflacted shock wave from a polyurethane porous piug
GClarke," in his paper fitled The Refiection of Weak Shock Waves from
Absorbent Surfaces, proposed an additional model. The model assurnes that
the porous materiat consisted of an aggregate of long thin tubes of different
irregular lengths. Shock tube experiments with a solid backed por&xs plug.
of polyurethane foam were carried out to test this theory. Clarke

that scaiter in the experimental data makes it difficult to be positive abaut.
agreement between predicted and experimental results, but that the orders
of magnitude of the observed reflected shrck wave strengths are right. He
did not publish any experimental results of the reflectad shock wave
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strangths and then goes on to state that agreement between the measura— .

ments and pregiictions is tolerabte

Clarke’s 0 iatest publicateon titled Tha Effect of a Porous Surface on a

* Shock Wave Initially Normal to it, considers a porous material plaoad parallel

to the diection of ﬁow The experlmsntal apparatus is shown in ﬁgure 115,

iR

E

Porous  _
Layer-

Solid Wall -

o - _ Window ~ - R e _
incident -~ . | . - : Solid End

’ :l\
by

. Figure 1,15 Shock tube with porous walis (9

.‘\‘,'\_

The thenretical analysis Is based upon his previous work, expandnng upon_

the air inflow to the porous layer. This theory may be used inthe case ofthe

shock wave strik;ng & porous plug perpendicular to the direction of flow, by
considering ?ngle betwaen the incident shock wave and the foam to be
Zero. _Glarke states that this theory is largely explanatory, rather that
predictive. He concludes by stating that t0 understand the interaction be-

tween the shock wave and a porous surface it Is imperative that more

‘extensive tests be underiaken w;th stranger shock waves and a ranga of
porous mataria!s .

P K



' In 1982 Gelfand et al. @ published their resuits of a theoretical and
“experimental analysis of the refiected and transmitted shock waves in

polyursthane foam. The interaction of shock waves with a porous screen

was investigated in a shock tube. The shock tube was rectangular in section
and had internal dimensions of 30 mm by 45 mm. Pressure plezosensors -

~ werelocated along the walls of the shock tube, Two osclllcgraphswere used - |

to reoord the pressure from the plezusensors

TWo derrent polyurethane foams, havnng densﬁles of 20 kg/m and 35"

- kgsm® were tested. The Iength of the polyursthane sarmples was varled
_ between 300 mm and 800mm, The incident shock wave intensities were in

" the range 41 = Po/Py = 1.3 10 9.0, where; F’z is the pressure behmd the
- Incident shock wave and P is the atmospa wr: prassure, - :

© The resuis published by GePfand et al. @9 are shown in figure 1.16. Below
- the uscillograph is a schematic of the shock tube showing the location of the.
piezosensors and polyurethane foam. Thera is no rigid wall behind the foam.
- The incident shock wave had a strength of 41 = 3.3, the polyurethane foam

having a density of 20 kg/m® and being 300 mm in length, The x- axis for all |
- the traces has a scale of 1000 ps!divislon no y-axis scale wes given..

.Anafysing curves (1) and (2), the only waves present are tha incident and
- reflacted shack waves. Curves (3a) and (3b) were obtained from the trans- .

ducer alongside the foam. In the case of curve (3b) there we?s ? immgep
" betwesn the foarn and the shock tubs walls, Gelfand et al. *** stated that
the first rise In pressure in curve (3b) was due to a pressure perturbation
slipping alang the air gap between the wall of the tubie and the polyurethane,
the second rise bsilra? a wave traveling thorough the foam. it must be noted -
that Gel'fand et al. % stated thet the foam was set into motion and fravelled
~ down the tube, but no quantrtwe information about the foam’s motlon was

published . . _ -

Gelfand et .20 exp[ained the waves present In curve (4) s follows: the
first rise in pressure is as a result of the ieading edge of the wave that has -
~ traveled through the foam and then reached the foam-air interface. The
- subsequent: pressure rise is- due io waves suceassively. emltted from the :
sample as it ia set m motion by the air wave. : BT

'Th experiments showed that atthe gas—foam mterfaoe the shock waves are-
reflocted with an increase in pressure, while at the foam-gas mterface they
mtenuate toa value lower than the incident shuck wave. '
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Flgure 1.16 Pressure variation, pelyurethane foam

* length 300 mm, Incident shock wave strength 81 =3 3(2‘” |

The theoretical analysis was based upon the Rudinger ©3) model in which
the foau~ is treated as a pseudo-gas with an squivalent adiabatic exponent
“and acoutic velacity. A detalied ?naiysls of this theoretical model is carried
out in section 2.2. Gal'fand et al.®? ‘established that the Rundinger model
adequately predicted the shock wave parameters in the polyurethane foam. .
But the model did not comp!ately account for the damping of the reﬂectad

- shock wave.
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 Gozdeva and Faresov @2 in 1985 blished an approximate analytic
method for calculating the parameters for the propagatinn of steady shock
‘waves in porous oompressnble media.

The analytical mode! is based on the elasticityfoftha porous material being
e@%\ined by the pressure of the gas in the pores. Gvozdeva and Fare-
‘sov assumes that this is justified since for the polyurethane foams the
compressive stress on the skeleton of the material at 40 parcent deformation
I8 Py = (0.4-10)x%0% Pa, thus for gas pressures Py = 10° P& in the
pores, the elasticity of the skeleton can be neglacted. The foams ars

modelled as a single phase collection of non-interacting solid parhcles o R

“suspended in a gas. or as & liquid. oontalning gas bubbles.

 Gvozdeva and-Earesov 29 develop a set of formulas 1o analyse how a

- steady shock wave in alr is reflected by a rigid wall padded with polyurethane
- foam. The results are compared with previous experimental work carried out

_by othar researchers This oompanson is shown In figrure 1. 17

. Figure 1.17 Variation of the coefticient of pressure
ln_cresise)d at the wall, behind a black of polyurethans
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- The cuoefficlent of pressure increase at the wall Ry is defined as
Ri = Pm/Pyo, where Py is the peak pressure recorded on the rigid wall
bahind the foam, and P3o is the pressure corresponding to normal reflsction
- of an incident shock wave from a rigid wall. The analytic results are repre- -
- sented by curve (1) and (2). In curve (2) thermal equilibrium betweer the gas

and foam phase has been assumed. The experimental results are repre-

sented by the circles. Curves (1) and (2) were calculated with the input

~ conditions Py = 10° Pa. foam porasity a = 0975 and density
pl=33kg/mt.

No comment cari be made on the rellabihty ofthe model sinoe the expenmen-
tal data that the analytical curves are cumpared to are for foams of different
densities and porosities _

Gvozdeva and Faresov from the Institute for High Temperatures, Moscow in
collaboration with Brossard and Charpentier from the University of
- Orleans, France, in 1988, published the results of an experimental study of
~ the interaction of a plane shock wave in alr and a tigid wall coated with flat
fayers of polyurethane and polystyrene,

The sxpetiments were carried out on the two porous materials in & shock

- tube with a cross-section of 100 mm by 100 mm. The incident shock wave

Mach number ranged from 1.1 to 2.7. Two piezoelectric pressure gauges

were used to racord the pressure variation. One gauge was mounted in the

~ rigld wall at the end of the shock tube and the other 133 mm from the end

~ of the shock tube on the side wall. Thus dependmg on the length of the

material tested the gauge may record the pressure in front of or alongside
the foam. The length of the polystyrene (densityp = 26 kg/m°)was varied

- betwesn 18 mm and 84.mm. The length of the polyurethane foam (density -

= 235 kg/m>))was varied between 65 mm and 185 mm. it must be noted

' that a 1 mm gap was left betwaen the material and the walls of the shock
tubg, thiS was done to avoid friction.

Figure 1.18 show the osclloscope records that Gvozdeva etal, & publ:sh-
ed. The upper trace in each set of osciliograms is the pressure variation
behind the porous material and the lower trace Is the side wall pressure-
varlation, The left set of traces is the pressure variation for the polystyrene,
the incident Mach number ranging from 1.7 ta 1.8. The x-axis scale is 200
as/division, no y-axis scale was given. The length ofthe polystyrene was (1a)
0 mm, (2a) 18 mm, (3a) 36 mm and (4a) 54 . The set of pressure traces
on e right are for the polyurethane foam, the ircident Mach number
rangmg from 1.8 to 1.8, The x-axis scale is 500 xs/division, no y-axis scale
was given, The length of the polyurethane was (1b) 0 mm, (2b) 68 mm, (3b)
130 mm and {4b) 185 mm.
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Figure 1.18 Oscillogram records, upper trace : preesurs
behind the porous material, iower trace : pressure on
the lateral wall left side : polystyrene, length (1a) 0 mm
(2a) 18 mm (3a) 36 mm (4a) 54 mm, right side : pofyure~
thane , len aﬁm {1 b) 0 mm (2b) €5 mm (3b) 130 mm (4b)
185 mm ¢

Analysing the pressure variation behind the- poiystyrene Gvozdeva etal®
divides the prassure rise into two parts, the first increase they attribute to a
small precursor elastic wave that propagates through the skeleton of the
-material. The second she does not comment on. The pressure then peaks
and reducss to aproximately the value of the pressure for normal s.zolld wall
reflection (trace (1a)) after 2 number of oscillations, Gvozdeva et al. 23) state
that the number of oscillations required to stabilize the pressure behind the
‘polystyrene is proportional to the lengtn of the matevial,
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The depehdance of the coefficient of preséure increase at the wall

Ri = Pi/P30 on the incident Mach number is shown in figure 1.19. Pris

the peak pressure recorded on the rigid wall behind the foam, Pso is the

pressure corresponding to normal reflection of an incident shock wave from

a ngtd wall. The test material was 130 mm of polyurathane foam, -

A ‘Rz pw/pna

Polyursthane
- B,528.5 kg
gl d=1somm

- o
o )
4l I
) -
1.5 2 2.5 _

Figi.lre 1.19 Variation of the coefficient of pressure
- Increased at the wall, behmd a130 mm block of polyure- _
~ nane foam #

Gunres (1) anc (2) e?‘a the pradloted curves based on the modsl tiascrlbed
in Gvozdeva et al’s. ¥ previous paper where the mixture of the two phases
(gas and foar is constdered to be (1) isocthermal and (2) adiabatic.

Tha dependenca of the coefficlent.of premure increase R1 onthe Jncldent
Maich number and length for polystyrane is shown in figure 1.20. The scatter
in the data is too large to fetermine any relatlonship between the langth of
- the polystyrene and the cosfficient of pressure increase Ri. '
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'Figure 1.20 Varlation of the cosfficient of preséure
Increased at th? \grall behlnd varlous thickness of poly-
styrena foam

 Gvozdeva etal, @) carrled out some experlments to detenmne the effact of
a density gradient’in the polyurethane foam on the various' shock wave
reflection parameters, Figure 1.21 shows the oscillograms obtained with a
positive density gradient (g) and a negative gradient (b}, The positive gradient
was obtained by placing two layers of polyurethane foam next to each other,

the first 65 mmin length havmgadensrtyofp = 235 kg/m°andthesecond

40 mm infength hawng adensity of » & 198 kg/m .The rlegatlve grad' ent
was obtained by reversmg the order of the foarms.

The negative gradlent has the effact of reducing the peak prassura behznd
the foam and increasing the durahon of the pressure gignal,

& ozdeva et al.  conoludes by saying the amplification of the reftectsd
pressure behind the porous material is strongly dependent on the mechan-
ical properties of the material, the thickness of the compressible material, the
gradient of the densn‘,ies ofthe materla! and the Mach number of the mcndent
-shock wave. : _
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Figure 1.21 Oscillogram records, upper trace: pressuro
behind the porous material, lower trage : pressure on
the lateral wall, left side : polyurethane foam , M; = 1.9,
positive density gradient, right side : Polyurethane foam
M =15, negativ.e_ density gradient ‘% -

In 1987 Gvozdeva et al, ‘24) publashed another paper that examinedthe shock
wave propagetion in a gas and a porous medium. The results of a numerical
and experimental investigation were presented.

The numerical modet! is based on the assuription that the porous medium
is a single velacity continuum . or "quasigas'. That Is, the elasticity of the
skeleton of the foam is ignored. The system of non steady equations for the
- motion of the foam is solved using the shock - smearing approach, with the
McCormick finite difference schems. The calculation array used had 100
points 50 of which initiafly belonged to the foam.

The axperlments were_ carried out in a shock tube having a cross- section of
100 mm by 100 mm. The elastic polyurethane foam test specimens were

varigd in length frorm 50 mm to 100 mm, No gap was left between the wall of

the shock tube and the foam material. Two piezoslectric sensors were used
~ to record the pressure variation in front of and behind the foam, The latter -
was mounted 0.2 mm from the back piste of the shack tube , on the side

wail

- The experimental and numerical results are shown in figure 1.22. The foam "
test specimen had a length of 80 mim, a density of p = 38.8 kg/m®, and a
porosity of @ = 0.875. The incident shock wave Mach number was 1.7,
Curve (1) is the pressure variation from a piezoelectric sensor located 200
mm from the back of the shock tube. Curve (3} is the pressure measured
behind the foam. Curves (2) and (4) are the corresponding thrioretical
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 gurves. Pﬁo ' Pz/Po Is the normal reﬂecﬂon prassure ofan alr shock wave '
from a sohd walt wlthout a porous materlal coating. - :

 Figure 1.22 Theoretical and experimental pressure
profiles , (1) and (3) exparlmental (2) and (4) theoretical(m

" Gvozdeva et al. @4 states that the comparison indicates satisfactory quail-
tative and quantitative description of the dynamic deformation of.a layer of
real porous material using the given model. However the numerical and

experimental pressure profiles at the wall under thé layer of porous material |

is in.good agresment only up until ime Ts = 6, which Gvozdeva et al.
- concludes indicates the need for further refinement of the caiculation model.

At the 17 th It Giternatuonal Sympossum on Shock Tub::s and Waves, 1989
. Frolovetal, ! presented a simple approximate analytical theory to predict -
* the rate of decay of a planar shock wave travelling through a gaseous
medium blocked by barriers and screens. By considering the evolution ofa
- planar stepwise shock wave after its sniry into a permeable screen located -
in section (x2 —x4 ) and making the fcllowing assumptions,

o the ﬂow is uni-dlmensiona!

o  thegas obeys the perfebt gas law
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. heat tra'nsfer' s neglectéd |
e the shock wave velncnty is lndepandant of the condltions behind It , |
- and Jdepends only on the confinement geometry, distance travelled
by the shock wave thraugh the blocked space. and |ts initial Mach
I | Froloveta! (‘5) deveioped the equatlcn |
e G(MO, ¥y = G(M1,y) _f(xa - xf)/a T (K3
_.whereG(Mo, 2y = G (M1, 1) = . jMo © oM, ) o I
' Tha mtegral is evaltlated numerica!iy using the Snmpsun technique Tha o
- parametar fwas determmed for various permeable screens - \,
'Granular Solid matenal D - |
fo88d-9- (2
' 8 dp o
where eis tha porosrty
dp is the parhcia d:amater
Air dust suspensmn | | |
. 083 np e -
._ ppdp | - S
 where p is the mass concentration of parﬁcles ¥ o
' PP is the dens:ty o B ' .. [’!k e
' Lattices and porous packin'gs o | - |
where Sis the layer spacing
-a'Tsthe porosnty
- Rough tubes | | | |
Cf=2 L us

where 1 is the hydraulic drag casfficient



-'-.Expenmental data on shock wave attanuatmn in bedsx of qranuiat‘ soln:l

* mgterial, gas-solid suspension; gauzes, pamus packlnga mugh tuues atc :

- ware us-':ead to verlfy the theory.

Frolov et al 18 poncluded that the themry may be ussd for appizcat:cns n
engineering practice, but it rnust be used wuh sSome reserve for worki’ng out

optimal safety measuras

- Atthe 17 th Intar%ional Sympasium on Shock Tl.tbes and Waves«, 1989'

‘Henderson et al. '’/ presented the res.its of their experiments with shack
waves passing from nitrogen gas into polyurethane foam plastlcs

The speed of sound in the foam was determinad experlmental!y us;ng two

techniques. Firstly the spead of a pressurs disturbarice was measured. The
results were plotted, and éxtrapolated to zero pressure to infer the speed of
sound. The second method was o measure the mechanical properties,
~ Young's modulus and Poisson’s ratio of the foam and then to calculate the
 speed of ss;und Bmh methads gave the speed of sound in the foam as 139
mss. - _

Inthe rnltial abstract for the conference Henderson et al. @) stated that they
- were measuririg the movement of the foam/nitrogen interface 1ising an array
of thirty optizal fibres feeding light sensitive diodes. From this they intended
to calculate the velocity of the interface and compare it to the gas velocity at
the interface and thereby determine whether the gas was penetrating the
foam or not. However in the conference paper no mention was made of this
. portion ot the expenment

Korobeamkov @8) | in 1989 pubhshed a book tltled Unsteady Interaction of

Shock and Detanation Waves in Gases, in which he devoted achaptertothe

 interaction of shock waves with porous compressible medium. The chapter
'was written by Faresov and is a systematic presentation of the experimental

and theoretical work in this field underteken by Russian resee-chers. The'

papers°ca porous polyurethane foam used to write the. chapter nave pre-
viously been reviewed in th:s sectnon _

At the 12 th interi vational Goiioqmum on Dynamlcs of Explosions and

Reactive Systems, 1338 Rayevsky et al. 3 from the Institute of High
Temperatures of the Academy of Sclences of the-USSR and Brossard et al,

from the University of Orleans, France presented a paper on the numerical
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and expenmental study of shock and b!ast wave reﬁecﬂon from salid surfaces
covered wlth Iayers of polyurethane foam. _

~ The experiments were oonducted in & square channel shock tube havang a
cross-section of 100 mm by 100 mm. Niragen or Hellum was Used as a driver
ges and air as the worklng gas. The elastic polyureﬂnane foam tested ranged

in " density from =25 kg/n® to pr= 33 kg/m® and a porosity of
at = 0.95 - 0.68. Piezoelactric p-cssure gauges developed at the Instiiuts -
of High Temperatures and PCB 113A24 transducers were used to record tha

L pr933ure variahon ' _ _ :

To produoe ablast wave Rayevsky etal. ‘33) used the shock tube descnbed
above as a blast simulator. The foam aftached to a solid back plate was
placed 300 mm or 500 mm behind the open end of the shock tube. The shock
tube back plate had a 20 mm diameter hole in the centre. This allowed blast
pressure jumps of up to 3.0 ta ba produced ' _

The numerical modal assumes the porous miedium to be & one-fluid, two

temperature continuum &nd by regarding the skeleton of the matsrial as'an

aggregate of absolutely hard particles the following system of equatlons for
~conservation of mass, impulse and energy is developed. .

2 -0 (1.6)
at+ (pu) 1] .
.-sr—+"""((1—al)b+ap+pu )-— _(1'7)_
(1.8)
IP( +""“)]+“‘“[P”(9+*“)+((1 “)b"'ap)ﬂl— _

em pe . (1.9)
e-_P(M)-«—sscp{pna @) )
b’*s_(ﬁ'/ﬁl)- | a - (1.10)

where b is the force asa result of the material skelston elastimty
- @lsthe internal energy of the porous medium
 agis the internal energy of the skeleton of the porous medsum due to
_elasticity - . . .
E is Young's madulus . '
p is the pressure averaged over & unit volume '
Q is the heat flux from the gassous phase to the materia! skeleton
tis the currerit ﬂme
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ulsthe averaged velccity over. a unit volume
e Js the porosity

-y i the ratio of specific heat of gas to the speciﬁc heat of the porous

- medium-

o Iisthe densuty avaragedoveraunat volume ¥

Tha system of equatlons was solued usmg the second ordar McCanmck -'

"shack capturing algorithm.

The resuits of the numerlcal and experimantai investlgaﬂgn far the shock_ :

wave Interaction with a polyurethane foam are shown in figure 1.23. The
polyursthane foam had a density of po = 33.0 kgfm , & porosity of

«0 = 0,975 and a length of o = 100 mm. The incident shock wave Mach :

number was 1,7 and the initial pressure in the shock tube Pg = 1 bar. The
numerical results are represented by solid lines and the experimental results
by dotted fines. Curves (1) and (2) are the pressure variation on the back
wall of the shock tube behind the porous mgterlal Pn Is the maxirmum
pressure for solid wall reflection {no. foam). Curves (3) and (4) are the

- pressure variation at the initial iocation of the front face of the foam. The

nondirnensicnal time scale is given by squation (1.11).

Dyt o - (1.11)

'r=--~—*
d

where dis the Iangth of the porous matedal
D1 is the speed of the incident shock wave front
7 is the rondimensional ime

Comparing the curves, there Is good agreement between the nurnerlcal and-_ .
-experimental data up untl the o ion wave s formed at the foam

boundary (= = 6). Rayevsky et al. ®2 stated that this discrepancy meay be

caused by the effect of non zaro interface velocity.

F:gura 1.24 shows the numetical and- sxperimental varlation ofthe .oaefﬁcierit B

of pressure ircrease at the wall | ¢) with incident Mach nurmber (M) of a
shock wave. The foam test specimen had a density of of = 25 kg/m®, a

porosity of 27 = 0.88 and alength of d = 80 mm. The sofid curve represents

the numerical simuiation and the exparimental points are shown as ¢ircles.
The heat exchange bstween the gas phase and the skeleton of the porous
medium i is taken into acoount in the model represented by curve (1)
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Flgum 1.23 Experiment'al and numerical pressure time
history of the end of theshock tube (1,2) anc nu the side

- wall (3 4)(

‘&3 T B R
A ¥,

" Flgure 1.24 Variation of the coefticlent o/ pressure

- Increase at the rear shock tube wall covered by polyure-

- thane foam : ’1,-3,5) - numerical simulation, .(2,5) - ex-
perimental (52



™
~ The prevlous modals, frstly the model with the absence of heat exchange
(adiabatic modsl - curve(4)) and secoridly the modél that assumed thermal
equihbrlum (eqwhbnum majel - - curve (3)) are shown for comparison,

it can bs seen that even takmg lnto acoount the lnterphase heat exchange

- the calculated valie of R when My 22,1 is less than the correspond;ng o
- experimental values. . _ _ '

~ The results ofthe numerical end expenmentai investigation for the blast wave o
interaction with a polyurethane foam are shuwn in figure 1.25. The polyure- -

thane foam had a denslty of p7 = 25.0 kg/m ‘and a length of d = 50. The -

incident shock wave Mach number at the end of the shock tube was 1.7 and

‘the Initial pressure P = 1 bar. The solid lines represent the experimental
 pressure variation and the dotted turve (2) represents the pressure variation
- gbtained from the numerical model. Curve (1) is the pressure fime history
from a pressure transducer mounted in the solid plate behind the foam.
Curve (3} is for the same transducer, but with no foam in front of it.

T
R
—

__ py

Figure 1.25 Experimental and numerlcal pressure tme
fistory of the solid plate covered with polyursthane
foam after a weak blast wave reflactio experlmental -
solid curve, computed - dotted curve 32)
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Cnmparmg curves (1) and (3) the presanoe of foam more than doubles the .
: blast wave pressure on the soild wall _

‘Figure 1 26 showsthe numencal and axpenmental variatzon ofthe coefﬁc:ent' :
- of pressure increase at the wall (R) wiih incident Mach number (My) of a -

* gimulated blast wave, The solid curve represents the experimental values - : e

anci the dotted cuwe the oomputed values

Flgure 1.26 Variation of the cuefiicient of pressure -
“increase at the rear shock tube wall covered by polyure-
_ thane foam, for blast wave reflection : solid cv.ls\z(a -
experimental data, dotted curve - computed data

The presenca ofthe foam on the salid plate does not cause any amr!tﬂcation .

of the back plate %essure with an incident hiast wave number less than 1.2,
. Rayevsky et al. ¢ ted that this effect was caused by two farces, firstly
~ the reflection: of the rarefaction wave from the boundary of the foam and
' secondly, inertia insses due to gas fitration from the foam :
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13 Gbieciiv_es :

A

-Detenmnaﬂon and ldentlﬁcatlon of all the waves present in the mteractlon of | o

a shock wave. and a porous oompresmbie foam

Explanataon ofthe pressura ampllﬁcatlan phenomena seer behind the foam. o

' Evaluation of various theoretical analyses that have ba’éq published and .
¢claim to predict the shock wave paramaters during the jnitera 'GF! ofa shock
~waveanda pcrous compresaible foam. | | -

o 4
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2 Theeretlcal Analy3|s
. ) ) "L o 'E . .
Three dlfferent theoretical solutions to the mteractlcm of a shock wave anfl 3 .
pq;ous material are presented. Thefirst is based o the analysis by Monti. %
s?e?nd and third analys (32"? based onthe work can*!ed out by Gel'fand
and Gvozdeva et al. r&specﬂvely _ _

The notatian used in this sectlon has been standardisad forallthe thaore.ﬂca[ :

analyses. Thus the edquations ! the original papers may have different
ymbols Fgura 2.%}1ows thb w mtion of the subscrlpts used throughaut :

this sectmn : o _ - '

.where § is the incident shock wave
- SR is the reflacted shock wave '
ST is the shock wave transmrtted into the foam

The drfferent regions in the gas are numberad 1to 3 whlle the reglons in the |
foam are numbered tto i . .

Time (t) 3

Dls'_tgnce o

Figure 2.1 Shock wave Interaction notation
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21 Monti Analysis .

&

* Monti 9 developed a simple solution for the sirength of the reflected and
- transmitted shock waves away 'rrom and into !rnear ( Hoake Type) mai:enals '

. Starting with the Ranklne Hugoniot equatlons which gavemmg the propage-
... tion of normal, plane shock waves in continuous and isotropic media, one -

hes the mass, momentum and epergy equations (2.1} to (2.3). The sub-

* seripts 1 and 2 dencte the oondltlons before and aﬂer the shack wave

: respactlvely
CetVs=p2(Vs-Ve) @1
| Pn1+p1Vs —~Fn2+p2(Vs Vz) I
b a2 . _2_3'.;.
M+~ s~ =h2+ -(—‘—{ﬁ 2V2) o )

2

* Pn is the stress in the medium normal to the shock wave front. For gases ,

and liquids Pp = P, for salids Pz —~ Pni = oy, wherex s the shock propaga- .

' tron direction, _Thus equations (2 )to (2.3) may be wntten as:

where v is the volume per unit mass.

A Pe-Page k&
Zlamers =
] Vo = '[(Pr:é-PM)_( vy - Vz’):l”.'_h A o (2.5)

hz—h1----(Pn2 Pn1)(v1+Vz) @8)
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_3 For a perfact 'gas.'wim.eonstant heat capacity OOefﬁciehts,L__ one may write;. -
pt_(ttmpiePr @D
pz"'_Pi+_-(1_.+n)’_P2 o T S

' Wherems the number ofinternal degrees offreedom (n 5forab|atomic . o
_' gas) o

| | Vs | Y |

o Taklng Ms = —, the condltlons before and after the shock We may be

wﬂtten as:

P_ a 1+§§_—§ | -
'&';'Léén_)’ﬁdszii T
P T+n S | T
v ”(Ms -y e

ar (1+n)Ms

_Consfdenng the one dirnensional stra:n of tha materual (:;y = 0, r,tZ 0 )
one may write :

'1—-V1-1-—L1—e_xz. - : o

. zi}vhere L. denotes the length of a specirmien of the solid material which varies
~ as a function of the stress ( ax) Def ining an average stn‘fness radulus

{z2)by:
crxz = ex2 2 ' : ' . (2.12) '

Equations (2.4),(2.5) and (2.6) may be writlen in terms of 2 as:
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: For the rraﬂectron of a weak shock wave from a materlal Montl (30) assumad
thewa s presenf\ re the ones shown in figure 2.2. S is the incident shock
wave and ST and SA‘% are the transmitted and refiected shock waves respac-

' -twaly 8] rapresents tha front face of the medium.

Figure 2. 2 Shock wave motion as a function of time for
a shnck wave striking a discontinuity surface D

By {issuming that no other waves are present, the velocity and. pressure
behind the refiscted shock wave must ba equal to the velocity and pressure
behn‘\d the shock transrn'tted wave, Thatis: '

| . (_2.15).'
(217)

Pa=Paur
Va= Vg _



Monﬁ ‘3“) tahas tha Mach number (M ) of the shock wave as a measure of
ltslntensvty(!) . _ _ _ o

Ms_.-l——.-L=fs' o : __'(2'18) B |

Msnm-l——J-fzzla e e

 The intensity of the transmitted shock wave mey thus be written as: |

. Pnﬂ Pm‘! - ' oo T (220) .

Thé pressure Pé behil_'id the refiected shock wave may be written as:

: Pa-P1(‘§21-)( )

(2+n)Ms -1(2+n)Msg -1 (2_-21__)
- (1+n) __ (1+n) -

Pa Py
Note: equation (2'.21')' is .inoofrectly shown in onti's ©0) publicatidn. _
Similérly'tﬁe_ gas veloéity b_ahind the reflected shoc;i{ SR can be written as:

Va= Vé- | AVR' = 81[ _. :? I-I—LA;;R ] . (?-22)

AVR is the veloclty sinduced* by the reflected shock wave as a function of
- Ms and Msg, equat;on (2 22) becomes _



e

| I'n Mz
n+1a1[\ __Ms__

—

Va=

R Msp (1+n)Ms | J_ |
The pressure Pnu and - the velocrty Vi may be m:tten in terms of the

trangmitted shack intensity [ f7), by assumlng one d:mansional strain as
done in equatlons (2 13) to (2 15), .

Pnh' o - (224)

P T T
P | | | -
V.'f-Pa
' \/?:T;m _

 Substituting equations (2 21), 223), . 24)and (2 25)into (2 16) and (2. 17)

yields
Ms? -1 _ éMsnz -1,
1 + n [ MS . _ MSR
: .M*. (2 +n)yMs®— 1 (2+n) Msn 2_ 4 ] '(2.2_6)
ML= (1+my 7 (t¥ny ! |
where
B [(n+Ms )[(2+n)Ms _i‘_]}"ﬁ Y
L (1 +n)Ms | |
P‘l 'l (228)

a1 @’ﬂ

 mis the material deformation parameter. For an elastic solid m is:



p1 31 (229} S
Pf VSy ' S

?u% curve fcr a foam matenal in one dimenslonal o

| -C*can a foroe deform
deﬁnes an average stiffness modulus as::

stress candrtions Mont!

g (2._.31\.
_e A o {\ S

\ .

- where J’x is tha foroe per. umt area S _ .
Usmg s the ma’aarlal c{?formaticsn parameter may be wrltten as: % o
81 f’ ’g" K R S .- T L

"\ J

v

Rearranging equation (_2-23} in terms of l_t:)!_sn'_ one obtains:

AMs® + BMsr®+ CMsp+ D=0 [ N

where

"A' 2+n(2+n)Ms -1 @34
=0T T+n |

B = - D - J.::' | _.-.'4-_‘{‘__‘ | (2.35)
C=-I—g5" *n L+ +

| I'..(2+n)M321_1 L (2-36)
—ieny U
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Thus naving a force deflectlon curve for the porous material and knowmg o
. theinitial conditioris of the incident shock wave, it is possible to calculate the

strength of the reﬁacted and trancsmlﬂed shock waves into. and away fram _
~ the porous materlal . _ .



22  Gelfand et al Analysis
- Getiand ©0) deitelbpéd'a set of équations"t“ti’pred‘ ct the strangth" of the
reflected shock wave orlglnatlng from the i‘ltaraction ofa shock waveanda -

porous medrum ' . _ . .

| g The anaiysns was based upon the modai daveloped by Rudinger (3“’ In whlch
- he assumed that a two phase medium could be regarded as a pseudogas
with an equivalent adiabatic exponent (T ) and a speed of sound (&7 ). -

Gel'fand applied this assumption to porous media. The adiabatic exponent

and speed of sound for the pnrous media is g:ven by equatlons (2 37) and
(2 38) respectwely _

HM R

1+y9n8 |
ra1 o vg ' - (2.38)

(1""3)(1—803

-~ where

o

where ¢ is the specrﬁc heat capacﬂy (Jrkg )
' eois the volume fraction of foam in the porous sample (kg/m )

Gel'fand determmed the Mach number of the transm;tted shock wave using
equa’aon (2. 41) .

-Pf(r+1)+(r—1)

241)
MsT = [P 57— 1" |




By assuming that tha pressures and VBlOC!tIBS across the gas foam interface' ‘
_were aqual Gel’fand derlved equations {2 42) 1o (2.44)

Pﬂ P1-p1Vs~uz o - - {242) |
Pa - Pz—pa(Vsn+uz)(us - u2) S ey
Equéﬂons (2. 45) 10 (2.48) are derived from the Rankine Hugoniot equations -

(2.1 to (2.3)) and relate tha conditions before and after the normal shock
-waves. . . .

2enyMsa?o i Y
g f!. S e
p2 = o] P b

_1'he- speed of sound in -region 2is ca!cula'te_d_ using equeation (2.48).

P2 - T ey
a:w(z-r—“)%' ’ (..)'
_ F’2

The valocitses of the !ncndent (S), reflected (SR ) and trbnsmiﬁed (ST ) a
shock waves are given by ! .

Vs= Msar e 249y
Vsp= Mspeg~uz - . . .'(2.50)

-.v.'sr=Msra; | | o _ | - {2.51)



 Combiring equations (243) and (2.50) equstion (2.52)Is obtained.

Ps - PzQRQMSR'azfua_'é-uz') =0 o (282

" Substituting us (24), uz (2.42), 82 (248), p2 (247), Pa (2.46) and Pa(2.45)

_the reﬂected shaok wave Mach number

e

7 into equation (2.52), an equation is obtained in terms of Msr and the incident -
- shock wave parameters. This equation miay be numerically solved to obtafn -

B



23 Gﬂvo;'deva ot ?a;_;:Ana:szsas._i |

o Gvozdeva et al 2 deve[oped an analyhc method for calm.llating #p f"‘inclf -
 wave parameters in a porous medium, after a shock wave has shiiok the

~ front face. The shock wave parameters include the strength and velocity ¢
" the rangmitted shock wave and the maximum pressure on the solid weil

behind the foam. In the work published by Korobsinikov 8} the aqua’zlons

. were rederived In greater data:l Ermrs have been found in both papers. .

. The analytlc so!utlon is based on the assumptlt}n wat the elast:mty of tha
* porous medium is only dependent on the pressurs of the'gas in the pores.
The speed of sound in the porous medium is calcuiat’ed assumlng thatthe

~ gasinthe puras is adiab\tlcally oumpressef;l

- thefoam pares

where « is the volume fractlon of air in the foam (porosnty oaefficnent)
| polis the clensnty of the solid material in the foam S

Ssmuitaneousty solwng equations (2.1), (2. 2) and (2. 3) the expressmn for the -
-Ranklna Hugoniot ourve is obta:ned L _

, +P L 254
R e 1}(1"':];“) o ' (-.)
. Pl p2

Assumsng there is no heat exchange between the gas and the foam phases i
theinternal énergy of the foam is equal to ti"aa internal snergy ofthe gas inside :

oo

1 Pa 0 e



£
N IR

E Naglactmg the compress:buﬂy of the solid foam phase, the pornsnty coefh- .
- cients before and after the shock wave are related oy -

. ' Pﬁ_ ' C

. :Substituting the intemal energy. of the matenal before and after the shcck_
- wave (2. 55} and the porosity mefﬁcients (2 58) into equation (2 o4), ane
obtams

L

| P R @57
o (y+1)+(?~1) o o

'--F—"-{(y+1—2al)+(3a1+?—1)

Eguation (2. 57) is used to determme an axpress:on for the velt»city of the
shock wave traveliing in the foam (Vs

The transmitted shock wave Mach number is given by:

Msrm —

w T e
ar L o

' Usmg the balance of momentum equatlon for the lncldent and raflected '
shoek waves, equatlon (2 60) is obtamed .

gy P o 260
(ay~1yi_(yu1)  (260)

Py =

(r- 1)P+(r+1)



’J

Knowmg Msp, assummg Pa = Py and substrtutmg Jcéicguatic:nns (2 45} (2 46}, :

(2. 58) and (2.57) into (2 60) the Mach number of thé transmitted shock wave I
] may be ca!culated ] ) y o

i

: (._7._‘,' )

ol



3 Experlmental Facllrtres
341 -' Shock Tube

./.

The shgck tube used is the one cr!ginaliy desrgned by Skews (37) in 1965
- 'The shock tube consists of a compression chamber, expansion chamber
- andtest saction. The compression chamber is separated from the expansion

chamber by two draphragms The various components ae shown in ﬁgure '
3.1 _ _

A shock wave _is _produced by pressuriz'ing the comprasslon- chamber toa
pressura above that in the expansion chamber and bursting the diaphragm.
~ The shock wave travaiis down the expansion chamber and into the test
. section at supersonic velocity. By evacuating the test sectiort and expansion -

chamber it is possible to produce a shock wave traveling at speeds up o
Mach 5. .

~ The compressiom chamber is 2min length and the expansron chamber5m -
long. There are two diaphragm holders, the first was the only one used in-

the current experimentation. The test section is located in a glass window
housing. The window houszng is erac!nsed by two circular plate glass

- windows.

Extensive m_odiﬁcatidns were made to""-\,enlarge and ‘odemize the shock

~ tube, the primary reason being to increase the internal cross section from |

76.2 mm by 50.8 mm to 76.2 mm by 76.2 mm. To do this the entrre tube afier
the second diaphragm had to be rebuilt. ,

- 341 . Expansion Chamber

The internal cross-section of the compressmn and expansion chamber is
round. This is changed to square via & round 1o square transition piece, A
new round to square section was manufacmrad to accommodate the larger
~internal cross-sectlon .

Bue to the nature of shock wave flow it is imperative that the insids of the |
tube ba as smooth as economica!ly possible, Thus a large propnrtion ofthe
machlning and dnl!ing was done using a N-C machine.
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Figurs 3.1 Shack tube -



The square tube consists of three sections of four flat plates bclted together

part of a section is shown in figure 3.2. The original tube had an internal

cross-section of 3" by 2%, thus only two sides of the square sectiorn Fiad 1o

 be manufactured. It must be noted that the original tube was manufactured
usung zmpenal units. . o

Figure 3.2 Square tube

The original square tube sections were held together by metaf pins and bolts.
The primary funiction of the pins was to ensure that when the plates were
- assembled that they were at nght angles to one annther '

When the origmal_ tube was manufacrured the adjoining sections were
clamped together and then the holes for the pins drilled. The accuracy
between holes may not have seemsd important at the time, But now that a
new side had to be made to get the required accuracy for the pins to serve
thelr function, each hole would have to be measured, aligned and drilled
individually. Conslidering that there are approximateily 240 holes and that this
would praciude the use of the N-C machine, thus increasing the manufec-
turing time ten foid. It was decided to replace the pins with bolts,
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Moving to & metric bolt and increasing tie size of the bols, the imperial bidtt*

holes as well as the pin holes were retapped For the bolts a larger tolerance - -

betwesn holes, as compared with the pin holes could be allmfed tks the"' _
plate couicl be manufactured using the N-C machine.

Howwer there was nothing 10 ensure that -the_ﬂat plates wbuid be assambled
correctly. Figure 3.3 shows the square block tempiate of which two ware
manufactured. The block corresponds to the Size of the tube. By placing one .
- template af xaaoh end of the square tube and tightening the bolts in &
sequence as not to incorrectly siress the “wits, the square tube was
" assembied with each side 90 degrees to the adjacent one. To ramove the

square template the hammer hand[e was used to force the tempfate outof
the tube _ :

Figure 3.3 Square block temblate

The square section is sealed by four seals which run downits fength housed
in the vertical sides. Two transducers were mounted in the square tube to
record the time it took a wave to travel between them anid hencs accurately
caiculate the incident and reflected shock wave Mach number.
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- Between each square section and adjoining components a ﬂange is located
The flange (figure 3.4 } has a seal an each side circling the square cross-

_section. Thus as the components of the tube are bolted together the ﬂanges
seal the buttmg SBC‘thﬂS . ,

Figure 3.4 Sealing flange

312  TestSection

“The original housing for the test section had been designed in such a way
as to aliow different shaped test sections o be inserted into the glass window
housing. It was possible to eniarge the opening in the glass window housing
and thus accommodate the Iarger tube cross-section. .

The new test sectlon is shown iri figure 3.5. The original test section was

manufactured from one block of material. To reduce manufacturing costs the

{est section was made in three parts, the circular face and the two flat plates.

- The flat plates were wslded onto the circuler face and the face then
' machined :



- Figure 3.5 Test secilon-_'. o

'Plug  Pressure Transducer
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A seal located on the circumference of the cire.. - ~face seals the ‘est section.

.Albng the top and bottom of the test SBGiiOn are mounting positions forthe
transducers. In fotal there are nine, positioned 20 mm apart. Brass bolts were
‘manufactured, to close the mounting positions which were netinuse.

During the first few tests runs with the new test section, the paralle! plates
began to open. it was clear that they had to be secured to the rear of the
glasy window housing. This wes dona in conjunctian with the mountlng of
the back plate (figure 3.6). : :

Figure 3.6 Back plate assembly

The back piate was mounted as close to the end of the fest section as

possible, to allow maximum view of the test specimen and flow fieid in front

- of it. A mounting position for a transducer was located in the centre of the

* back plate, The wires from the transducer in the back plate as well as those

~ mounted In the batom plate are taken through holes in the back plate
assembly and test section paralis| plates. These wires are then combined



- wﬁth thoss Tram th tha transduoers onthe top plate and taken through a sealed
o ptﬁlycarbcnaie plug in the glass wmduw hous:ng

Fooo

\ .
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313 Diaphragm Bursting System

. The needis used tdruﬁttifé the dtéph'fa'glﬁ is driven by barﬁbreséed air, The

~original circuit is shown in figure 3.7. To burst the diaphragm a toggle switch

is closed which activates a magnetic vaive, opening the air supply to the

. needle. Switching on the 220 V mains caused a voltage spike which activated

the trigger PC Hoard, resulting in the argon jet timing unit being bypassed :
_ and the argon Iaghts flas"ad as the dlaphragm burst |

|| Pressureln,

240vAc b R T

I
|
|
1
! _

| L

|
240vAC ' .
IS AR

1
81

| Exhaust |

Figure 3.7 Diaphragm breaker clrcik diagram 1



3.8 did not trigger the argon lights. The logic behind the circuit is that the =

g -59' |
Various spark supprasslon circuits were fried unti the one shown In figure

toggle switch which is close to the argon lights is only switching 24V, which
drives a relay &t the other end of the shock tube to switch the 220V mains.
© This together with varistors across the &20 V and 24 V supplies reduced the

- voltage spike enough for it not to Intarfere w;m the tnggering of the argbn
!lghts at the requurecl time. - _ _ .

240V _AC

o m
24\9[36.-' S _

- I %v’
MJ /

240 v AG

L Flgure 3.8_Dlaphm§m‘fbreakér clrcuif diagram 2 :

i
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Table 3.1_ SUppreésloh blrcult eoq_ipionants' _ .

COmpunents

o

Type

Descrlpilan
” Gapacltor

Magnet:c pneumatlc valve .

Resistor

st |

'_ Smgla pole toggie swntch '

v

2
2
2
2

Vartstor

/
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32 Schlieren System

A simple schlieren system Is shown in ﬁgi'J_re,‘B_.Q, It consists of:

point light source.

fenses .
 knifeedge -

photographic plate.

BN -

‘Deviated Ray

Disturbance

Figure 3.9 Slmpia schileren system

The point source produces collimated light which is made parallel by the first
lens. The light passes through the test section of the shock tube and the
second [ens focuses the light onto a photographic plate. .

‘The sensitivity of the system may be adjusted but normally the knife edge is
‘'set 50 that only haif of the light lifuminates the photographic piate. A density
variation in the shiock tube which results in a refractive index graslient norma
to the knife edge and optical axis will deviate the light ray which passed
through . Depending on the direction, the light will bypass or be blocked by
the knife edge. This results in the darkening or lighting of the image of the
shock tube, Thus the schlieren photograph is sensitive only to density
gradients in one plane, that is perpendicular to the knife edge. :
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.] .

Schiisren systems can becoma more c:omplex w;th the rnczaasmg number

. of mirrors and Ienses required 1o accommodate the layout of the various .

.shock t;bes* but the basic pﬂncsples ramaln the same. -
.3.2.1& o 5chlleran LT Pm o o

o

-s;~.

_Shodﬂubetestsecﬂon O o o
Argonjet light source - o Lo
Parabolic mirrors - - o
Knife edge and lens assambly I U .

- Photographicplate . S =
Argonjettimingunt - - .

0 Optical ight sensor -

- Personal on'rnputer,-,

.oa-q'a')oa_.hmm_..

' Figure 3.10 Schiieren layout

The schheran systerra is set up as in flgure 3.10 wﬁh tha fOIIOWIng "-‘Ompo_



322 Argan Jet Ughi Sour_ca

. Tha argon Jet Iight source suppltes a f!ash of duratlon of 0 3 mlcrosancnds
 This'ls created by passing argon through a spark gap, across which 33 10
_KV.A pnat spark imtiates the shortand a ﬂash is produced :

“there are five individual ight sources moun’eed on a stand whlch may be "

S tnggered a.t different tlmas

- “The main wmponents of the I_igh‘_t s’durcé are: :

- storage capacitor
- trigger pcboard-
spark gep
testlight
focuy lenses
pilot spark inttistor -
* adjustable siit.

The general !‘ayout'of-fh_e nght solrée may be sean ih figure 3.11

To operate the fight souroe four power supplies are required, namely:

10 kV supply -

300 V DC supply
24V DC supply
12 V AC supply

* # 8@

Anumber of modifications were made to the originat light source to improve
its reliability and allow more accurate controi . _

The criginal unit had four storaga capacitors which were mnnected in
“paralie], these were replaced by a single larger capacitor (15 kV 0.05 4}, This
capacitor could no longer fit inside the orlglna! housing, thus an external
polycarbonate box was manutactursd. Tin foll is placed over the box. The
- polycarbonate provldes the insulation and the fin foil the isolation for the
capacitor. This insures that one Iught source does not trigger another '

| 'Atngger pc board was manufactured to aflow the interface between the hght
source and a new timing unit. '
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CoNGoA@NS

—_ =i b
N =0

.'\.} }

. Trigger pc .bn_ard: :

High voltage storage capacitor o

- Ploycarbariate insuiator box .
- Alignment.lamp - B
-First lens o

Transformer coil _:' |

Spark electrodes.

Argongasinput -

- Second lens
- Adjustable slit

Plane mirror

Figure 3.11 Argon jet light source |

Light source adjustments -

To increase the _lighi intensity of the ﬂash, the spark gap is increased. This
requires &n increase in voltage and argon flow rate. The nominal settings -

Coare:

spark gap  12mm



. argon ﬂbw rate .2 cm of watar -.

"~ The adjustable sllts may be wldenad 1o increase tha light intensity but if too -
wide will produce gr uneven flash.

" Toensiire that the testlight smulates thesargon flash the fens at the rearmust
- focus the test Iight into. a sharp vertlcai beam posiﬁoned atthe centre of the
~sparkgep. . AR |

q

The front lens is used to fu:us tha flash mto a sharp vertlca} beam posmuned .

" onthe ad]ustable s,

wis - ---_.Argm.ue'tmng_um}' |

- The timing unit mnsista ofﬁve separste channels -.xghmh control the time at
-which the individaal argon lighits fash. The unit regaires an input voltage to

start the timing sequence, The time intsrval hetween the start voltage and
the flash of the light source may be set using digital push button counters. -
The counters operata inthe range 0158909 mlcroseconds in intervals of one

mlcrosecond _ o

The init:al shock wave passsng a pz’assure transduoer is used to start tha

timing sequence. The output of the trargducer amplifier Is connected to the -
start pc board. This pc board sends a TTL pulse ta the argon et timing unit
to start the timing Sequence once the output from the transducer arnplifier -

reaches a certeln threshiold. The threshold voltage may be set by altering the
potentiometer mounted on the start pe board. This threshold voltage should .~ -

be set at & minimum of 1V to reduce the chance of 1nterferenoa and thus :
accadentai tnggenng

The output of the transducer amplifier tends to rise while notin use, this rise o
may cause the fight to trigger incorrectly. To insure that this does not happen .

@ toggle switch is use to ground the amplifier at the start of each test.

- The argon jet timing umt grounds a5V supply which i oonnected toa light
source, this activates the Trigger pc board and starts the flash, Figure 8.12

shows the schematic layout of the argon Jst hght system fromi the pressure .
transducer to the light flash. _
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: 3.2;.4 - 'opt!céi'!-.lgm-s.eﬁsof-

e L
i

: © chack that the “Qh" source tﬂggered at the correct time an optical light

. sensarwas built. The fight Sensor uses a iight sensitive transistor to pick up |
~ the light, it then sands a vottage pulse 7e) the computer data aoqu:snﬁon

‘system..

' The sensitivity of tha sensor may be varied usnng two pe board mounted -
_ potentiometers The phototransnstorhasahmrted angleofvision, thugitmust =~
- be directly in fine with the light that Is to ba read. The optlcal Ilght sensor

E requsres two power supphes namely*-

| . '. svoc:supply
™ 15V DC supply -

R '
shg B : :
e f - |
o I |
el b
i R
= w
i ’
. .
f
’ oo
¥
b :
Y
o
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33 . Foam . - .
~ Two _d_ifferen't"foafns Were_ saié%ted o cover a range of cell size structures
and foam compressibility. The foams are shown in plate 3.1. The one on the
left i= = polyether foam having a density of 32_.5_-kg'/m3. The other foam:isa -
polyester foam having a density of 38 kg/m°, this foam is conventionaliy Lised

Plate 3.1 Polyether and polyester foam

" The height and width of the fpam is 77 mm %1 mm, thus there is an
- interference fit between the foam and the boundaries ofthe shdtk tube. Other
- regearchers have opted for an air gap between the foam and the shock tube
boundaries. The reasons for chovsing an interference fit are dealt with in
section 5.8. ; -

The length of all foam specimens tested was kept to 70 mm + 1 mm.
~ The volume fraction of foam was calculated to be 0,05 = 0.02.( Atkins m )
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34  Instrumentation

aar _"P‘?‘*-’?“mi Preseéyr:s'm,nsdncerfs_ -

Tne PGB piezoelaotrlcpressurah'ansduoars have been spec;ﬁcaliy deslgned : o

- far use in shock tubes. The PCB 113A21 transducer cansist of quartz slides,

-an insulator and a metal housing. When a pressure is applied to the quartz

crystals thay produee an electric charge. Thus by converting the uharge 1o
a voltaga the pressure. app!iad to the transducer is found : '

The PCB transducem come mﬂﬂheirown mountlng sloeve, al!owing the face
of the pressure transduoar to fit ﬂush wrth the wall of the ¢ mck fube. "~ -

 ThePCB 113A21 has a maasunng tange of 250 psi (1700 kPa) anda linparity

“of 1%, Further specifications are given In Appendix A.The transducers have
been: calib_r_ate_d in the shock tube, & description of this is found in Appendix -

342 pes .éfazm'o Line Power Supply '-

The PCB 482A10 Line Power Supply powers the PCB ranga of piezoelectrla' |
. pressure transducers, If further amplification of the pressure transducer
- signalis required, the Iine power supply has this facility. (x 10, x20)

 The specif‘catiqns for #ie PCB 4_82A10 are given in Appendix A. =~



85  Computer Hariware
3;551- R XTPartable ﬁersoﬁal._(:dmbﬁtér" |

The computer used i the acquisition of the data from the two pressure

" transducers located In the expansion chamber was a Protec Turbo 10. The -

Pmtechas the followmg spaclﬂca'aons o
4D

® 640 K_Df RAM E

. o tﬁfiﬁ*‘_ﬂbﬁpy di:sk_ﬂdves 380 K |

. . | | 'Prduc.':'eéslng sjaeed of 4.MH-z changeable 10 10 MHz

-ﬁ IBM co!our graphlcs card l mono Hercules graphlcs card

352 _.AT Personal Com_puter -

The pressure transducers in the test sectlon were Ilnked to the Pratec AT
The AT has tha follow:ng specrﬂcations

. 840K RAM
e  one ﬂOPPY disk v 360 K, two hard drives (20 Mb, 40 Mb)
. o Processing épeed o'f."'lsi.MHz o

: o-'. . IBM ooff;:ur gt.'aphit:s. ca'fd I.rrlo'na 'graphiﬁ:s card
» mafhs céﬁroo’essbr. |

353 . l'sc-is Hardware System |

The ISG-16 hardware syétém 'oohs;ists _of:

s 18 channel analog 1o digltal converter card



N
. extamal lnstrument interfaee
" To oparate the ISC-16 daia aoqu:snticn system the ISC-16 card is placad in

‘one of e computers expansion slots. The external instrument interface
which is connected to the computer. collects data from the !tne power

suppi‘ea

. The ISC 16 data aequisition system requires the hnst oomputar tu have the 'I"
Ifollowing speciﬁcatians R : __ :

o - minimurn ofzssKnAM
o IBM color standard graphlcs c:ard

e | Qraphlcsmnnltor o U o |



361 Isc16 sn’qp_o Driver

The Computerscopa ISC-18 smpe driver software together w:th the analog

10 dighal converter card allows a personal computer to aperata as a digital
~ storage oscilloscops. The input data (up to-16 channels) is stored in-the
computars memory and displayed as & time sequenca plot

The program oansists of twa soreens, an operating ménu and a Ql‘aphlc

display. Whlle in the operatlons menu tha fallowmg procedures may be’
: 'executéd - ‘ g

Yy o '.j_;:'ii-'? < ;"w;'%"':-'i.,.,f" S
® Ioadingtheﬂeta from aﬁle I \!
. | SR ) ‘aL L.'_;.':‘:)" _”g\
. ,.Savlng' the dé‘.‘?ﬂ- o a.z‘lia: _ S

" mnc_iifying the 'systeﬁa par.arne{e‘rs;
@ o 'e'i_'asi.ng. a de’a _ﬁie | |
. . . .ex.Iting f}oni the 'sysiern |
The system parameters which may ba set include.
. the lnput channels actwa*ed .. |
o - thename of each channel |
_ "
. | the format of the input (analag or dlgitat)

*« the vertical gain sens;tivrty

® the sarrple period (rmnlmum sample periad 18 wtth one input
channel acﬁvated 2 s with two channeis ac:tivated etc) '

- »  the amount_ of data coliected '(buffer size, maximum of 64 K).



Aﬁer a test has baen rurl and the data is stored in the computer’s memo:y, :

7

the graphsc display may ba analyzed and modzﬁed as follows:

_:”

: Ail the Computersccpe operatlons are performed USzng simple key inputs,
~ for these k?ys and mom detaﬂed informatron cfansult the oomputerscope
- manual . .

'3’.6.2- '

| largf_erdata_ stci“ae -ca_pacity_ |

b -
 the graph or part of displayed on the screan may be shh‘ted tc tha._
leftor nght ‘o .

7

A IPRERE A

- the graph may hre dnsplayed as one dot per data pomt ora smaoth
‘ouve _

'_ .tha horlzontal aﬁd varﬁwl sca!e may be changad to coiﬁpp':r'assf ui'
| _'expand the gfﬂﬁ'h S |

| 'wnh the aid of two vemcal GUISOrs, the verticai and hﬂrlzontal values

of the curves mily be displayed in volis and seconds respactively.

| Isc"i_-,,‘l'if Mass siora_ge Scope ﬁtlver.

The ISC - '16 Mass Storage Soope Driver s similer to the ISG ta Scope_
Driver but d has the followlng addmonal featuras* '

Bl 3
- . f

" data store in two formats, firstly astwo Compute}sccpe files with the -
extsnslon *.DAT and *.PRM and secondly as a ASCI file with the

extenssnn * ASC. _
- -.,_, o i Q\I |

. The CtJmputers:mpe w:ll dusplay the vertscal axes in any predeﬂned
' Ur“ts Ll _ - S '

BN

A\
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Expenmentatlon

Procedure

Switch on the PGB Iine power. supphes at Ieast an hcur before' '
commenclng test. Thls will allow power supplles to stablhze

_ Remova one glass wmdow and clean both. Insert foam test spe-
‘cimen into shock tube, ensuring that the foam is not comprassed.
- Refit glass window. - L .

Insert dlaphragm and seal shock tube, Cldse valves labelled PRE-
LOAD 1, RELEASE and PRELOAD 2, RELEASE, Open valves la-

belled PHELOAD 1, LOAD and PRELOAD 2, LOAD, This will activate
& pneumatic lcming system seahng the shock tube,

' __Set the requnred trme interval for each flight channal
| : Boot up computers

* Enter "ISC-186", thus %ca’ading the Camnuterscope Data Acquisition |
sysiem. :

Note, This program vill not run on an AT odmpute’r. The Prdtec AT
used for data acquisition was fitted with a switch at the rear to change

its performance from an AT to & XT. The program also requirés a =

colour card. The Protec AT has two graphics cards, a Hercules card
and a colour card. The Hercules card is normally operational. To
activate the colour card enter "MODE CO80". To return to the
Hercules card anter "MODE MONOQ". The portable Protec also has
two cards. A swﬂch on thesideis usedto select the required graphics
card.

Set tﬁe system parameters

Depress the V" key to gain access to the COmputersoope graph
dlsplay mods. . .

Activate the single sweap mods of the Computerscops data acquisi- -

- tion system by simultanenusly pressing the "CTRL"and 'S" keys.
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_10.': -Ghecl_{ Sehlueren system .ailgﬁmapt " o

Switch on test light,

WARNING The test light must not be left on fnr more than two

. minutes as it heats up the tngger pe board and mlght destroy' :

it

The ﬁrst mirror must project a giraular beam of lighi whlch e

- . covers the test section. It must then shine onto the secund'
L mirror illurninatang its entlra diameter

©

The vartlcal beam of light ‘faliing on the knife edges must be
focused .

“The Image of the test section shown onthe photographlc plate .
- must be in focus '

Rotate film hoider to a poman of the ﬁlm that has not been exposed. .

Stick test number to glass wmdow _

'Evacuate expansuon chamber.

Glose valve Iabellaci ATMOS _
Open valves labelled TUBE PANEL and PUMP o
Start vac uum pump. |

The required vacuum is set by adjusting the TUBE valve. |

Adjust Argon flowrate to epproximately 20 mm of water.

Ground- timer transducer.

| (3)

Test Iight source fiash, ensuring that al channels are trlggermg.

: Pressunze ccmprsssuan chamber.

Close valve labelled_ATMOS .

" (b) Open valves SUPPLY and LOAD 1.



§
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28

B0

(c) By clesmg LOAD 1 the pressure in the chamber mey be seen

ona pressure gauge. Thus LOAD 1 is kept open until the asr in

the cempressuen chamber reaches the required pressure

. G_’reu?id timer tranSt_iue?er;': -

| Derkeh- -r'eern _

Gpen 'ﬁ'm plete

i Acﬁvete the dlaphragm breaker.
_ CIose film plate -0

The Hights may now be swrtched on

Open the ATMOS valve to depressurlse the sheck tube

Swrtch off vacuum pump.

“The Computerscope should now display the recorded data, to save

this data depreee the "F'l“ key1 the "§" key and enter the data ﬁle
name. ° . _

Heturn to the graph dieplay mode bv depressrng the A key

_ Simultaneoueiy depress the "CTF:L" ard "v" Keys, The vertucel cur-

« sors will be displayed on the screen. Deprese the "R" key, then "2

and move the cursor to the first sharp rise in pressure (voltage) of

- chapnel 2 using the' arrow keys. Depress the "L* key, then "1" and

2.

move the cursor to the first sharp rise in pressure of channe! 1. The

- ime displayed under "RT - LT:"is the interval between the shock wave

passing the first and second transducer. Record thls time,

Develop the Pelaroud film. -

“(a) - Move camera control arm to P (Preceee)

() Withdraw flm end etart timing the development preceee

() 'After the required fime (60 saconds ) separate the pnnt from -
- the negatlve and remove paper measks. L

(d) Immerse the negative ina solution of 18 % sodiurn sulphHje for :

- a minute



k _,;(e) Coat the prlnt wnth ti'!e“antt scratch and Tade solut!on.

§

= _ (f) Wash negatwe in water and hang up o drv

Unlock the shock tube by closing the va!ves PRELOAD 1 LOAD and
PRELOAD 2 LOAD and opening valves PRELOAD 1 HELEASE and_

h | PRELOAD 2 RELEASE.

31

Ensire thet the shock tube in cornpletely depressunsed then apen' ol

T the diaphragrm section.

- '_32.

The test section wmdows may now be removed and cleaned ready :
- forthe nexttest o _ .
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4.2 '_ Path Photographs

To determlne how different parts of the foam were mémng while it was bemg '

. tested a new experimental concept was explored. If a séries of reflective
diagonal lines were painted on the foam and photographs taken, the path of

-foam particles could be tracked. Hence the name path photographs. The
- argon jet light sources were available but far more light was required for the
- path photographs, than was for the schlieren photographs. Using half the
~ standard schlieren optical jayout and a 35 mm camera (flgure 4.1} thg .

problem of obtaining enough light was tackied _

Argan Jet Timing Unit

Argon Jet Light Source

Personal Computer

35 mm Camers

Flgure 4.1 Pari of the standard optlcal setup for
schlleren photographs

‘The first attempt to salve the insufficient Ilght problem was to trigger all five
of the argon Jet light sources at the same time. There was still not enough
light. It soon became apparent that a high ASA rated film was required and
the ESCOM photographlc lab was contacted for their advice. They had
previous experience with low level light photography and recommend a 1000
ASA color reversal fim. The film was developed as if it were color negative
¥dm and davelapmant times pusheci tothe equivalent ofa 6400 ASA ﬁlm The



A

technique of development is said to enhant:e the contrast of the_ ﬁlm An h

o Image was obtainad but it was not of any. experimental value

The problem was tackled fram a different angle rather than to Increase the

- light fromi the light source or the film ASA, the portion of light reflected was {’

- increased. Various different types of reflective palnts were tried. These
 included; white and silver metallic spray paint, a mixture of varnish and
~° gluminium filings, varnish and glitter. A 0.5mm silver metalfic pen was found
. to be the most reﬂective and eaSIest o use. This a!ane did npt solve the
problem ' . _ . . S

' Finally after a number of different oonﬁguratlens the path photographs , re;
- obtained using the experimental layout in figure 4.2 togather wrth the fonow-

. ing adjushnents to the argon Jet light sources:

- The spark gap was opened asfar as possible, being hmnted bytha maxnmum' : o

o voltaga of the 10 kv Supply.

- possible

__stand

"The verﬁcal slits at the front of each Ilght souroe were opened as 'mde as

The right _angled m:rrcr was removed from the front of the argon ]et ilght

‘Argon Jet Timing Unlt

Personal Gnnﬁputef

Argor Jat Light Bource :

3B mm Carﬁsra :

Opt!aé[ I.ight Sansor

Figure 4.2 Optical equlprnent layout for path o
photographs _ _ y



.

Al five f ght sources were trigged simultaneously, meanmg that cmly one
photograph per test run coult:l be abtalned '
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. 43 Obsiawathns —

T’ne observatlons for each test are listed in table 4 3, Each tesw;was givarz an

identifying name, ihich also serves as the name under which the data is -

. stored. The Iist exp!ains what each digit in the e:ght dlgit ﬁ!e name
) raprasents . R R

dig‘n:'-l_--' -“(Ietter)- o ab]eét in éhoc'kiube'

- ._digité - (number) - densﬁyofob]ect o
'_-digité : (Iatter) - er ob]act specﬂcaiions

" diglt 45 '(num'ber) ' incident Mach number
digt67 (numbr-.*r) test nmber

digt8  (etter) - pressure trans_duwr poéiﬁohs._'

* Fordigit 1" there are two possibliies :

B

3 "'_Foarn_ o 1 |
" . Soldwall. |
o “digit o ‘he densdres ate representad as follows ' ‘**-
._-1. o -32.5 m® polyethar Foam R
2 ssokm® - FPoyeserFoam

| Table 4.1 Ilsts the various foam sizes and nonﬁguratlonstestad repr»ssented

by “digit 3". Two different sizes of cross-section were tested, one such that -

“the foam touched the sides of the shock tube, the other so that theroewasa

o gap of 2.1 mm 0.1 mm between the foam and the walls. Tests were run

using foam, which had various sides sealed with cling rap, a clear thin plastic. _
Figure 4.3 shows a foam spetimen with each fage numbersd. The shaded L
raglons intable 4.1 IndlCﬂth which sidas of the foam were sealed e

TRl

R
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Figure 4.3 Foam sides

Table 4.1 Foam specifications

gealod Skdes

Foam sl.zx_;. (mn_'r:).

?0 .

?o.

70

70

70

70

76.2

D
7.2

76.2

76.2

02

T2

72

762

'75.2

7.2

762

76.2

76.2

72

Digh 3

B

c_.
B

E
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Table 4.2 and figure 4.4 ir...Cate what transducer positions were used for
various tesis. Four transducers were available to be used in the. tast section
The numbers 1t 4 represent specif‘c transducers. o

1 SN4B15
2 SN4816
3 SN4B18,
4 SNs218)

P& P3PS P?_'_‘" - Po

Figura 4.4 ‘l'ransducer posltlons in the tast section of
iha shock tube.

Two transducers were located in the sqﬂare' tukie section of the expansion
chamber. The first transducer (SN 4817) mounted 62G.5 mm ahead of the
second transducer (SN 5219).

The "L seen in the transducer pusition P1 Indicates that this transduoer was
used to frigger the light sources and thus no pressure record was obtained :
from |t .

Table 4.2 Transducer Positions

| N
Bigit 8 _ Transduce pos.irions

_ P1 | P3| P& | PE7PB|P7T)P8| P |PIOJ
A |1 s 2| | ] |a

L] ledls] ] e
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© The second oolumn nf table 4.3 is the photograph number the preﬂx “S“

- répresenting a schlieren photograph and "P* a 85mm photograph. The next
four columns house the time settings that were used to trigger the light.
saurces. The atmos;:henc pressure and the compression chamber pressure
are recarded in the next two columns. Finally the time taken for the incident

 shock wave o travel betwesr: the two transducers located outside the test

. section is shown in the last colurnn. For tests F1A16010 to F1A1607b the

distance between the transducars was 20 mm, while for the rest it wag 320 5

mm.

" bigks | ransducerposkions o
" lerlpa|ea|ms| e pPr|Pe|ro Pl
T . e -

E jL] lezla] 4
ol e 4
G N 3 2 ._'4.:

wo L a2 s
R 2| ] |4
FERNED R
. K__._.. — T . 7

e



44 Dath_Proeessing E
The data from the plezoeiectnc transdueers were reeerded ueing two- Gom-

puterscope data acquisition boards. One connected 1o a portable XT and
oneta:an AT computer, the Iettereequlsmen board being anew verslen which |

- -_\\ has & number of new features

_After each test the data is saved on clisk the XT Computerscope savesthe

~ data In two files with the following extensions, .DAT and .PRM. The PRM file

contains information about the Computerscope settings e.g. number of data

- channels recorded, sample rate, etc. The DAT file contains the voltage from

- the pressure transducers, stored as a number in the range 0 to 4096 whore
-0 represents -10 volts and 4096 represents 10 volte o

' The data file is formatted In such a way that It can riot beimported fe Lotus,

So a program was written which uses both files to cfeate an ASCII file o

oentalnlng the ectuel transducer voltage .

The latest Gomputerscops has the ablilty to ereate an ASCH fie oentalning .
the voltage from ﬁ:s main ments, _ _

The dete was manipulated using Lotus 123 The preesure transdueers were
. calibrated in the shock tube. A detailed description of this may be found in

| ‘Appendix B, The pressure recorded by the’ traneduoere may be celw!ated B

usmg equatizns 4.1 10 4.6 | . .
-P=Pa,rm+-_?.e7jvc ‘sN4gts (4-1)'
Pepam+aO2ve  SNAEE  (42)
 PePamsoeawc  SNAST (@49
PePam+2BSVe  SN4S1B - Y
P=Pam+2869Vc . SNszig 1“5
P= Patre + __.2_60;9"._@' | ._ 8N52i9 :_(4.6) '_

Where

o “Vovotage (my

¢  Patm atmospheric presaure (Pa)
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Table 4.3 Porous compressible foam tests

File Name

Phato

i No

Timing 'U_nit Settings

1

LD

T4 |

Atmos-
pheric

(KPa)

Bursting
Pressure
(psi}

Shock
Time
{us)

 FIAI601B

| 185 |

| 261

8249’

F1A1602B

san

195 |

261

82.49

'F1A16038 -

$32

283 |

240 |

F1A1604B -

372 |

438 |

82049 )

- F1A16068

. 532

a2

438

8240

 FIAT606E

S84

525

o |

F1A1607B -

84

1197

1685

82.49

laisis|s|a|als|

| Fiatente

879

1240 |

{1 1360

8250

- 30

FIAI601F

87

82.50

36

F1A1'$02F

1 740

800

B2.50

~ FIA1B01F

S80

o0

o

8250

25

POOISOIF

st

- 101

202

505

8250

HHAE

F1A1802F

$82

380

560

8240

FIAIS0SF

920 .

1040 |

82.40

 FIAI504F .

$63.

8240 |

FIAIG05F

S84

1100

1160

SHHEEIHE

. 1250 .

82.40

JEIEAR

F141506F

585

1340

1400

1480 |

1620 |

82.40

586

| 1689

'1640_-

1700

1760

82.40

FIAIB07F

§ 87

1820

1880

1940

2000 |

B2FY

FA1508F

887

1820

1880

1940

2000 |

82.58

F1A1609F

| 8250

FIAIB04F

62.59.

. F1A1609F

8259

FIAIB10F

8269

HE 2 % g 53




| ohoto ’ﬁmlng._x;nu_-saiﬁngs g“h‘;:}:é Bursting| Shock |

_ GPa) | S0 | o)
(us) -

FIAS1F | S88 | 1820 1880 | 1940 | 2000 | azs'_g” 26.8

FIAIS12F | S80 | 2060 | 2120 { 2180 | 2240 | 8250 | 268

g..

FiA15016 | o eess |

FIA1502G6- | -~ o] ] eess

FAG0G | s | s

FIA504G | 890 | 2300 | 2360 | 2420 | 2480 | 2.5

F1a1801A | Sot | 2540 | 2600 | 2060 | 2720 | 8255

FIA1502A 1 1 ] sess

F1A1803A | | e

B TYEITI R R 8255 |

Fasea | | | | 82.55
s | | | | e

Pawod | | Lt . 8255

FIASOSL | B B | B2ss

HEHHHHB88808HAE

(siw|ain|s|s|ssisin|s|s

| Famos | | | 1 | eze0

N
[+ 1]

S92 | 2780 | 2840 | 2000 | 2060 | s250 |

FIAI501E 1o | a8 | 28

SIMBOIE 1 b ol | sess | s

POIISOIE | | i | 8287 | 25

. e % :.

FoaisolE | so2 | 380 500 | 560 | 8287 | 26

F2A1502E | S93 | 380 so0 | s60 | a287 | 26 | e |

F2AI601E | S94 | 380 500 | 560 | 8287 | 27 | 6%

FRAIS03E | $95 | 620 70 | aoo | e2e7 | 265 | ese

818|353

F2AI602E | S95 | 860 ge0 [ 1040 | 8287 | 27 | 638

&

FeA1504E. | S97 | 1100 { 1160 | 1220 | 1280 | 828 | 265 | e42




" Flle Nama

~ Timing Unkt Settings

Photo |

T

T2

T4

e

Atmosg-

pherlc
Pressure
(KPa)

Burstin_.g'
- {psh

[Prassure]

F2A1508E

S08

1340

- 1400

1460

1620

| s250.

| FPAIE06E

S99

1580

1640

i 1700

1760 |

82.50

265

F2A1 su_?s

81 .

1820 |

1880 |

1940 |

_m50

265 -

" F2A1508E

j:. 2;126 .

2180

8250

 F2F1B09E

. 53

| 1340

1400

'_1460.

1520

8310 |

28.5

F2B1510E

84

1 1340

1400

1460

| 1620

83.10

265

 F2B1603E

920 |

| 1040 |

8310

2&5

F2BIS11E

86

380 |

500

560

83.10

 F2CI501E

87

1340

‘1460

1680

82.75

26.5

FIDISHIE

. S8

1340

1460

1580

1820

8275 |

265

| F2E1S01E

89

1340

| 1460

1580

fe2o

8278

_ F2F15D1E

810

1340

1460

1880 |

1620

. az.?_s -

268
3

F2A1512E

P&

250 |

250

82.90

26.6

FOAI604E

Pg

360 |

350

68|

82.90

265

'F2A1B13E

P10

1 450 |

8254

%65

1 romtsiag

P11

. 450

g|g

450

818

.82.54

265

670

F2A1515E

p{2

250

280

250

250

8254

285

- F2A1516E

P13

0

550

550

550

82.54

2&5_

645

FRAI517E

P14

650

650

650,

82.54

265

642

. FPAIBIBE |

'P_15 '

50

750

- 750

750

- g2.54

_ ' 265

“ FoA1510E

' Pig

850 |

880

8254

- 268

“ F2A15208

P17

g0

850

s

F2A1521E

250

280

250

250

83.60

26.5

25 |

- F2A1522E

350 |

350

. 350

83.60

26.5 '

450

450

450 |

450

83.60

- 275




Timing Unit Settings

_FileName | Fhoto

No

KK

T2

13 |

T4

s}

Atmos-
pheric
Prissure

(ikPa)

Burstl..,,

Pressure] Time

{osh)

' Shock
)

FRA1523E

83.60

{. 275

| F2A1524E

3_3.60

2

| FemigasE

aa.a?o_

i

" F2AIS26E

550
650
3
i

83.60

FRAIS2TE

o0 |

27

JHIHEE

_FoRtGZE

Ps

83.11

| Fontseoe

‘P4

8311

" F2A1530E

Ps_|

gl88| |

83.11

FPAISHE

Pa.

[« ]
-

@287

F2AME32E |

F10

82.87

F2A1533E

P11

1" 500

82.87

- 'Fzmséq‘-;_

P12

582

56D

8287

| FoAISOSE |

P13

620

620 |

82.87 -

FoAIGI6E |

P4

880

82.87

F2A1537E

P15

82.87

F2A1536E

P16 §

8267 |

FRAI5I9E -

| Pa7 |

58|2(8(8 885

il |

8287 |

| FantsaoE

| P1g |

HHH880880B0HE

|glalg|z|

|8|8 8|2

82.87

FRA1641E

!

660 |

880

g2.87

F2A1542E

P20

1040

1040

1040

1040 |

82.87

2%, H HEIHRRE g 2|s M

F2A1543E

P

1100

1100

| 1100

82.87

642

P2z

1160

1160

1160

1160 |

82,47

FOAIS44E

F2A1545E

P23

1220 |

1220

1220

1220

83.40

FoAIS4GE |

P24

1280

1280

1280 |

1280

834D

322
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File Name

Photo
Na

Timing Unit Seﬁings

- Tt

T | T8

T4

| Atmos-

phetic
Prassure

. _(qs)

(ikPa)

Bursting

Pressure] Time
st |

shock. |
)

F2A1547E

P25

1340

1340 | 1340

1340

83.45

| 870

. F2A1548E

| P28

1340

1340 | 1340

1340

8340

”.642.'

. F2M1540E

P27

1400

1400 | 1400 |

8340

 F2AI550E

o8-

380

380 330

" 8340

28

F2AIS51E

P29

500 | 500 |

83.40

FOA1552E

' P30

580

83.40

' FeatesiE |

Pat

1. 8340

28

| FaA1564E

 paz

1040

1040 | 1040

1040

83,40

28

FOATBS6E

56D

83.40

28

_F'iAisozE )

il

62,92

F1A1603E

“P5

320

320 |

82.92

670

FIA1S04E

P8

- 320

82.92

28 -

F1A15058

P7

380

80 | 880

380

e

28-

674 |

FiA1506E

P8

330

380 | 360

a8 [

82.92

F1A1507E

Po

8202

28 |

636

* F1A1508E

P10

so0 |

82.92

28

546

FIAIE0SE

P11

1 s2me

28

64D

' FIAI510E

P12

8292

28

| P13

620
680 | 680

82‘92

28

Gag

| FIAIBIE

FIATS12E

P14

740 | 740

740

B3.11

28

FIAI519E

P15

83.11

28

_ FI1A1614E

P16

83.11

28

FIAIS1SE

P17

F1A1516E

' P18

831
83.14

28

 FIAIS17E -

P19

B|8|8|8(2 (2|88 8

00 0H

gl8g gz
g|88 8|3

<AL

8-

|2|g|z|2lg|s




Ly

'._'-Fii't.).h.iame

Photo
‘No
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5 Results and Dlscussmn
51 Pres ure Varlatlon

- Tnls section contalns the presentaﬂon ofthe pressure raoords and what was
obtamgd from them, thls includes: _ R

e pre*sure traces .

_ -'qr' o p‘ressure- cnntour.plots..
Four pressure transducers were avallable to 'ecord the pressure variation in
~ the test section. Figure 5.1 shows the different mounting positions for the
~ transducers. Varicus tests were run with the transducers in different positions
- until a trace was obtainad for each transducer position. Thus the pressure
- history before, alongside and behind the foam was obtained. ' :
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- Flgure 5.1_1‘l'a*ﬁsdilcar positions In the _téét section



- The first set of results are fnr tha tnteraetlon of an mcudant shock wa@e of _
~ Mach number 1 4 with ?0 rm of anyether foam hawng a density of 32.5

CZO . | .

. WAkl
.o L

- ~ Figure 5.2isthe pressure reuord obtained from & transdu'*er n pasman P1.

The incident shock wave passes the transducer at time = 0 us, this origin

- for the time scale is kept throughout the report, for all the graphs, photo-

graphs arid programs, unless otfierwise stated, Thus if a photograph was
taken at 200 4s, this means that 200 xs after the incident shock wave passed
the transducer in position P1the photograph was taken. :

_ The incldent shock wave strikes the foam a wave is transmrttecl ancl a shuck

. wave is reflected. The reflected shock wave passes the transducer and

- causes the second rise in pressurs: The reflected shock wave is traveliing at
' 'Mach 1.172, Ths-next rise In pressure is & compression wave, Figures 5.3

85 are the pressure traces from transducers in positions P3, P4 and F'5,

'- thay alr show the lnoldant and reﬂactad shock wave and compressuon wa\m

7
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Flgure 5.2 Pressure variatlon at P1, 70 mm of :
polyether foam, lncldent shock wave Mach numher 1.4
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Figura 5.3 Pressure varlatxon at Pa; 70 mmof

| palyether faam, Incident shock wave Mach number 14
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Figure 5 4 F*ressure variation at P4, 70 mm of :
polyether foam, incident ahack wave Mach number 1 .4
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T *ﬂME(nﬁcroseoonds) e o

Flgure 5.5 Pressure variatlﬁn at P5, 70 mri of
- polyether fnam, Incldent shock wave Mach numbef 1.4

Flgures 5610 5 8 are the prassure traces from the transduoers in pitlons
PB, PT, P8. It must be assumed that the foam moves after the incldant shook

 wave strikes the foam, thus it is riot clear which parts of the traces fepresent -

the pressurein the foam. Itis raasonable to assurne thet the first compression
wave is one which is travelling hrough the foam and the last comprassian
-wave Is the one whmh has been seen in previous grephs. -
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Figure 5.6 Pressura variatlon at PG, 70 mm of .
polyether foam, lncldent shock wave Mach number 1A,
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Figura 5.7 Pressure variation at P7, 70 mm of _
polyether foam, incident shaék wave Mz ‘h number 1.4



100

4001 '
) & 3604

150]
too
B

- TIME (micro seconds)

_ Figure 5.8 Pressure variation at P8, 70 mm of -

- polyether foam, incldent shock wave Mach number 1.4 |

" Figures 5.9 10 5.10 are pressure traces from transducers in positions P9 and

~ P10 respectively. The pressure veriation has changed compigtely. Figure

5.10 shows the extremely high pressure that is reached at the rear of the
foam, considering that the strength of the incident shock wave is only 100 -
‘kPa and the pressure is amplified up to 750 kPa, Various precautions and -/

-~ different tests were run to ensure that the pressure measured at the rear of .

the foam was as a result of gas pressure and not mechanical interference.

To mtarpret the different wave interactions throughuut the tost gection a

pressure contour plot (figure 5.11.) was constructed using all the information

- from each pressure trace. The initial position of the front face of the foam
-before the incident shock wave strikes it is shown as a dotted lirie. The poor
resolution of this plot is a feature of the computer package that was available

and not a feature of the data. The movement of the incident (Si)and reflected -

. shock wave (Sg) tan clearly be seen. So too can the compression wave (C1)
travelling through the foam. However it is not immediately clear what is

causing the other waves, further infarmation regardlng the the movemant of

the foam is mqwred
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g



PRESSURE (<Pa)

' PRESSURE (KPa) o

101

R

w

.0

L}

'0 200 400 600 800 1000 1200 1400 1600 1800 2000

TIME {fmicro secorxs)

- Figure 5,° ™Assure vﬁriatibn- at P9, 70 mm of

~ polyethe.. -, incldent shock wave Mach number 1.4
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. Figii% &40 Pressure varlation at P10, 70 mm of

“polyether foam, Incident shock wave Mach number 1.4 -
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. Figure 5.1% Pressure contour plot, 70 mm of _
palyether foam, incident shock wave Mach number 1.4



"Tasts were run on another foam namely a pobfster foam havmg a densny N

of 38 kg/m°. The tests were carried out using'«ie same Initial Mach number
as the previous foam. A full set of pressure traces over the entire test section
. wers obtained. These may be found in appendix C. The pressure fraces are ™

very similar to those for the polyether foam. The only farge d:iferenoe was

- the peak pressure recorded behind the foam, at 1200 KPa.

 ‘The pressurah‘auas were comb:ned to obta:napressure oontour plot. tﬂgure o |

- 5,12). The initial position of the front face of the foam Is represented by a

‘dotted line, The waves and wave Interactions are basically the same as the -

previou:; foarm, The reflectad shock wave Mach number is 1,180, Once again

more information regarding the foam movement is required before a detailed
explanation of exactly what is physrcally happensng may be made.

§
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Figure 5.12 Pressure contour piot, 70 mmof
polyester foam, incldent sho_ck wave Mach number

14
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“Two transducers were iucated in tha expansmn chamber of the shock tube . o

. upstream of the test section. Thiése transducers were prirarily used to

. acourately caloulate the speed of ihie incident and reflected waves, This was
- done by deterrnming the time taken for the shock waves to travel be’twean

 the iwo transducers

The rate at which data ¢an be recorded by the Gomputerscopa data?-

. acquisition system is dependent on the number of data channels being ™~
recorded. Thus to obtain the most accurate calculation of the speed of the

-shockwaves, only the two transducers inthe expansian chamber were linked -
to the partable cgmputerscope This gave a maximum samp!e ralo of 500_

o kHz

- The pressure vanat:on recorded by the two transducers located in the___ L

-expansion chamber { positioned 620.5 mm apart ) during the interaction of
a shock wave having a Mach number of 1,426 and 70 mm of polyether foam
- is shown in figure 5.13 (File F1A1511F). It must be noted that the zero time

- datum used for #e graphs of the pressure variation from the two transducers

in the expansior: chamber is not the same as the one ussd throughout the
rest of the report. .

c = 5 '. .'| . - R. - [}
0 1006 2000 3000 4000 BOO0 . 8000
S . TIME {micro sacands) y

Figure 5.13 Pressure variation in the expansion
chamber 70 mm of polyether foam, incldent shock wave
- Mach number 1.926
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_._Analyzihg the first curve In figure 5.13 It can be seen that the firstrise in -~
pressure is as a resutt of the incidert shock wave passing the transducer, .
The second fise in pressure is the shock wave that was reflected from the. -

front face of the foam. Recalling figure 5.3 which was the pressure variation

in the test section for the same experiment, it can be seen that the compress- -
*-jon wave that was recorded in the test section hassteepened and now further o

up the shack tube has become a shnck wave _

o 'Gomparlng the two curves mﬁgure 5. 13 it can be deduced*m’at the shock

wave Star, originally from the compression wave is trz jelling faster than the

. the shock wave Sg which was reflected from the front face of the foam, which:

- Infaptmust be the case since a shock wave travels at subsonic speed relative

1o the gas behind it and at supersonic speed relative to the gas ahead of it. - -

Further up the shock tuba the shock wave Star will interact with the shock

| - wave Sg.

. Flgura 5.14 is' the pressure variation recorded by the transducefs !n' the

. expansion chamber for the interaction of an incident shack wave having a
- Mach number of 1.426 and 70 mm of polyester foam. (File F2A1501H) This =
pressure trace exhibits the same characteristics as the trace for tha shock

wave mterachng with the polyether foam

Wlls (s

- TIME {micro saoonds)

Flgure 5.14 Pressura varlation in the expansion o
chamber 70 mm of polyester toam, incldent shock wava
Mach number 1 426 .
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Figure 5.15 is the interaction of a shock wave having 2 Mach number of 1,429
“and 70 mm of polyemer foam. (F1A1511E) The shock waves are propagating -
faster than the waves in figure 5.15 and the transducer (T 12) records the

rosults of the StRT shock overtaklng the Sk shock wavs.’

558588838

- PRESSURE (KFa)

16

c . . y - - .- __I'I N . _. .
= ic00 . waQ < G000 <Vt
'“r’lMES_{m’fcm- seconds) -

" Figure 5.15 Pressure varlation in the expansion
- chamber 70 mm of Polyemer foam, incident shock wave
Mach number 1 449 _

' The shock wave overtaking and the position of transducers Ti1 and Ti2are E .
i i

shown in the figure 5.16. Shock wave STRT overtakes Sy and a transmiitted
- shock wave StriT is formed, while a centered rarefaction wave Rz is
reflected. STrT, Sr and STRTT can clearly be seen in the pressure trace figure:
5,15, but the rarefaction wave Rz is not as sasy to locate, There is also a
rarefaction wave Ry arising from the foam interaction which will catch up with

Strr. The effect of Rt on Stat is also present in the pressura traces. .

For all the tests candt cloititwas requlred that the incident shock wave Mach
number be kept constant, the required Mach rumber was taken ag 1.426.
The majority of the tests werewithin +6 percent of this value. With the present
contro! systerii fur the compression chambser pressure, +6 percent was the
least practical soniter in the incident shack wave Mach. nuiriber that could

be obtained. Considering that the incident shock wave Mach number could

only be measured towithin + 3 percent as catter of 1: 6 percentis aaceptabls

5000 © 6000 !
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L
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B Dis‘tance

T12 T11

Figm"a 5,16 Intersection of shock waves

A few tests wese outsuda tha +6 peroent ranga and the fa&ults from them.
. wera not used to construct the pressure cortour plots or for any oomparative
photographic analysis. To reduce the scatter in the incident shock wave
- Mach number for different tests a new compression chamber pressure
" pontrol systern and a data recording device, havlng a sample rate of more
- than 8500 kHz would be requurech .
Table 5.1 gives the reflectid shock wave Mach numbers fnr the range of
incident shock wave Mach numbers that were abtained during the testing of
the polyether foam. The resﬁts from the testmg of the poiyester foam are
listedintable 5.2 = _ _

Table 6.1 Reflected shock waves from polyether foam.

ingident Shock |Reflected Shock| .
File Name Mach Number | Mach Number |

_ (Ms) (Msr)
FIMSHE | 1400 | tis2
FIAISOOF | 1458 | 1199
FlAls026 | 1426 1.180

FIAIBTHE | 1428 | 1172




L —
1| incident shook IHaIIeetedShuck
~ FileNama | Mach Number | Mach Number
o Ms) | (Me)

CFABHE | 149 | s

FiAtG0sE | 1975 C1ame

FIAISOSE | 1378 | 1150

Table 5.2 -Reﬂee'téd__ sh,oek 'wé\fe'_s from polyesié__f _'tda’f_n_. -

| incident Shock |Reflected Shook
FileName | Mach Number Mach Number

FoMB25E | 1.449_ 1 1es

F2AIGM0E | 140 | iz

FoA1501K | 1.426 ot
FRAIE25E | 1426 | 1478

B2AIS47E | 1875 | 1188

FOAIGSIE | 1348 | vies

"~ The variation of the reflected shock wave Mach number with the incident
- shock wave Mach number is shown in figure 5,17, The scatter band of the

~ incident shock wave Macih number that was considered acceptabie for

-oomparative analysns Is represented by reg;cn A
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Flgura 5.17 Reﬂected shock wave Mach number
varlatlon with incldent shoek wave Mach number

812 | H_e'_ar Wa_il Pressure:

1, v i S MY
IR7 138 . 138 14 T 143 144 . 145

T4

A curious phenomena of the shack wave foam mt&racttan Is the hlgh_-

pressure recordad behine the foam, on the solid hack plate. The coefficient - -
of pressure increass {R) is defined as the ratio of the maximum pressure:

recorded behind the foam and the pressure behind a shock wave reflected

from & solid wall, The rea: wall pressure for the polyether foam and pulyester ¥ =

foam are listéd in table*s 5 dand 5 4 respectively

i

LI
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“Table 5.3 Rear wall pressure polyether foam

oo eosfficlent of

.~ llncident Shock; RearWall | o .

" File Name Magh Number | Pressuia 'F'm“';i'“'
Co {Msg) - {Pw ) (Pa) | ""'(“R) .

FIMBITE | tae2 | izsda00 | aar

CFIAIB0F | t4s7 | 1224100 | @05

Fiatsses | 1487 | qoatse0 | 26

FiatsiE L 1426 | epe0 | 252

FIA18026 | 1426 | oares0 | 287

FiAtse2l | 1428 | oises0 | 248

_FiAisasE 1404 1_033900- X 4

FIAIS08F | 1375 631050 1.7

FipnasE | 1843 | esta0 | 225

 Table 0.4 Rear wail pressure polyester foam

Y

- Incldent Shotk |  Fear Wall |
FiisName | Mach Number | Pressure P"“W;‘:""
| (Mg} (Puy(ra) L TEY

 FeAtS0IK | 1.448 tior090 . | 308
FAlSO2K | 1448 | 1201840 | 807

F2A1504E Cid444 | 1183630 _' 8o
FoA1516E | 1436 | 1130150 209

FRAIS0E | 1426 | 1174460 | . 318
| FAMGOIE- 1.426 1050050 | 287 -

| roawsosE | . 1417 | 102080 | 284

Coefficientof | -
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Flia Name -

ricident Shogk
- Mach Number

" Redr Wall-
Pressm

(Pm ) {Pa) '.

' crease
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Copffilent of |
- Pressure ln-_'-

Fzmszaﬁ B
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:'3 s.dt__s

co Figure 5 18 shcws the mefﬂcnem of pressura increasa vanatlon wsth :ncident

"+ shockwave Mach numbserfor the polyester &nd po

- foam generally has ahigher coefficient of pressure incraase. Due o the small

- range of incident Mach numbers, liitle can be said about the cosfﬁciant of ,
pressure mcrease vaﬂatmn with inmdent Mach numbbr L -
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. . mformatlon thet was abtamed frcm them, thls incﬂudes

13

52 Schioren Photographs

. .

Thls sectlbn OOI'Ital"IS the presantaﬂon of the sch!bren photographs and the B =

- _"c' _schlier_‘_en Qhotographs :

‘e . measuremant of photographs
. ._'xet';ii?gfﬁm for mefoam_movenffent-._ :

To abtaln a uomplete picture of the Interaction of a shock wave with afoam |

. material, afull set of schlieren photograph were taken for each foam; starting S

with the first photograph just before thei incident shock wave struck the foam

- and each successive photograph 60 after the previous one, untitthe foam

temporarily comes to rest, before the refiected rarefaction wave generated'

B . at tha burstmg of the diaphragm enters the test section

, Thef rstset of photographs shown arefor ttﬁe 1nteraction ofan !ncldent shock
wava of Mach: number 1.4 wrth 70 mm of polyether foam ha\nng adensnty of

325 kg/m"

Plate 5.1 shcrws the shock wave ]ust before ltstrilees tha foam It ¢an be saen
that the shock is completely planar. Plate 5.2 is after the incident shock wave
-has struck the foam and now the reflected shack wive can be seen travelhng
back down the tube. The reﬂected wave is also pla’narj S

~ The next photograph plate 5 3 shows a,rumber of other waves present
besides the reflected shock wave. These are sound waves, which can be

produced when & aock wave pesses a protrusion or disturbance onthe

- walls of the shock tube. To ensure that this was the case, and that these
‘waves were not coming from or had anything to do with the foam a program
was wmteng to estabhsh poasnbia sources of d:sl-urbances : '



Plate 5.1 St:hlleren phdtograph polvether mam, denslty
35:.5 kg/m , time 195 us. ' '

Plata 5 2 Schlieren photograph, polyether foam, densrty
82,5 kg/m3 time 261 s
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N Plate 5.3 Schlleren photagraph polyether foam, densnty
32.5 kg/m®, ime 380 .5 |

The programhtled "Reﬂar:ted sound wave propagahon“ caiculatas the sound
wave pattern as seer in the test section window &t a certain time as a result

- of adisturbance, such as a small stép in the joints of the shock tube. A Ilstlng_

and detailed descnpﬂon of the program may be fuund i appendix E. .

To determine what was causmg ihe sound waves in piata 5.3 the program;
requires the foilaw!ng informatlon- - _

¢ _lnmdent shock wav_e'-Mach_numbei' - 14
» ' pressura ahead of tﬁé incident shodk . 82;555 Pa

® "temperawre ahead ofthe lnclden‘* shock 301 K

° - ﬁme the photograph was taken - 380 ps

. numberpfvertl_’pa_l grld pointé - _1_1. K
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‘Figure 5.19 shows the sound“wavei pattern obtained frdm the program ssa
- result of a disturbance, namely a flange joining two sections of the shock ~
- ttbe, The sound waves are of the same shape and in the same position as -

" the ones in the photograph. The flange was loosened and realigned, which

. "removed the disturbance and thus the sound wava from later photngraphs -

- Other disturbances were found butnot all could be removed, most were as
-4 result of slight inacquracles in the manufactured components '
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 Figure 5.19 Sound wave pa'tterﬁ' -
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In future photographs in which it was unclear n‘tha waves were souncl waves
. caused by disturbances in the shock tubs, the program Reﬂec‘éd Sound
- Wave Propaga’aan was used 10 cianty ‘thls . -

__'_,_;\

| Plate 5.4 was taken at 1100 pS the foam has a!must raached its maximum :
.. compression, but st there is no sign of gas escaping from the faam. There
 areslight bulges of foam at the corners, which brings up the quesﬁon ofthe - .
: or%e dlmensnonalrty of ma expenment Thts questaon is dealt wnth in secnon SR

The next pht:iiograph Plate 5.5) taken 60 15 after the previous ofte, shows' L
the first sign of gas comsng out of the foam Tha foam is sti!l being com- _
. pressed. = S | , -

) Plate 558, taken at 1340 #S shows the emergence of 8 Wﬁr gas front o
- which for now will be referred to as a surface d;soontlnuﬁ;y The surface B

- discontinuity does not touch the walls of the shock tube, but rather curls
. around on itself next t& the wall The gas front is oontmumg to move. '

Plate 5.4 Schiieren photograph, polyether faam, density E
32, 5kg/m3 time 1100 ws

$
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Plate 5.5 St:h!ierenphotograph polyether foam, densnty
325 kgxm tmie 1160 ps '

.
u

Plate 5.6 schlieren photograph polyether foam, danslty
32 5 kg/m ¢ time 1340 48




g

Plate 5.7 taken at 1580 45 conﬂrms that tha surfaoe dlscontlnwty and gas B
front are remalnmg statlonary : .

‘At the time plate 5.8 was taken (1880 yB] he surfaoe dusconqnqrty had’ .
_dnsappeared The foam has now also oomo 16] rest o

- Plates 51 to 58 are selected sohheren photographs whnoh il!,ustrate the
~ different phenomena seen i) the interaction of the shock wave wlth thefoam
'_.Tho oomplete set of photographs may be seen in appandlx F S

The sohl:oren photographsforthe :ntarseotlon ofa shock wave and polyestor' -'
_ foam are shown in append‘a F -

oW

*

Plato 5.7 Schiieren photograph, polyether foam, denslty
32. 5 kg/m  time 1530;:3
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Plate 5.8 Schiiaren photograph, polyether foam, denslty
325 kg/m , time 188&' Lus :

The pos_ition of the shock Wavm, foam, gas front émd surface discontinuity

were measured for each photograph. An enlarger which projected the image

.. of the negative on 10 a graund glass screen, having a cartesian vernier -
: system was used to measura the photographs

A program was written which converted the data obtained from the carteslan

vernier system to the distance betweeri the phenomena and the back plate
of the shack tube. The listing and detailed description of the program titted -
"Photograph Canversion" is given in Appendix D. :

Figura 5.20 shows the typzcai points that weie chosen to repre'aent the'
different phenomenon in the photographs, Five points along the foam front, -
contact surface and gas front, and three points on the shock waves were
measured. The points rneasured for the foam position did not include any
closetoths walls thus only measuring theone dlmensmnal effectofthe foam
front. .

| Once the measureﬁ pho \tographic data had been canverted using the

Photograph Conversion program, the points representing each phenomena
ware averaged to obtain. one point Thase results for both foams may be
found in table 5 5.
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Figure 5.20 Photograph measurement

Table 5.5 Foam and gas motion

Polyester Foam {mm) |

Time (8} [

:Pplye_tha' Foam {mm)

Foain

| GasFront

Contact.

Surface

Faam

Gas Front

Contact
Surface

70.0

70,0

70.0

?0.0 —

61.5

67.4.
64.3

60.2

62.2

55,7

57.8

550

538

516

JHEE

499

50.2

~f
(=]

4

4.2

456 |

42,1

464

38.1

345

35.3

324

2lgls8

28,8

§'.
>

325

27.4

271




Tablé 5.5 (Con

e

u
N

t) Foam and gas 'fnoﬂoi'@__ ) |

- 'Polyarﬁ-lfa_r Foam (mm)

.

Time () |~

Contact

_Suiface |-

 Gds Front

. 285

1100

1160 | -

232

. 26.8 .

236 |

. 221

189 BE S

© 804

208 .

. 186

T 1-'?'1

1540

160

868 |

R

134

913

1400

. 1728

39.3

258

38.2

1460

- ong

459

288

166

20,5

L 889

15%

18

- 484

278

218 |

428

1580

216

492

w27

- e .:

1640

218

498

2099

26.8

46.8

1760

54.3

384

1760

| 256

X4

AR
| 287

466

584

1820

- 279

554

529

s 277 |

| 524

| 1830 .I_.:'

283

574

281

525

1940

304

571

"23..4__

525

28'.'? ;

- 2840

_E4D

300

288

a0 |

06

807 |

A

528
538

2180

1.8

o

541

%240

807

54.2

I

E7

20.1

57.5_

2360

310

568 -

2420

. Bl4.

299

571

_ 812

821

| 667

" 563

2660

BT

56.0

ExX

587

2720

T
T

b

Polyester Foam(mmj | -
"l a Contact |
'---Surfaca-'-
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- It must be noted that depending upon which way the foam front is moving
-the photograph shows different sections of the foam. In figure 5.21 () the

- foam is being compressed and due to the friction on the walls the centre of -
- the foam (dotied line) Is comprassad further than the side (solid line). Thus
_ from a phetograph the position of the side gf the foam would be measured.
" However if the foam were expanding (figure 5.21 (b) the reverse woulid be -
+trus and the position of the centre.of the foam would be measured froma
- photograph. 1t has bea’‘assumed that this effect will not greatly affect the
- accuracy of the mow, «ient of the foam front and no attempt has been made
16 compensate for triis effect. it can be sesn fram the photographs taken -
-when the foam is axpanding that the bulge in the center is sman which adds
_ conﬁdance to the valldlty of the asqumphon ' =

‘Foamn movement

Lt

" Figure 5.21 Foam face movement

Figure 5.22 s a distance ﬁmég?aph far the moverent of the frant face of the'
polyether foam. The motion of the contact surface and gas front are also.

- shown. The Inciderit shock wave striick the foam at 200 s then aiter the

initial foam acceleration the faam from comprasses ata cons.ant velcclty
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“This section oontarns the path photographs ancl the information that was o

__obtained from them this rncludes -
) _"o : path photographs

| ® measurementofphotographs .

. particlopaths EEELE |

- To doterL ‘ how the' foam moved as i Was bemg oompressed path
photograpno of the foam were taken. A series of diagonal lines forming

squares were drawn on the foam using a siiver metallic pen. The argon jet

- light sources were used to fluminate the foam, while the shutter of a 35 mm
; _camora wos left opon anclthe photograph taken, .

Certain modifications were mado to the argon ]ot light sources and aII five
were fiashad simultaneously, to obtaln sufficient ight for the photographs. A

-detailed description of the experimental layout is given in section 4.2. Since
all five light. sources had to bo tnggored at once, only one photograph could
be obtainod pertest.

' .Full sets of path photographs Woro takon for both foamo The photographs
were taken at the same time as the schlieren photographs, (ﬁ@ a8 mterval)
to allow a direct comparison betwoon the results obtained.

The following six photographs ate part of tho set taken during tosts on 70 _

~ mmof polyester foarn having a density of 38 kg/m . The incident shock wave
Mach number is once again 1.4 _

Piate 5.9 was taken before the iﬁoident shock wave struok the foam. The
position of the diagonal lines whien the foam is not loaded may be seen. '

in plate 5.10, taken at 440 us the foarm has besn compressed to-61mm. From
the position of the intersection points of the knes and the distortion of the
 squares, the location of a wave travelling in the foam may be seen. Only the
front section of the foam is oompressod lnducating that the foam Is not
oompressed uniformiy.



Plate 5. 9 Path photograph,polyester foam, density
38 kg/m time 0xs
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Plate 5.10 Path photograph,pnlyester foam, densﬂy

”38 kg/m time 440 us
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_ Plate 5 11 was taken at 800 ps, the foam length balng 41 mm. The wava in
the foam can Clearly be seen, located in the center of the reduced foam
length. The front of the foam has began to expond again. The rear half of

‘the foam has not yet been aﬁected oonﬁrmlng that the foam is, noi cnm~ ;
pmsqyd umformly

Plate 5. 11 Path photograph,polyester foam, densnty
28 kg/ma time 8008



Plate 5. 12taken at 1040,:3 shows the foam compna 10 a langth of27 o
mm. The wave has travelled right through the foam. £ two damansmnal
corner affects have becoma noticeable as the foam lifis of the wall. This is -
the last photograph that resuits could be measured from as after this the

- lines became indistinct. K must be noted that the centre sectlon of tha front

.. face of the foam is essenually plane. .

Plate 5.1 2 Path photograph.polyester foam, density
38 kg/m tlme1 040 ,us
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 Piate 5. 13. taken at 1400 Jus‘ the foam passed its maximum compression y
- andls now expanding. The difference between the centre and the side of the
- foam can clearly be seen, resulting from the two dimensional effects; which
- once again have been lgnﬂred A ful¥ set of path photograahs may be seen. -
on the OOntact prints shovm in Appandlx G '

e

Plate 5.13 Path photograph,polyester foam, density
38 kg/m"f time1400 us
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Plate 5.14 ls a photograph taken at 440 xs during the testmg afthe polyether .

foam, havmg a density of 32.5 kg/m®, the inciderit Mach number being 1.4, -

The wave in the foam can again be seen and all the basic phenpmena that -

" have occurred with the previous foam ocour with this one. A coritact print of .
the full set of path photagraphs may be seen ln Appendix G, f

)

Plafe 5 14 Pa’th phutograph,polyether mam, density
32.5 kg/m time 440 us '



Te ensure that the horizontal motlen of the foem was analyzed end the two
dimensional corner effects did not influence the results, only the posmen of -
certain :ntersectlon points were measured o

Figure 5. 24 shew the dlagonal lines drawn on the foam The inter section .
points that are clrcled are the only ones that were measured. The position
of each point was measured directly from the print, the data scaled to the
‘correct size and the points in the same vertical plane averaged. Thus from

an entire set of photographs the path of ten dtfferent partlcies were trackecl

. hence the name path phetegraphs g

FIE
r

<

Ce

--.I?igt‘t’re 5.24 Diagonal lines for Path photographs.

B34 Foam ske_letqtftwave

Figure 5. 25 shows the path of ten partlcles of polyester foam during the
- compression stage after the incident shock wave struck the foam. After the -
initial acceleration the particles travel at constant velocity. The particle paths
 identify a wave propagating through the skeleton material of the foam.
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o To analyses the motlon of the parhcla %aths, twa stralght Ilnas were fitted _
through each set of partitle points. The first straight line (curve A) rapresents o

the undisturbed foam. The second curve (curve B) reprasents the rmotion of
the particle. The squations of the curves reprasenting the partlcia motion of

The intersectmn of acu
of foarm begins to mos
given in table 58.

.ﬂ'.

: thefoam are in table 5. E.

i
ll’ T

Thhle 5.6 Polyester foam parﬁicle paih equatlnns

| xposion. | - Equation (y= me+c) | intersestion: |
_ _.(mT) s s:dpe(ni') _ lnteﬂ:zpe(c) pgi_nt(,g&) |
158 ot | ovar | s
223 | msas | w_gs,z'_ | eesa
%62 2085 12815 s |
w2 | 108 13088 5 | m5
Y i 1ge8 | w7 | 3886 |
 Ere | =088 14474 o814
648 tem | w0 | 267
700 1075 16164  ' omme

Ca

ve A and a curve B is the po!nt at whlc., mat part:c!e
. The intersechon poirrt for each group of GUI’VQ.: is

- Figura 5.26 shows each of the intersection points, mrough which a straight

line has been fitted, This line represents the mation of the wave front in the
skeleton of the foam material. Thie siope of this curve is the velocity of
* propagation of the wave travelling through the skeleton material. For the:

. polyester foarn the wava propagatlng through tha ske!eton material atBo -
m/s. :
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: The same method of anaiysis was appl:ad tothe polyether foam. The particle B
" paths for the polyether are shown in figure 5.27, behaving ina similer manrier
- 1o the polyester foam. Orcs again it is pc:ssibla, from the particle paths, 1o
rdentufy awave propagating through the skeieton material of the foam

] . The aquations ofthe curves reprasantlng the partigie motion of the polyether

foam: (curve B) and the mtersectlon polnts of curves A and B are- shown in |
tahle 8.7. : . -

'fanlli;'s:f 'pmyet'nep foam particle patti eqations . .

A
" f:r'

| xpostion |  Equation (v=mx+ £} | mersection | i
Amm) . . point{us). : b
am =

-Slope{m) lntermpt(c) - WO

48 | grds 13528 ;-‘?; |

2te | dr | wsia-

q:u--_.nm.? .

88 | T "43“4-'.1

858 o288 . | iacem

a24 2253 | 148 | tg0o

L

a2 2213 | 15195 480.7

661 | oi2s | ss00 | sars

o1 | 2048 15639 | 278

o0 | 2087 | 16802 2343

g

Figure 5 28 shows the motion of the wave fmnt in the skeleton of the
polyather foam. Thls wave is prapagatung through the skeleton matorial at
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| Flgure 8. 29 is the paih of the fromnt face of the polyester foam as caicuiatad e
- using the schiieren photographs (crosses) énd the path photograplfn‘s :

o (squares) The average absolute error is 5.2 percent. -

The veicclty of the ﬁont faoe of the polyester foam is 54 m[s Thts isthe
~ average of the velonities obtalned us;ng the path photagraphs and the
' -schlieren photographs o .

| 'Figure 530 is the path of the front face of iHe polyather foam as calglated

~using the schiieren  photographs (crosses) and the path ph graphs.. |
: '(squares) The avereuge absalute enor lsszpercent - _ :

e velosity of the fFont face of the polysther foam is 58 /s, This is the

~ average of the velopities obtazned using the path* photographs and the

“ schl;eren photographs
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832 ';rans_mmd' Oompré'sslon Wave

From the pressure contour p!ots ﬁgure 5. 1?-and 5.11 a gas compressien

.- wave was identified, travalfing through the foam (trensmitted compression

‘wave) this wave having been generated aiterthe incldem shock wave stmck - .

_.thefrontface,ofthefaam A oY

" To compare the propagaﬁon ot the, transmltted mmpressaan waveandthe .
- foam skeleton wave a portion of the pressure contour plot (from figure 5.25) ~

 was superimposed upon the patticle path plot (ﬁgur& 5.25 } Th:s dnmpan- 3
son, for the paiyester foam is shown in ﬁgure 5. 31 .

. The leading edge of the transmitied wave Is traveliing at 140 m/s Hecallmg o
that the foam skeleton wave moved at 89 mls one can Edentrfy two dtstmct -
_'wavas travelling "mrough" the foam. - - . .

"~ The propagatlon ofthe tmnsmitted weive ancl the foam skeieton wave in tha R
polyether foam is compa!red in figure 5.32; The leading edge of the trans-
- mitted wave is travelling at 188 m/s. The foam skeleton wave traveled at 90
- m/s, Once again one can ideriﬂfy two distlnct waves L"avelhng “through" the - -

- foam,
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Flgure 5 33 shows the interactlon of a shock wavs and a solld wall

 Solid
‘Wall

Tme

v

| .Distqince v .

Y

Figyre 6.33 Shock wave;-init:eractton with a solid _wau |

Based on the followmg input condltlons the standard norma! shock wave’ "

e equatibns were used to calculate the strength ( Pa) and Mach number

" (Msg) of the shock wave reﬂected from a solid wall, ;ha results of which are
listed in iable 5. 8. ' -

Py = 82 566 Pa
a1=348m/s . -

P‘i = (0,985 kg/m-s

]

U
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Table 5.8 Solld wall reflection

_ Incidélit3shd§ﬁ-
Mach Number
(Ms) _

Mach Number

Riflacted Shock|Refiected Shesk|

-‘Pregsure

1,449

s ‘ MSH‘) .

| (Pa)(Pa)

002840

1426

1.972

1389

o 1_;375_.

1832
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5A2 "montifs.’rhéareﬂcai Analysis

Adetalled dascr%gﬂon of the meorencai analysis Mont ¢ (20) used to ca!culate -_
~ the strengths of'the reﬂected and transm&ted shock waves was gwen in
. section 2.1, *"__ _ . . o

 The analysus is used to predict the reﬂechad ‘and transmntted Mach Aumbers

- for the polyester foam. These predicted results are compared to the o

perlmentai results obtained

A oompression test of the foam was requurecl in orderto determma ite average

- stiffness modulus { & ). The compression test equipment available is usually .
~_used to test imaterials much stiffer than the foam. The compression testes:
" thus did not have the sensitivity required to test the foam. A mianual static
test was done by placing different weights on the foam and measuring its -~

change in length. The static compression is shown in figure 5. 34 as the - :

variation of the force per umt area (5:) with straln {sx)

. A!though the tests parformed were simple in nature, the resulis obtaarzeq .
weré repeatable. The force-deformation curve has three regions. (Monti '
observed the same characteristics for the foam he tested.) The slope of the
curve located in re gsm Cis taken as the average stiffness modulus (e ), as

- deﬁned by Monti

Basad on the fallowmg input %ndrtians the shock wave iniaeractlnn parame-.; R

ters as proposed by Monh were- calculated, the resulus of which are

| shuwn in table 59.°

P1 o= 82 566 f-"a

a1 = 348 m/s

p1 = 0.955 kg/m®

© = 51400 Nm?
N=5 |
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- F!gure 5.4 Experlmental farce-deformatlan curve for
the polyester 1oarn ' _

Table 5.9 Results of Mont’'s @9 theoretical analysis

_ Polyester foam t p1 a8 kg/m® ) Polyether !oam ( o= 82.5 kg/m )l

Incident Shock lﬂeﬂeeted Shocklﬂeilected Shoektﬂeilecmd Shock{Reflected Shonk
_ Mach Number Mach Number Pressure | Mach Number | Pressure
{Ms) | _(Mar-l)- _(Pe.)-(F_'a) i (_Msa) . (Ps){Pa}
149 | 1951 | 250010 | - vt4r _ 284700
1428 | a8 | 20860 | 1138 24700
Cotar | a4 1 260 | 1v80 | 2ouees

The reflected shock wave Mach number and the pressure behind it wire
caiculated over the range for which experimental results existed. A compari-
son between the experimentally recorded raﬂecta(d ach number and the
Mach number calculated number using Monti's analysis is shown in .~
figure 5.35, The prassua'e? behind the reflected shock waves are compared
- Infigure 536, Monti’s ™ analysis under predicis the reflected shock wave
Mach number and the reflected shock wave pressure.
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543  Gelfand's Theoretical Analysis
| | R
A detailed descnp*ion of thé theorstical pseudo-gas analysls Gelfand ) @ o
" used to calcuiate the strengths of the reflected and transmitted shock waves -
was_given In section 2.2. The following input conditions were used to
calcu!ate the shock wave unteraction parameters uslng the Gel’fand analysis*
P - 32' 566 Pa
ar=348mss
p1=0. 955 A‘fgﬂrﬂ3
o= 1200 J/kg
: C’1._m ITOUQL’J/I\’?Q -
gf = 0.05 R
o . )
" “The results of the mteraction of a shock wave: and a parous foam aceurdmg
to the Gal’fand analysls are listed in table 5 10.
Table 510 nasum: of Gelfand’s ‘?"’_ th'eoreti_cal_ analysis

-~ L

.| Polyestertcam {py w'aakgfm Poiyethor foafy (1 = 325kg/m
N Y -1 R I “aj = 521m/5)

incklent Shock R ]Baﬂected Shocklﬂeﬂwgd Shock Reﬂected Shoeklneﬂected shock| *

Mach Number | Mach Humber |- Pressure Mach Number | Pressure
(M) |  (Msr) | (Pa)(Fa) {Msn) (Pa}(Pﬂ)
1449 o 1,263 stotsa | 1264 | 314500
b otes I st | ooess 1243 © ooe0s0
RE R 1226 . %6700 | 1218 | oe3s00,

=

i .
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A comparison batween tha expeﬂmerrtal results and Gel’fand s theoretlcal -
“analysis for the refiected shock wave Mach number and the reflected shock -

wave strangth are shawn in ﬁgures 5 37 and 5 38 respectwaly

1,3’?’. 1.39 N 1..4_'[ 143 145 S -1.47f
I ~ Incident Shock Mach- Nc e

z': EX,U 33 e EXP 335 - GB[SB’ g .&B[@éﬁ )

Figure 5.37 Reflected shcsck wave Mach number varlation -
./ with incident shock wave Mach number, experimental
f’_‘ “and Gel'fand’s "’“’ theoretical results .

Gel’fanq $ analysls over pred:cts the reﬂecterd shoékvwava Mach number and

~ the reflected shock wave pressure. The Increase in axperlmental reflected -
~ shock wave Mach number as the incident Mach number increases (slope)
Is sultably predicted by Gel'fand’s analysis, ever the rangs of incident Mach

numbers oo’nmdered The same holds true for the reﬂected shock ane

:pressure (fgura 5 33 )

Y
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: B Flgure 5.38 Reﬂacted shock wave pressure varlatlon
- with incident s ‘hock ‘wave Mach number, axperimantal

~and Gel’fand S
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- Figure 5 39 and 5.40 showthe reﬂected shock wave Mach number variaticm--_ o
\(wrtp incident shock waal&0 g Mach number from the experimental results, Moni -

; ) analysis and solid wall intoractions. Figure 5.3¢1s =

the shock wave interactmn for the 70 mm of puiyester foam, wh:ie ﬁgure 540

analysis, Gef'fand
R far the pclyether foam

‘h

—
B

-_; ,
-

e

1.2

 Refiected Shock MachNo =~

e - 7. v

O METTT AR e e e 147

o " Inciderit-Shock Mach Ne
% Exp + Mol * Gel © Sofid

i
-1

Flguras 39 maﬂectedsrmckwaveMach numbervariaion

wﬂh mcldent shock wave Mach number, polyester foam

By placing a compressible foam in front of a solid surface it can be seen that
the reflected shock wave Mach number has been reduced. The experimental -

reflected shock wave Mach number lies betweenthe Mach number predicted
by Gelfand’s gnelysis and and the Mach number predicted by - Mortti's
: anaiysie. These cunck:sinns hold true for both foams tested '

}_I H.

u
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Reffected Shock MachNo
E

187 - 139 1Ml 143 145 147
. Incident Shock Mach No L
= -Ex;:"o i Monﬁ- * '_G-el_ ©. Solld

Flgure 5.40 Reﬂacted shackwava Maeh number varlatlon
with Incident shock wave Mach number, pulyether foam

3 Fugure 541 and 5 42 show the reﬂected shock wewe pressure variatcon \Yrtlif
- incident shock wave ;vlach number from the experimental resuits, Monti
. analyss, Gel'fand @0 analysis and solid wall interactions. Figure 5.41 is the

shook wave interaction for the 70 mm of polyester foam, while figure 5.42is
_Yorthe pclyeti'ler foam.

<
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Figure 5.41 Reﬂected shock wave pressura vaﬂation
with !ncident shock wave Mach number, po!yester foam-’
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. Figure 5.42 Reflected shock wave pressure variation
with incident shock wave Mach number, polyether foam
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e 544 ._G_\iozdeva'g Theoretical Analysis -

A detailed deé&ript!oh of ihé énalyth method Gvozdeva @2 deveicpeei for
' calculaﬂng the shock wave parameters in a porous medium, after a shack _

wave has struck the: front face is gwen in section 23,

 The analysls tecuiles tha Input of the Magh F..mber of the reﬂected shock._ I
. wave. The reﬂ? aﬂ shock wave M) number may be calculated using -
o analysis. But for the purpose of the

or Gel'fand’s

./f

' caleulations to follow the- expenmgntally measured reﬂacted shgck wave

_Machnumberhasbeenused e é

-The fullowmg input npndmcns were used 14] ca!culated ﬂw shock wave' i

o pararneters '“ﬂ"ﬁporﬁ?us medium. o

348m/s" '

L m—y : .
; L

. p1a0£55kg/m3 -
fw=0% | 1“'bi 
Paiyesterfoam po.r = 728 kﬁ)mafm ;}';38-!@)513

| .Polyamerfoam po! Bazkg/m fOl'pfaSESkg/ma

| The results ofthe interactnon of am%hcck wave and a porous faam accarding -

to the Gvozdeva s analysis are mst;pd in table 5.11 and table 5 2,



- Table 5, 11 Results of Gvozdeva' (23) theoraticat analysis tor polyaster
_ 'foam . :

o . Polvesterioam (p|=33kg/m3 al 523m/s)
Incident Shock |Reflected Shack| m&m 3 Rear Wall | Soefficentot | -
Mach Number | Mach Number ‘Number Pregaure | "l casey |
(MS) _ (MSR)* (MST){P&} (Plli)(Pﬂ) (H})} ol
1.449-" o 1201 SEC- N 1067490 1 am
s | | e | owem v as
1 | ties 1606 e | 248

Table 5. 12 Results of Gvozu’eva s (22) theoreﬂcai analysis foﬁpolyester
i’oam _ '

Polyetller ioam ( pL= 82.5 kg/m &) =621 m/s)
1' \ng . -'Coaﬂ‘ antof
_(Ms) | {Msn)_"_’ N TR U’"‘)‘P")--.. (n)
a9 | taee | s | tosewo | 2es
1;‘(56 o _1.-1'?6:. . e | 931920 _-'_Z.QBE

% - Experimental result |

The cosfficient of pressure increase variation with incident shock wave Mach -

number for the polyester foam is shown in fi gurf % 43. The experiments are

compared to those obtained from Gvozdeva's *““ theoretical analysis. The

coefficient of pr?s§ure increass for the pplyester foam is under predlcted by -~
-~ the Gvozdeva analysus _ _ S .



Flgure 5.44 shows the «asults forthe polyetherioam the predicted ooefﬁ(;/;ant .
of pressure increase falls within the scatter of the experimental data, Thus
nge of indident Mach niumbers and the two foams tested Gvozde-
theoretical analyms predlcts the ouefﬂcaent of prassure mcrease to -
within 20 percent. : .

: Zvas

: The Mach numtber ofthe transmrtteashookwava variatlonwnh lnudent Mach

'éde:ffﬁb.ia'nf:of_ Pressure lncrease .

2

o .

-

. ”l' -
J\_

P
Vi

185

¢

S

14 :
Incident Shock Mar:h No

x Exp38 + Gvods

1.456 °

Figura 5.43 Coefficient of pressure lncrease varlatlon
with lnmdent shock wave Mach number, palyester foam

[

: rwnber acoordmg 10 Gvozdeva‘

analysis is shown in flgura & 45

o .1{:}.

ARy,
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Figure 5.44 Coefficiont of pressure Increase variation
with incident shock wave Mach number, polyether foam

Transonitied Shock MachNo

a1 188 - 141 148 145 147

Ihcident Shoak M=shNo

= Gvo 325 - Gvoag
F:gure 5.45 Transmitted shock Mach number varlation

 with !ncic!ent shock wave Mach number { Gvozdava’s
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55 _Foom Model

| The problem of understandhg what physlcally happens when a shock wav:’a
strikes the front face of a compresslble porous foam was tackled on thfee
levels, namely. :

I recording the pressure beforo, alongsuie and behincl the foam

* sohlieran photographs |

® path photographs

In this section the throe sources of mfonnatlon will be oonsidered and
combined to formulate a physical modol for the interaction of a shock wave
and a compressible porous foam.

Combing the data from the pressure transducers, it was possible to construct
pressure contour piots, figures 5.11 and 5.12, The schliersn photographs

supplied information about the movernent of the foam front face, a gas front

and & contact surface, ﬂgures 5.22 and 5 23.

Superimposing the information obtasned from the schileren photographs and
the pressure transducers, figure 5.46 and figure 5,47 were constructed.
- Anglyzing the figures it is possible to identify the gas weves present in the
shock wave, foam interaction. The incident shiock wave strikes the front face

of the foam (S), a shock wave is reflectsd (Sr), a compression wave(Ci) is:

transmitted into the foam and the #ont face of the foam begins to move. The
transmitted compression waye sirikes the solid back plate and is reflected
~ from the back plate (C2). During this time the foam is being compressed. The
reflected compression wave (Cz2) strikes the foam/ air interface, a oompross-
ion wave (Ca) is transmitted into the 3irand a rarefaction wave (R} is reflected
back inta the foam. The front face of the foam continues to be compressed.
A gas front emerges from the front face of the foam, then a contact surface.

The foam then begins to expand again, stabilizing at approximately 30 mm |

in length. 1t was shown gmot the gas front is gas leakage past the sides ofthe
toam (Seitzand Skews &), 1t has been assumed thet it does not significantly
affect the one-dimensional nature of the flow along the centreline of the tube.

At the end of the test the foarn did not retum to its original length (70 mm.)
The friction between the foam and the walls of the shock tube held the foam

in & compressed position. When the foam was removed from the test section

it returned to its original posmon, no permanent damage being done to its
structure .



- R . - . - - B g - A “’3 .

i
T .
: N

{

/ .' . NN \_,‘\n

o

" 1eg s

148

ee

" TIME (x 10 micro s:eco'nds'}" '. .
Q.

B TEw -i;ap-iaz 8 e;a 43 Te TR
- ~ DISTANGCE ¢nm)

Figure 6.46 Pressure contour piot and motion of 70mm  *
of polyester foam, incident shock wave Mach number
14 o e



-3

g€ s143 -1 103 -8 .63 43 -23

168}

P

.
[t ]
-3

YIME (x 10 micra seconds )

. 2|

L

Flgura 5 47 Pressure contour plot andmotionof 7omm
ot poiyethar foam, incldent shock wave Mach number

" 1e0)

v L

=

g

DISTANCE (mm )

14

63 -143 C125 -163 63 -63 '-43 23

i
14@.i:-'=.

120,



fe
. N iy

164'

A compos:te wave dlagram (ﬁgur? 5 48) wags constructed for the polyemer )
. foam {Skews, Atkins and Se;tz ) The particla path inthe gas space was
determined. 1t must be noted that the velacity inregion 3 is almostttie same .

~ as that of the foam front and the veloctty in region 4 is approximately the . - |

'same as that of the contact surface, .

T o . l[foamface B

P;.=4a5KPa Us=-0ms v\ | contact

TIME (m_‘s)'

sl

08 b

o Pa=1aaxpa /
. 195 s
04 | Rl

0. 2

0 80 6 4 2 0
- DISTANCE (mm)

 Figure 5.48 Compostte wave diagrar, p._ci.lvethéa- foam ©8)
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The path photographs provided the information on the movement of the
‘parficle paths in the foam (figures 5.25 and 5.27.) From this information i -
was possible to identify a wave propagating through the skeleton of the foam
- and 16 propose the following: physnoal explanation of the large pressure r
~ recorded behind the foam. '

i it is proposed that the foam wave acts as'an almost solid plston trapping .
and compressing the gas in front of it. it is this mechanical action of the foam . . -

_piston compressing the gas into a diminishing volumg which causes the

amplification of the pressure behind the foam. As the ;;;,as trapped inside the

- foam is compressed its tempsrature increases. This Yigh pressure results in

the gas baing expelled out along the sides of tHe foam followec! by the -

. .contact surfaoe {temperature discontinuity)

" To vahclate the mechanical pistan theory a program was wntten to evaluate o .

the foam face movement given the pressure distribution in the foam (appen- -

dix H.) Assuming isentrgpic compression the program calcuiates the position
- "of the compressed foam boundary {piston) which would result i the mean
‘of 1o measured pressure distribution. Adeecnptlon ofthe oompreesed foam
boundary program, Input condltions anda lIBtll"Ig o given i appendlx H.

" The program caiculates the mean pressure withun ths compressed foam

boundary, the temperature of the gas within the boundary and the position

of the boundary, The results for the polyester foam and poiyether foemare |
__ given in tab!ee 5.13and 5.14 respectwely : S

Table 5.13 Path of the polyester compressed foam boundary

Time Mean Pressure ' Distanon ’lhmperature
{us) 1 (Ps) . | (mm) - (K)
"o | - esove _' 1 ee7 o 803
20 . s | 2 | 303 | )
| & 34973.'. 688 208 -
g | . m* 1 ws st .
00 | eowe | 74 | om0
om0 | e | To | 2ee
PR R
0 | esses | eat | 04
o | wm | e | oe
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110830
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-

837

_ 1:41'443'

w78

- 851

157808

© A4B

'.332 -

174887

4.9

373 .

406",

920

420003

220

419,

707847

152

- 1040

1 476320

oo

567036

‘202

w7

17'._3

522

e

1286

1220

757936

145

1280

. 610636

168

o

a7e013

204

497

400 |

384408

2.4

. 1460

338115
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88 -

1580
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- 268
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17607

313161

313435
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26.7

: RS
o B

58 |

1940

SHHHBRNNNN

245



167

" Time  |MeanPressure| Distance | “Temperature
o{ms). p - (Pa) 1 {mm) - | (K)
o000 | serei0 | 238 | 469

ﬁble:_5514 Path of the 'pOIyethér' 'compresséd foam bound‘a_ry )

Time  |MesnPressura| Distance | Tanperaiure |
(ws) | (Pe} | (mm) | (k)
a4 | estes | w2 | s

80 82824 e a0t
we | s | ees an2
fe om0 | ssso | Cwme | w0
| 300

e84 | simes | 704 |

;0 | emos | e 2

a4 | B7eI6 674 | a7

a0 | omes. | e38 | @13

s | ez | ssd 832

g4 | 1ast0 | - s01 | 845
60 | 51815 | 468 | “sse

iree | &0 | 8B

208163 | 364 . aw

280102 | 204 427

JHEIEIES

sovest | 102 | . 506

w40 | e 62 542 |
1104 CeomMz. | o 189 | &7 b
160 | Bes0. | 184 [ e |
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Time  |MeanPresswre| Distance Temperatu?a
wsY | () | (mm) | (K)
ws0 | 7454 | 181 | ss8

v | sew | s | s

1400 | 408040 | _' 185 504

1464 | wzera | 224 | am
o '_15:2@ | sesems | 244 b 450
ses | adesmr | 5o 1 w0

e 28435 | .__:26.3 ] e
w4 1 327881 .' s a6
© e aee59 . | 257 451 -

14 | messes | 253 | 454
v | s | om0 | #e
1944 | aseses | 248 458
2000 | aseses | 244 | a0

: Flgure 5.48 shows the calculated compressed foam boundary and the L
observed fpam motion as recorded by the schileren photographs for the -
polyester foam. For the first three quarters of the foam compression the’
compressad foam boundary theory acourately predicts the foam motion. The'
last portion of the foam compression deviates from the calculated position.
The main reasons for this is that the measured foam position does ngt take

into account the 3-D curvaturs of the front face of the foam, that is the ptasntion
of the front face will actually be more. compressed

Once the foarn begms to eXpand again the cornpressed foam boundary
theory adequately describes the motion of the foam. '

‘The calculated compressed foam boundary and the Observed foam mation
for the polyether foarmn is shown in figure 5.50. The same phenomena as in
the previcus foam are present o

It can thus be conciuded that the high pressure on the ng:d back plate is as

‘aresult of the mechanical action of the aimost solid foam piston compressing
the gas into a smaller volume, This pressure is further increased by the
transmitted gas compression wave reflecting from the solid back plate. -
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. 56 TwoDimensional Effects

Thefe h_as' beena débate in the literature asto the one dimensi_onal'rty of the.

* foam block with its sides touching the shock tube walls. Ithas beensaid that =~

the friction between the fosm surface and the shock tube wells aftel *he.
~ motion of the foam, and that it is better to reduce the foam size prdtaglue
- the foam block to the back platé so that there is a gap between the surface

S " of the foam and the shock tube walls: To date there is'no-evidence inthe . - .

literature as to which is the bettertestpt:-aoedureforthelnterachanofashock L

 waveanda cumpressibia faam materlal e |
A serles af tests were performed wnth a polyaster foam blook such that there o

- 'was a 2.1 mm gap between the foam and the walls of the shook tube, A path_
L phﬁt@gfapf? taken before i_he fr;c:dm_t shock wave is s_hc;awn in plate 5. __'15 o

Voo
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Plate 5.16 was taken 500 s after the incident shack wave struck the front

face of the foamn. !t can be seen that the foam begins to compress and that
~ the cormpressed portion of the foam folds aver and ﬁlis the originat gap
: between the wall and the foam :

Plate 5. 16 Path photagraph,polyaster foam, densiiy
38 kg/m {72mm x 72 mm), tlme 500 us
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 Plato 5,17 was taken 800 s after the incident shock wave struck the front
face of the foam. The foam that has been compressed fills the original air
gap. o Sabin Rtttk atietatig

e 3. S

Plate 5.17 Path photograph,polyestar foam, densrty
38 kg/m (72 mm x ?2 mm), tima 800 us
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. 'From these results it is the authors feehng that the foam behavee n'tore one
 dimensionally with the foam material adiacent the sheck tube walle, parttcu- .
_ lerly as regards to the pressure measurement '

~ Aseries ef tests were run with different sides of the polyester feam covered _
~ with cling rap (aflexible claar plastic), the idea beingto quentlfy the transverse _
 gas flow (side Ieekege ) : :

" Plate 5.18 Is a schiieren photograph taken 1340 us after the Incident sheck B
. wave struck the palysster foam. In this test all sides of the foam except the

rear face of the foar was covered wth cling rap. The compression wave that - o

was transmitted into the-air can be seen traveling away from the front face
of the foam. The gas front can be seen emerging from the front face of the -
foam. The sides of the foam curve to the center of the shock tube as8 result -
of the restncted foam movement impesed onit by the ellng rap

N Plate 5.18 schlieren photograph polyester feam,
"_ttenslty 38 kg/m ,cling rap sude, time 1340 #S

Different sides of the foam were cevered and tests per’formed a set of
schiieren photogrephe of these tests are shown in apgendix G. It is the
atthor's apinion that due to the restricting naiure of the cling rap on the foams
motion this type of test adds ancther complicating factor to the shock foam
interaction and a cemprehensive set of tests of this nature would be required
before any congreic conclusion: oonceming transverse gas flow could be
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" made, Further 3-D anaiysis of this nature i8 not withln the scopa of thts .
- research. - “



6 Conclusions

: _A series 0ftests in ashocktube were ennducted on two onmpre%ibla POrQLS
" foams, a polysther { 32.5 kg/m® ) and polyester ( 38 kg/m® .) Yo *cllowing

sequence of events were identified taking place after an incndent s& ’Jck \fvawa S |

: (S:, Mach 1.426) struck the compressible porous foam:

e ashockwave (Sr, polyether Mach 1.176, posyesterMachnmns
. . reﬂectedh'umthefrmﬁfaceofthefoam ' o

e ) 'agas ccmpressmwave (01 po!yether 198 mls polyester 140 rn!s) :
is transmltted into the foam _ o

- thafrantfaov/ofthefaambe insfhommemdthefoamstartstobe
- compressed (veludty ofthe froi&t face oftbe foam, polyather 58 m/s,
; pc}lyestar 54 mls)

| e a foam compresslon wave. (polyether 90 m/s, polyester 89 mls) o
' --traveis through the skeleton of the foam matanal : -

e '_ an almast solid piston s formed by the gas compression wave, .
S trapping and compressing the alr infront of itinto a smiiler volums :

* ﬂ'\e transmitted gas compression wave {C1} strikes the. sol!d wall
behind the foam and reﬂects back tnm the foam (Gz) B '

e the compression wava (02) strikes the alr ! oam mterfaoe a
compression wave (Ca) is transmitted into the air and a rarefaction -
Wave is r_eﬂected baick into the foam (Fh) . _

. a large pressure (polyemer R=2 55 polyaster R =3, 09) builds up |
- onthe solid wali behind the foam, as aresult of the mechanical action
- ofthe foam plston alded by tha oomprt;ss;on waves (31, and 02 __

° the high pressure behmd the foam reSUI;s in gas Ieakage pa&t tne |
sides of the faam _ :



s

-8 com'surraoa. emerges_m the front fa‘t:va ofthe toam .

the foam reaches it maxlmum polnt of compressuon and begins to
expand : . _ .

.

L the oontact surfaca ss no Ionger wssbLe
alithe o ges has baan expeiiad from the the foam |

. the foam reaches a stable semi compressed state approx.mate!y E

half it's original Iength

ll

the :;ompra__s._sion wave Cs steaperi‘s and forms a shock wave (Sm-r)

 shock wave STRT overtakes shock wave Sp, & transmitted shock
- wave StRTTIs formed, while a centred rarefaction wave Rz is reflected

: baek towarda the foam.

_'Between the range of incident Mach numbers 1.37 to 1 48 and the densnty _

range of compressible porous foams 3210 38 ky/m the following conclu-
sions are drawn with regard to the theoretical predictions of Moriti, Geffand
and Gvozdava :

the expenmental reﬂected shoq:k wave Mach number lies between

the values predicted using Gel’fand s analysis (upper limity and _

Montl's analysis {lower Ilmrt)

"for an incident shock wave Mach number of 1,426 striking the

polysther foam, Gel'fand's analysis over predicts the Mach number

by 56 % and Monti’s analysis under pred:cts the reflected Mach
numberby 3.2% : . j '

i

for ah'uncident shock wave Mach nui‘nber’ of 1'428 stnkihg the

polyester foam, Gel'fand’s analysis over predicts the Mach number -
- by 6.1 % and Monti's analysis under predicts the mﬂected Mach

.number by26%

' the coefficient of pressure increase as predicted by Gvozdeva's

analysis for the polysther foarn lies wsthm the scatter of the

- experimental results
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the cneﬁ“cient cf:pressura ’increase as;‘predicted by Gvozdeva’
‘analysis for the polyester foam is approxmately ‘15 % Iower than the

experimental \aalues.

.
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7 A1 - Traﬁsd}iiéer_Sp_eei_fications_'

Performance specifications for the 113A21 PCB pressure transducer:

e o

Weight = .~

. Maximum pressure

Resolution -

o -Slén_siﬁ\gity

" Hescinant"frequéncy

Di_séharge constant

Low.ﬁeqyahciééé "éspﬁﬁsa.'_.-- S
Lineartty - .

~ Output impedanice
_ACCéleraﬂoh senshtivity

Témper_'ature c_z_defﬁ'cient - _

Temperature range

.,

 Excitatioh / constant current/

0 TRy,

T

001psi

0mVipsi

500 KHz

1s

. 0.5Hz

1%

- 100ohms

002 psifg
. 003%F
| . -10010275F

~1810 98



A2 Power Supplv'Speﬁfa'ti?ng '. . -

o Perfo:manee spacaﬁcatiuns for the 482A10 PCB iine power suppiy
\Sensor excrtation IR 2t020
"}Vartagetoccragulatar ' '+24-v_ e

ffi Vpitage gain. 1;10; 20

}

Gouplirgtzmeéonstant SRR 10 |
Fraquancyresponsa ’ S 05 togggKHz
_Outpui lmpe&ance | | 2 dﬁms. -
oupatrose .05
Outputcurran;.- B S s1oma o o
_-_outp_uti%qltéga S =10V |
Wegt ab

8



Appendlx B

) B.1 | Pressure Transducer Caiibratlon

" The PCB plezoelectric pressure transducers were calibrated In the shock

tube. Two transducers located upstream of the test section, 820,5 mm (ad)
- apart were used to measure the time (At) it took for the incident shock wave

1o travel between them. From the time, the velocity of the shock wave and

hence the pressure (P2) behind it could ba calculated, Knowing the pressure

- behind the incident shock wave the transducers in the test sactlon were -
- calibrated. . _

Equations B tca B.5 were used to determine the senshtivity of the fransdu-

cos. . | | |
Q_;_v!.=% B | .. - - - '.(B.'i)
wet I

le '=.P'1. .[%’%E_'ﬁ%]ll_ | . N . . (B4
S=P2;P? | o (B.S):'

Where:
o 8 sehsitivity ®aimy)
__'o' | Vl average voltage (). -

- To célibrate transducer SN 4815 tests F1A1 502H, F1A1.503H and F1A1504t
‘were used. Table B.1 shows the parameters of tha cahbration



1w

Table B.1 Calibration of fransducer SN 4815

Fila

F1A1502H

F1A1503H |

F1A1504)

oH2

- CH2

| GHs'

1 PiPa) |

82550

BH

(s

8443

3434

v {mv}

3330

a1 (WS)-

3478

347.8

347,8

Vi (m/s) B

' 500.8

4902

M

144

144

14

'_”P2(Pﬂ} KN

185800

164600

180900

_-S(Palmv). :' . 3qp.t:-'"

2975

2055

: Ccmblmng the three tests the senslﬂvﬂy for transducer SN 481 Sis:

=

300 0+297.5+ 295 5

R

= 297 7 Pa!mv

The manufactures state that the transducers have a 1% !ineanry, thus only

one celibration point is required. Table B.2 lists the sensitivity of tha trans-

cucers used in the test sect:on

Table B.2 Transducer sensiﬁvity

Transducer

| senshiviy
(Pajmy)

SN 4815

- a7

SN 4816

3092

SN 4817

' 2’@2.4: .'

2689

SN 4818



“Table B.2 cont. Transducer senstiivity

Sensiibdty |

_Shse1s

| Pam |

SNs219 -

2609 -

188



Appendux c
C 1 Pressure Traces

| Figures CAto GO ere the pressure traces alo\}'g the test SBCiIOﬂ for the !
- shoek wave mteractlon with the polyester. BT

450

883

 PRESSURE (KPa)
8B
e 9

b 200 400 600 800 100C 1200 1400 1600 1800 2000
- S . TIME (micro s xconds) ' - o

Flgure c.1 Pressure variaﬂon at P1, 70 mm of _
polyester foam, incldent shock wave Mach number 1.4

Lo
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sgsys8888

g

<

0 - 200 400 60 800 1000 1200 1400
' TIME {micro seconds) - %

" Figure (_L‘.-.é_-Pressare_ vériation at P3, 70mmof
~ polyester foam, incident shock wave Mach number 1.4
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. TME{micro seconds)

1600 1600 2000 =

Figura C.3 Presstiré variation at P4, 70 mm of ©
polyaster foam, inciient shack wave Mach number 1.4

R
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" Flgure C.4 Pressure varlation at P5, 70 mm of

polyester foam, incident shock wave Mach number 14"

TGy
]
_<

PRESSURE (KPa)
N R
e 2

R

4,
<

o

© .- TIME (micro seconds)

Figure C.5 Pressure variation at P6, 70 mmof
polyester foam, Incldent shock wave Mach number 1.4
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Flgure c.s Prassure variation at P7,70 mm of
polyestar foam, lncldent shoc:k waue Mach number 1.4 .
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 Figure C.7 Pressure variation at P8, 70 mm of
polyester foam, Incident shock wave Mach number 1.4
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- _' -Figure G 8 Pressure variatlan at PS, 76 mm of "
_ polyester foam, incident shock wave Mach number 1.4
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Figure C.9 Pressure variation at P10, 70 mm of |
polyestor foam, Incident shock wave Mach number 1.4 -



b 1 P"°9fam ' f"P;h?.ngria'Ph Conversion

0

The program translates rotates and scales data that was measured from;_ %

o negatives using a cartes:an vamser system
o . L lnput |
E The fcilowmg mformatlcn i,-; supphed to the prngram via the kayboard

' q' qmber of phctograph data points :

D _'.ooardmatesofdata point (X,Y)

. actualzdsstanoe betwesn daisa pomt (Xa,TYa) and the back plate of the :

| -shock tube

The program requwes threa speclﬁc data points tobe anteredﬁrst ina oartaln |

- order. They are’shown In figure D.1. The second point (X2 ,Y2), must be
located on the tap wall of the shock tube Further the distance betwean (xz

N

B I S

* Figure D.1 Shock tube test section

Dascrlptlon ‘“ o



-\;219.5. o

. Yz) and the back piata must ba known Pomt ena ‘,Y1) is on the bottom :

' oithe shack tube to the left of (Xe 2). Point thres ava)isonmebotuom S

. of the shock tub to the right of (Xz Y2).

- IOperatmn _
' _The fi rst data point becomas ths ong:n of the new axes sys%ém Whlch is

o rotatsd to get the x axis paraliel tb the top and battom shack tube walls. The

. is caloulated using the first thres dets

" dataisthen scaled tothe correct size using a-magnification factor. This factor '.

o between the top gnd bottom walls. The origin of the axes system ls shifted -

olnts and knowing the distance ~

1o the base of the \back plate of the shock tube and the distances to the left

~ - shown as positive, Thus aX caoo-rdinate Is the distanoe between the back
o Plata and its pointk » .

Tha outpq;ﬁle PHOT{) PBN ountains N
. ; dafammtnumber L |

| .o._.\' | inputcmrdin_ate_s.(x,Y) o

e transt‘ormed caordlnates(x.'\’)

. 'ffﬁ
;~z—XJ



IR

PHOTOGRAPH CONVEFIS!ON

_ Program to translate rotate and scale deta that was measured
h‘om negatives using & cartesian vemler system '

000000 .

 DOUBLE PRECISION X(30),Y(30),R(30), THETA(30), ALFA,

MAG1,MAG2,MAG,DIST1,DIST2,ERROR,XX(30),YY(30) -
INTEGER INUM, IC, JORIG,IAXIS FT4,PT2,PT3, PT4
OPEN(10, FILE-—-‘PHOTO PR, STATUS ="OLD') |

.' Read in data measured from photograph -

: WHITE(* 400) |
00  FORMAT(1X,ENTER Number of photograph data points’)
© READ{*,*} INLUM :
DO 10 1=1,INUM
. WRIT§(*410)1 - | |
410  FORMAT(1X, 'ENTER Data pomt number 13, XY’)
. READ(*,*) XX(i), YY(')
10 CONTINUE _ ; ' e
 WRITE(420) o . - N
420  FORMAT(1X,; 'hﬂ'Distance bstween data point 2 ‘and back
: - plate’) : _
HEAD(* *} KNOX

.

- | Translate the axes 1o get a pmnt atthe ongin

Q00

PI-—-3 14159
IORIG=1
DO 201=1,INUM
 X(l) = XX()XX(IORIG)
Y{) =YY()-YY(IORIG)
CONTINUE

o00nN

. Rotate the axes to geta pcunt on the Y axis

DO 30 [=1,INUM
R(l) = SQRT(X(I)**2+Y(I)**2)

IF(X{(1).EQO.0;THEN

THETA() =0.0

ELSE -

THETA(l) = ATAN(ABS(Y()/X())
IF(4(1).GE.0.0.AND.Y(}).GE.0.0)THETA(l) = THETA(l)
IF(X{).LT.0.0.AND.Y()).GT.0.0) THETA({) = PLTHETA()
IF(X{1).LT.0.0.AND.Y().LT.0.0) THETA(l) =PI + THETA{l)
IF{\(IX(I) .GE.D.0.AND.Y() LT.0.0THETA() =2*PLTHETA()
END IF



.dqng,  

197

CONTINUE

IAXIS =3

) ROTATE-THEI‘A(IAXIS) S
| -THETA(I)-nTHEI'A(I)—ROTATE ERERE
. CONTINUE = e

DO 50 1=1NUM

- X()=R()*COS(THETAQ)) - -

Y =RO*SINTHETAQ)
. CONTINUE ;

| Calculate the magnmcauon factor of the data

- A—.SQRT((XU)*X(E))**?HY (1)-Y(2))**2)
. B=BQRT{(X{(2)-X@))**2+(Y(2)-Y(3))**2)
 C=SQRT(X(1)-X@))*2+(Y(1)-Y@)>2) =
" ALPHA = ACOS((B**2 + C**2- A**z)lesio) i
Z=BrSINGRLEHA)
“MAG=76.2/Z

DG 60 I=1,INUM -

XO=X()*MAG
YO=YO"MAG
~ CONTINUE

: Transfer Origm to basa ofback plaze
SHIFT= KNOX+X(2) |

- WRITE(10,200)
FORMAT{1X,’Number Input Data Output Data) -

WRITE(10,210)
FORMAT(BX,'X',6X 'v',__sx,'x-,sx,'vf) |

* WRITE(10,220)
FORMAT(1X)
 DO701=1,NUM

X()=-(X(t)-SHIFT)

* WRITE(10.200), XX YY) XO.Y0)

FORMAT(1X,13,4(F5.1,2X))

. CONTINUE -

STOP

. END '



Appendlx E

£1  Pro ram Reﬂected Sound Wave
- Pro aga on -

Bescriptlon k

 The program caiculates the sound wave pattr,rn as seen in the test sectior
. window at a certain tlrne as a result of a dlsturbance

Input

| The foi!owmQ mfbrmation is supjahedtothe prograﬁ iathe keyboard
® ir«:ident shock mach number | o N
e ﬁressure ahead-ofinciden_t shock wévé (Pa)

. témpératufe ahead of inéid‘ent shock vﬁave- (K).

¢ 'tihe._t.:!fphotogr'aph(ﬂsg) -

o .  number ofvertw:as grid points |

0perahion

The paiw.neters descnbmg the incident shock wave and the time at which
- the photograph was taken are entered. The conditions ahead of and behind

the incident shock wave are calculated usxng the nonnal shock wave
equatlons .

The program contams the posmon of ai[the pcssible dlsta.srbanoes that might
produce a sound wave. These consist of all the joints and transducers in the
shock tube. . : '

Figure E.19 shows the equations that govern the prorogation of sound
waves, Where ag, a3 are the speeds of suund infront of and behind the shock
respectively, M the Mach number of the shock, uj the speed of gas behind
the shock and i the time. The program uses the equations to calculates the



£y

SheckWava-_l; 3 §  Incident-

#} Shock Wave

R e .

1 |

o e

o ; Flgure E 1 Reﬂected sound wava prnpalatlon

. shape arid pasition of each sound wave system that woufd be geen in the
test %ctum ata cartain time., 3 _ .

- a
C T

A
A

| Output
' 'Tha outgau*ﬁla WAVE PRN ccntains B
e | dusturbance numbar (D;)

. tmdinatea of fhe sound waves ()G.Yf)



0NO0N00

210

220

OO

' REFLECTED SOUND WAVE PnoiﬁAemoN

. Prugram to caloulate the pr \pagaﬁon of a reﬂected sound wave
- as# result of a d!sturbance

7

 REAL DX(45),DY{(45),TX(45),RAD{45), CENT(45),

. 8X(45,25,30),Y(45,25,30),MO,M1,MS

 INTEGER JS(42) |
OPEN(10,FILE = "WAVE. PRI STATUS="0LD')

WRITE(S,260) -
FORMAT(1X, ENTER Incident shock Mach number')
READ(*MMS .~

WRITE(8,210)

FORMAT(1X,'ENTER Pressure ahead of inc#dent shock wave (Pa)’ ) R

READ(*.*}F0

. WRITE(6:220)

FORMAT(‘!X ENT ER Temperature ahead of mcudent shock wave -

READ(*4T0
WRITE(8,230)

- FORMAT(1X, ENTER Timing unit setting for photograph (mlcro

sec))
READ(*, *)TP
WRITE(6,240)
FORMAT(1X,'ENTER Number of verﬂcal orid points )
READ(*, *)N _

. Galculaﬂon of varlables across the shock

. GAMA=14
" R=287.1

CONST = (GAMA-1.0)/2
CONST2=(GAMA-1.0)/(GAMA +1.0)
CONSTS = (2.0*GAMA)/{GAMA-1.0)

- CONST4 = (2.0*GAMA)/(GAMA + 1.0)

AQ = SQRT(GAMA*R*TQ)

- ROO=PO/R/TO

MQ==MS

P1=PO*(CONSTA*(MO*2)-CONST2)
T4=TOH(1 0+(GONST1*MO**2))*((CONST3*MO**2)-1 0))/(M0* |

*2%(CONSTS +CONST1))
M1 =SQRT((MO**24- (CONSTS/GAMA})/(CONST3*MO**2-1. 0))

 A1=SORT{GAMA*R*T1)

RO1=P1/R/T1

VS=MS*AQ

Vi AD*((F’UPM O)f(GAMA*SQRT('I 0+1,0/CONS I'4*(P1;P0.1

L))



o000

201 -

Disturbance dlistances from back plate in (mm)

- DW=3.0 |
DX(1) =-5.0 + DW
DY(1)=00"
 DX(2)=5.0+DW
DY()=00.
 DX(3)=15.0+DW
. pY@=782
DX(4)=250+DW
DY@)=76.2 K

. DX(5)=350+DW
DY{E) =00

DX(8) =45.0+DW
DY()=00

~ DX(7)=55.0+DW
DY(7)=76.2
DX(8) =65.0+DW
CDY(@®)=782
DX(9) =75.0+DW
DY(9)=0.0 o
- DX(10)= sso+nw
DY(10)=0.0
DX(11) =05.0+DW
DY(11)=78.2
DX(12) =105.0+DW
DY(12)=78.2

. DX(18)=1i50+DW

nvua%«o o
DX(14) = 125.0 + DW
DY(14)=00
DX(15)=135.0+DW
DY(15)=762 -
DX(16)=1450+DW
DY(18)=76.2
DX(17) = 165.0+ DW
DY(17)=0.0

DX({18) = 165.0 + DW
DY{18) =0.0

DX(18) =277.5+ DW
DY(19)=0.0 =
DX(20) =277.5 + DW
DY(20) =78.2
 DX(21)=287.5+DW
DY(21}=0.0 -
DX(22) =287.5+ DW
DY{22)=76.2



202

DX(23) =408.2+ DW
DY(23)=76.2 .
DX(24)=422.2 +DW
OY(24)=76.2 '
DX(25) = 428.2 + DW

- DY(28)=76.2

o000

DX(26) =445.2 +DW.
DY(28)=76.2 - .
DX(27)=765.2+DW
- bY@En=762 -
DX(28)=782.2+DW
DY(28)=76.2 o
DX(29) =788.2+ DW
DY(20)=78.2 .
DX(30) =805.2+DW
© DY@O)=782
. DX(31)=9221+DW S
DY@E1)=00 ' R N
DX(32) =020.1 +DW s o
DY@g)=782 - - .
DX(33)=992.1+DW o
py@s)=004 -
DX(34) =951 +DW = .
DY[@4)=782 = -
- DX(35)=1568,3+DW
' DY{38)=0.0
- DX(36)=1558.3+DW
DY(36) = 76.2
DX(37)~1578.3+DW
DY({E7)=00
DX(38) =1578.3+DW
DY(38)=76.2 -
DX(39) =2213.7+DW .
- DY@E9)=00
DX(40)=2213.7 +DW .
DY(40) =76.2 o
DX(41)=2223.7+DW -
- DY(41)=0.0 e
DX(42) =2228.7 + DW
DY@2)=762

Calculatuon of sound wave pattern as seen in test section window
at mp TR as a result of a disturbance at DX(),DY()) :

s=0

DO 10 1=1,42
KKK=0
IF(DY(1).EQ.O.0)THEN
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KKK =1
ELSE
KKK =2

-ENDIF

D=DX()-163 N
TX()}=0/1000.0/VS + TP/1.0E6 |

 CENT()=V1*TX(l)*1000.0 -
- mnm—m*m(u*muo .0

Calculahon of the starhng polnt on the curve .

" IF(D.GT.0.0)THEN
DO 204=1,25

IF(LNE, )THEN
X(1d,1) =X0,-1,N)

YN =Y0HN)

ELSE
X(,d,1) =RAD()). -
Y(.J,1) =DY()
ENDIF -~ °

Calcuhtion of sound wave coordlnates
lF(Y(I J ). LT.0.01 )THEN

M=

ELSE:' _5 '

M=1.0
END IF

| vc=son~r(nAn(x)**2-xa J,1)**2)

DOBOK=2N
Y0 =YL, 1)+ (1)* (M) (1) (76.2/(N-1.0))
Z=Y{L41)Y(1,4K)

IF(KKK.EQ.2)Z = (RAD{I)**2-(YC +(-1)**() + 1)*Z)*+2)

KKK EQ1)Z= (RAD()2-(YC+ () 242)

JJ=0
IF(Z.LT0.0)THEN

X(.0,)=0

Jd=1 |

GO TO 30

ELSE -

ENDIF

X (1K) = soa'r(z;

CONTINUE

IFWLEQ.1) GO TO 40 -
XTEST = DX()-X{1,J,1)-CENT()-DS

- IFXTEST.GT.200)GO TO 40
- CONTINUE
- ELSE



B Appendix F -

| F Schlleren Photbgraphs
Plaws F1 o FQ are the schiiaren cnntact pﬁnts of the fests cunducted The

time at which each photograph was taken may bafound usmg the S nurnber o
-;anc!table43 o R

S
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PIateF 1 SGhlIeren phatographs, polyether faam, dansity .
32 5kg/m3 (ss 110 83. 4)

- Plate F2 Schlieren photographs, polyether foam, density -
32, 5kg/m3 (S791t0882) _. |
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Plate E3Schlieren photographs, polyether foam dens:ty
_32 5 kg{ma, (sas to sas) -

Plate 4 Schlleren photographs pulyether foam, density
825 kg/m®, (ss7 to $89)



Plate Fs Schlieren photographs, polyester foam density
38 kg/m (590 o $83) :

Plate F.6 Schheren photographs, palyestsr foam, denslty
38 kg/m®, (394 to §97)
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- PlateR7 Schlieren photngraphs, polvester foam, densuty
38 kg/m°, (S8t sz)

. Plate FB Schllaran photographs, polyesterfoam, de"lslty
38 kg/m (sa to S6) '



Plate ) Schheren photographs, polyester foam, density
38 kg/m3 (8710 51 0) o



e

\ m Path Photographs

. . . L - .. (r r, . . o . e .
' _Plates G. ? 10 G 7 are the path eontact prints of the tests mnducted The
- time at which ‘sach photograph was: 1aken may ba found uslng the P number

o andtable43

.- o

g

s

/.
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Piate G.1 Path photographs, polyester toam, density
38 kg/m°, (P2 to P19)



Plate G .2 Path photographs, polyester foam, clenz::ty
38 kg/m°®, (P20 to P3s)
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Path p

Plate G.3
82.5 kg/m®

hoto

g'r'ahs,‘fpﬁlyﬁﬂiar foam, density

, (P1 to P14)
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Plate G.4 Path pbotographs, polyether foam, density
32.5 kg/m (P15 to P32)
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Plate G.5 Path photcgraphs, polyether foam, density
82.5 kg/m®, (P33 to P36) "



esnadosBsEsasasssacany
M N . T .

Rl
L]

polyester foam, density

Plate G.5 Path photographs,

38 kg/m°

s (72 mm x 72 mm), (P1 to P14)
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._.‘ i g 3 B

Plate G.7 Path photographs, polyester fda.m., density
38 kg/m®, (72 mm x 72 mm}, (P15 to P26)



ete

Appendlx H
_'H 1 " P“{ﬂf | Compressed Foam

Deser!ptlen -

The program calculates the path of the compressed foam beundery gwel a o

pressure dlstnbut;on hrstery Assummg |ssentropic oompresslen |

- An input ﬁle nemed PRESSUHE IN oontammg posmon of the transdueers '
- {X), time (T1) end pressure (Pi) is required Thls file must be in the foilewing '
format. - _ | S

Mkhhﬁm+e“t
Tt PsP4P3P2Py
Ti+1 Ps: F'4 Ps Pz P1

. ect.

‘The preSSUre reeorded by the five pressure' transducers alongside the
polyester foam is listed in table H.1, The pressure reeprded elongsude the
polyether foem is heted in teble H.2. :

Table H.1 Pressure recorded along slde the polyester foam (input for
the compressed foam boundary program) _

Tima: | Pressure ‘Pressure | Pressure | Pressure | Pressure |
Ome | (Pa) | (Pa) | (Pa) | (Pa) | (Pa)
x=6mm | x=43mm | x=28mm | x= Smm x=0mm |
o | eem | swes7 | ors4 | some0 | suses |
20 Bt s gags7 | 88022 | © 83057 | 83864
80 85747 81823 86747\ | ~8oG28 | 82817
140 92006 81823 so0ss | esemz |  sasss |
200 95271 gass7 | 785 | 70184 | ssses




Time
. {mg)

Pressure

(Pa)
X=Gmm

- {Pa) -
X = 43 mm

Pressurs |

Pressure
" (Pa)

x=23mm |

Pressure |

(Pa)

X=8mm |

Pressuré
L)
X = Qmm:

243844 |

* ouzes

B1620. |

. BB7AG.

- ogomty

288924

| . 116815 |

53007,

-

313685

162140

1 7eess

50333 |

85219

36861

218100

50033

82817

260088

92096 |

78485

276000 |

112007 -

91983

© §0222

lale|s|s|s|n]|

. €20

b oosotann

152445 -

680

330820

. 305465 |

217495

118516

115979

' :3324'17'.

270194

127180

1z

328242

atgess

200511

153075 -

160752

224480

305008

301305

228527

282548

. 824480

310865

313686 |

371904

. 431822

ggg §§

320036

317197

849087 |

319865 _'

" a4zzi0 - |

701748

1125329

100 -

316861
320036 |

53627_3.1

360354

| - ssosss | .

'11235&4 -

1160

322803

340687

- 401941

014171 |

955847

330829

416470

460990

770865

' '(6‘;)476'.

1280

872735

441021

462577

-1340

417497

42388

' &?&15 B

805410
aggs08 |

- 611813

483967

= 1400

431465

| 440027

448609

382578 -

387617

1460

a47603

344684

331568

1520

439402

1580

sz

431948

437815

529868

a1eoes.

300415

425434

" 420208

411465

822534

304344

1700

410084

412467

403529

316865

1760

417497

405795

350084

| - atoses

' pu8337
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(ms)

Time

Pressure
{Pa)

x= llmm:

(Pa)

Pressura

x==23mm

Pressure
(Pa)

x=8mm

Pressure
{Pa)

X¥=0mm |

L 1820_

| at6010

x=43m_m

' 391148

325208 |

303010

gy -

405703 |

_395056-

389560

a4 |

312084

- 301862

agrory |

az1o04 |

2000

400354

394322

4007 DU726

- 349717

: Tabie H2 Pressum recorded aiong slde the polyether foam (mput for
_ _'the compressad foam houndary program)

{ms)

Time

" Fre&sure _
| - (Pa) -
'_ x ﬁamm

Pressure |

| {(Pa})
X=23mm

' Pressure |, Pre
~ (Pa)

{Pa)

- x=3mm. |

Preésuré .

x=0mm

24

81283 |

83823

. 83633

| 83633

85410

83823

: 83633._

144

- 91759

. 86302

113347

246682

" 94028

78109

75161

82568

263825 |

76521

60757

83633

280174

116178

144909

81283,

| eroes

' ao6as

440

296206

173554

74827

83970

504

- 300968

217858

105728

87636 |

05375

304143

| 245040

125728

104716

. 102046

624

"_307313:

268416

161602

. 122862

1 15121

307318

267490

201602

- 138341

134601

744

307318

254301

- 161825

165822

- 304143

286971

283825

104382

206116

- 296206

- 300047

305730

262165 .

816524

| 380600

349430




;

24

.Tl'r_ne'
{ms)

Praasure
{Pa)

| %= Bamm

(Pa)

x.g43mm__.

Prossure
X=23mm

Pressure
{Pa)

Cx=3mm

04381

| o080 - |

1040

307318

o

572281 | -

| BT

- 316524

315792 |

82080

ereens |

1180

358420

736650

1e4

356080

386366

1280

380807 |

- ao508r

344

400ss1 |

- girs

. 637643 |

- 400017

421203

432716

| s35088

1464

| - 404779

419869,

| 418573

|- aso0s8

(520

403192

| 413464

at12me," |

367844

1584

398573

I #3488

1%

11128 ©

1640

403057

401604

327280 -

822194

'1704'_ .

406366 -

382618

316857

1760

393985

387312

397160

| 340430

313121

1824

' 337636 '

 aresos

357436

. 816857

: 381504

76904

381604

358770

824862

_3?0499-

) 3587_'70_

385260

2000

372808

371567

aree20 |

362508

.. A i
- shyo10

The fo!lomng mfonnatlon 3 gupplled to the program via %he keyboard

®

number of pressure records

_atmospheric pressure _(Pa)

L atmcspherlc densny (kgfma) '_ \\

. _“percentage difference between successive :teratsons acoaptable for
- determining the carnpressed foam path,



%

' VP-?’*=‘69"M

" The output ﬁle PATH out contains.

| . oompressed foa'n boundary posltion (mm)

e mean temperature (K)

Operatlon

At each tima lntema! the prograrn assumes a starﬁng po[nt for the pop*scan :
of the compressed foam baundary {CFB) Xi. The mean pressure withir#{ét
- portion of the foam is calculated using the pressure reoordad by the

'_Iransducers assumung isentroplc eﬁmpressmn ie .

not within a certain value X+ 1 becomes X; and the calcydation procedure is

repeated. When the reguired acouracy is otrtanned the GFB at the next time
.,_rntewa!isaalcuiatad P _ . :

%

. _Q'utput--_ !

.. tme (us)

0

o mean ‘pr'esfs’ure (Pa)' o

é

u ,..r/‘,i{.- .

At

the pasition Xi+1 of the GI‘-'B is ca!culated uslnfg the mgan pressure and tha -' j : ) '-
pre shock conditions. If the percentage difference. Batween Xi and Xj+1is -



$DEBUG - _‘j T s (U

0000000

. 440

T 420

200

440 S
-~ WRITE(12,450) _ L
- FORMAT(3X,"Time",aX, 'Pressure 3K, 'Distance ,3x,'Tamperature’)

- 480

470

10
219

| compasssea F’GAM saummﬁv :
ngram to calculate the\path ofthe &%ompressad foam bounclary

. givena pressure distnbuﬁun hlstary Assumlﬁg |sen1ropic
. compressmn B

" DOUBLE paecrsnom xtw),Pﬁ 0) 0(1 0)

INTEGER TIME

' OPEN(10,FILE ='PRESSURE. N’ STATUS 'ou)') :

OPEN(12,FILE="PATH. OUT’ STATUS ’OLD’) R o
-WRITE(B,400) T
FORMAT(1X,’EMTER Number of Pressme Records’)

" "READ(**)N

WRITE(6,410)

- FORMAT(1X,’ENTER Atmosphenc paessure (Pa)’)
. READ{*,*} PATM )

WRITE(8,420) | |
FORMAT{1X,’ENTER AtmOSpherlc dens:ty (kg!m "3)')
READ(**)RHO _
WRITE(5,430)

FORMAT(1X,”ENTER Percentage dtfference betwsen suct;,asswe ,f

&, 7X,'iterstions acoept_abla for pistan path')

READ{*, %) ACY
READ(‘tO,ZOO] X(6),X(5), xt4) X(S) xtﬁ),xﬁ )

- FORMAT(1X 5(F7.3,1X))

WRITE(12,440) - '
FORMAT(12X,'Mean' 19x 'Mean’)

WRITE(12,460)
FORMAT(4X, US", 7X, Pa’ 8, ‘mi’ 11X, ’K’)
WRITE(12,470)

FORMAT(1X)

" Calculatlon of mean pressure

READ(‘!O 21 0) TIME P{8),P(5), P(4) P(3), P(2) P(1)
FORMAT{1X,15,1X B(F? 3.1X)
IF POCEQ.0) THEN. - |
XX =0080 .
ELSE .
XX=XC .
ENDIF
iT=0 .



fé.f%:‘*f’-:f’. 5

OO0

10

_' __CALL LSTSQ()(,PG) |
. PAVG = 0(1)*xx+c(z)*xx**2f2+c(s)*m(**a/s o
- PAVG = (PAVG +c(4)*xx**4}4+c(m*xx**s;s)m(*-:noo -

”Galculatton of the path of the compressed foam boundary _

= (PAVG**(0.4/14)*(PATM)**(1.0/1.4))/267.1/RHO
xo « (PATMP™(LOHAPO.07/PAVG(10/1.4)
DIFf = ABS((XCOO/XX*¥100)

- IF DIFELT.ACY) GOTO 50

IFCLTXGTHEN
XX = XC + (XXC)2
ELSE

K = XG - (XX-XC)iQ
ENDIF

=T+t
~ IF (IT.GT.50) THEN

WRITE(8,480) |
FORMAT(1X,'NOT CONVEHG[NG')
STOP

END IF

- GOTO 20
- Store results
- DSXX*000

'WRITE(12,400) TIME,PAVG,DT
FORMAT(1X,I6,4X.F7.0,5X,F4.1,9X,F4.0)

IF {N.GT.0) GOTO 10

sTOP
~ END

s submutiné fits & polynomial to a set of data points

SUBROUTINE LSTSQ(X,Y,C)
DOUBLE PRECISION X(10),Y(10), 0(1 0), A(10 11) XN(1 0)
MF =4

N=8& o
MEP] = MF+1 s e
MFP2 = MF+2 | | 4
pO1OI=1N - o ANE
XN@ =1, R S
060 30 | = 1,MEP1 B -

AL =0

A{l,MFP2) ='0

. DO20J= 1N

A1) = A(I,1)+XN( )
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%

ALMEP2) = AQMFP2) +Y(J)*XN(J) A
CUNG = AN

CONTINUE
PO 50 1= 2,MFP_1 |
AMFP1)) =0

- DO40J =1 N

10

15 -

20
25

30

99
100

501

AMEPL]) = AQMEP1,1) +XNQ)

XN = XN(J)*X(J)
' CONTINUE

DO 70 J=2,MFP1

- DOs0I=1MF =
AL = A{I+1d1)
- CONTINUE - :
CCALL IJJDGMQ(A MFPT 10)
= MEH1
- PBOSRJ=1T
C(J) =A{J,MFP2) -
- CALL SOLNQ(A,C,!, 10)

RETURN -

'SUBROUTINE LUDCMQ(AN,NDIM)

DOUBLE PRECISION A(NDIM,NDIi)
DO301I=1,N :

" DOB0J=2,N
SUM = 0.0

IF (JL.GTH GO TO 15
IME = J-1
DO 10 K=1,JM1 -

SUM = SUM+A(LK*AKS)

Ald) = AlLJ)-SUM
GO TO 30

I =1

IF (IM1,EQ.0.) GO TO 25

DO 20K=1,IM1

SUM = SUM -+ A(LK)*A(K,J)
IF(ABS(A(D).LT,1.E-10) GO TO 89
Al = (AGS-SUMYA(QY
CONTINUE |

GOTC 501

WRITE(,100) | -

-

FORMAT(1HO, 32H REDUGTION NOT COMPLETE BECAUSE

CONTINUE
 RETURN
END

&38H SMALL VALUE FOUND FOR DIVISOR IN RQW | I3)



=

- 10 N
S22

88

SUBROUT‘!NESOLNQ(ABNNDIM) A D

DOUBLE PRECISION A(NDIMNDIM) B(NDIM)

| ?__B(i) B(1)/A(1 1)

020 1=2N
lM'l"l‘l

. SUM =00

DO 10 K=1,IM1 |

HUM = SUM-]-A(I K)*B(K)

() = BO-SUMYAQLY)
DO40J=2N .

© NMdP2 = N-d+2 S o .

NMJP1 = N~J+1 T

~ SUM =100 ' o LA
DO 30 K= NMJPEN - S e
-+ SUM = SUM +A(NMJP1,K)*B(K)
o B(NMJP1) = B(NMJP‘I)-SUM

RETURN

END
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