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The measursd values of transmitted shock sivength avre compared

igted values based on 2 theeretival one-diznensional flow modal

Letween the measured
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for both an ideal gas and a real yas,
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valueg of transmitied wave Mach number and the theorotically predicted

valuee is extrercely good in the Mach nunber range investigated for a
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ce at an ambient shock tubs pressure of 5.0 mun Hg,
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wedge type orif

and also for a conical type orifice at an ambient shock tube pressure of

2. 5 mm Hg. For both orifices the ratio of outlet area to inlet avea is

o

7. 67.

The data aleo indicate that for a wedge type orifice of area ratio
of 23.0 and for a plate {iree cxpansion) type orifice of area ratio 23.0
possible boundary layer and shock wave interactions downsiream of the
orifice result in measured values of transmitied wave Mack number
somewhat greater than that predicted by the one-dimensional flow model.

Investigation of the conical orifice with an area ratio 7.67 at a
low ambient pressure in the shock tube (0.4 mun Hg) also vields measured
values of transmitted wave Mach nwmber greater than that predicted by
the ong-dimensional flow model, indicating the probable é@vﬁ@m&m of
a thick boundary layer behind the transmiited wave downstream of the

f

grifice.,
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When an incident shock wave strikez a solid wall, a reflected

wave ig generated. Debind this reflected wave there is 8 re
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rgy for generating & high Mach number, high
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enthalpy flow dovnstrear of the nozzle {region & of Figure 3) by allowing
¥ V; 24

N

the flow to expand through the orifice as shown.
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Several guestions arise in connection with thiz process. In

particular, what does the starting flow through the nozzle orifice look

& i "

like, and what is the intensity of the shoc
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through the orifice opening? This report attempts to answer some of
these guestions, particularly with regard to the inftensity of the wave
transmitted through the orifice for any arbitrary strength of incident
N s 5,3 T e B o T 5 b H Ly z 1+
wave {up to incident shock Mach number of 9. 0} for several types of
orifices,
A gtudy somewhatl related to the present investigation, but in

connection with wire sereens, ig described in Refsrence 4 in which a
& £

plane shock wave interaciz with wire screens of {ifty per cent and sixiy-

two per ceat blockage, corresponding to ratios of tube ares to open
screen avea of 2.0 and £. 63, respectively, Comparisons of measured

and predicted values of transicitied wave Mach number are made

for the case of an ideal gas for incident wave Mach
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about 3, 25,

This present report discusses the results of a shock tube
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investigation of several types of

£
o

e

nozzle orifices {wedge, conical and
free sxpansion) of considerably smaller {low openings than those of
Reference 4, namely, vatios of tube area to orifice inlet area of 7.67
and 23,0 {(Flgure 10}, Comparizon between measured and predicied

5

valuss of transmiited wave speeds is made for both an ideal gas an

L)

i

soullibrivm alr for incident shock Mach number betwesn 3.0 and 9,0

{incident shock wave pressure ratios, § E:;f/ Pis of 10 to 95). The ambient
shock tube pressures in the low pressure chamber range 53: » 14, 0 men Hg

down to U, 4 mmn Hg.

The configurations investigated herein are described in Section
Iv. A discussion of the theoretical one«dimensional flow model for
caleulating the value of the predicted transmitted shock wave Mach
nuwmnber is pregented in Section III {and in Appendices I and II} for the

case of an ideal gas and also for a real gas (equilibrium air).

Section V containg the discussion of the experimental resulte,

s

ncluding schlieren photographs of the starting flow, messured trans-
mitted wave speeds for the orifices investigaled at several ambient
shock tube pressures, and 2 comparison of the above measgured reosults

with those predicted by the one-dimensgional flow model,
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For incident shock Mach numbers of 3 to 6, the w’?/ 8% 2 2=7/8"
GALCIT shock tube deseribed in Reference 1 was utilized for the study
of configurations A to E. Ths Z-inch round GALCIT shock tube was
utiliged in the study of configuration F for a range of incident shock

G

Mach nunbers of 4 to 9. (A description of the configuraiions investie

ated is prepentied in Section IV.) Both of these shock tubes are of
rather conventional design. Driver gases for the tube are either high

presgure helium or nitrogen. Driver gas pressures up to 600 pounds
per square inch were utilized. Most of the measurements in this report
7,

were made with unhealed hellumn as the driver gas.

The driven gas {i.¢., the gas in the low pressure chamber)

ol
f
b

]
£
bl
s
[
e
£
o
tad
&
i
&

wa 2. Srabient or initial pressures in the low pressure

€

chamber were maintained by a high vacuwn, Welch Dun«Zeal vacuum

Lgh
parnp which am@la& bring the round shoek tube systen: rapidly down to
3o 40 mrn I .g%ﬂ high and low preceure chambers of the tube were
separated by copper diapbragine of elther . 005" or , 010" thickness
geribed so as to rupture at approximately the desived pressure.

Esacet regulation of the bursting pressure of the diaphragm was not

X &
]

inasmuch as the incldent shock speeds were measured sach

£

reguired

1 Section 1L

g:;—
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irae by an accurate electronic counter-ilmer as describe
A sketch of 2 typical orifice model and Instrwrentation installation
in one of the shock tubes is shown in Figure 1. The incident wave

gpeed wae determmined by the tme recuired for the wave to travel
&



Berkeley counter, accurste to within one microsecond. The counter

was started and stopped through pulse«type amplifiers by means of

ﬂ}»a

platinum resistance heat gages mounted flush with the walls of the

The relatively constant speed of the incident {upetream) wave ie
demonsgtrated in Reference 1. In this reference the shock wave
attenuation iz caleulated to be lese than about 4 per cent in the case of
& laminay boundary layer for a 20-foot tube {or lesgs than 0. %%sma cent
over the Z-foot span between heatl gages in the rectangular tube). It
ig estimated in Reference ! that the upstream wave gpeed can be
measured to an accuracy of £ per cent.

The speed of the transmitied wave was indicated on the sereen
of g Tektronix type 525 high speed oscilloscope as follows: The ﬁhw@é
heat gages shown in Figure 1 downstream of the orifice wers connected
in geries with the input cireuit to the oseilloscope. The arvival of

g indicated

e
i

the moving transmitied wave at cach of the three heat gages
the oscilloscope recoxds by a sharp rise {step funciion) in the faput

pattern, Typical cacilloscope records are shown in Figure 2; these were

made by photographing the vscilloscope sereen with & Polareld Land
Camers.

gv«,_;j

For almost all conditions investigated, the transmitied shock
wave moved at & steady, uniform velocity in the constant area of the
tube, ag indicated on the oscilloscope records by equal values of the

time vegquired for the wave to travel equal digtances at different locations

)
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along the tube. I is estlz
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cransmitted wave speed is accurate to about 2 per cent,
Schiieren photographs were made by means of a high speed
spark discharge systern utilizing a capacitor-thyratvon discharge spark

unit of about 2 micro-second spavk duration tixe, as desceribed in

> 1. The spark was triggered %ﬁaz"@wsm an adjusiable electronic
timne delay uait by means of one of the resistance heat gages. The
tiine delay unit was calibrated in micro-seconds. The leag-mirror

systerm was such that satisfactoery mmi@wm photographs could be made

: 2as X P : s R 3 e PR S A § e .
at densities of the order of 3 x 10 7 atmospheres behind the moving



For the purpose of predicting the intensity or Mach number @f

$a

the transmitied wave for any arbitrary value of incident shock Mach

aumber, it was asswmed that the flow process could be represented
by a one-dircensional model as shown in Figure 3. The incident dhock

2 %

of increased pressure, femperature and velocity deseribed as

region 2. When the incident wave strikes the walls of the orifice, it
generates a reflected wave which further increases the pressure and
enthalpy iz the region 5 behind it. The resulting large pressure

-

ifference between regione 5 and 6 produces a high velocity flow, Ué,

“

and a gtrong transmiited shock wave whose Mach number is denoted

4

. This weve is transiniited dowanstream {rom the orifice,
advancing into the stationary air of region 9, and leaving behind it a

region 8, of increased pressure and enthalpy.

3

The expansion of the starting flow just downstream of the orifice

2

reduces the static pressure as in any ordinary flow expansion. In

o 5 28

order to satisfy the physical condition of a low pressure in region 6

k3

ii‘}

a high pressures in region & a stariing compression shock (W }
' -é»

forme which tends to propagale upstre against the flow. Alsgo, there

exizis an interface or contact surface separating region 7 from region 53
i

acrogs this contact suriace there is a discontinnous chanze in entropy,

temperature and density bu change in flow velocity or pressure.

For the purpose o oretical, one-dimensional model
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cmmpression wave propagales upsirearn: relative to the advancing flow,
sy - ¥ o anti§ pinn T oy e - « L U . . SR, I e d i 5%
nevertheless, for the particular area ratics of orifices investigated,

the flow velocity in region 6 is at all thines greater than the relative
gtarting wave veloeity (W eg;§?~‘ so that the wave is actuelly carvied

downgtream by the flow, relative to the stationary shock tube walls.

Py i o o e ey 5 e d - Fom lmend %8 o g oy - gt 2t o 3
The assumption is made that this wave moves at uniform speed,

isentropically into region 6 fo the full area of
of the orifice. Both the 2-7/8" z 2-7/8" tube and the 2" round tube

re constant area shock tubes and so for each model investigated

Fi as

S B fuy B ‘:‘z,
5T %% g°
On the basis of the foregoing one~dimencional model of the

3

fiow, one can celculate the Mach number of the tranamitted wave for

ny arbits o o s Bugmnn A
any arbitrary Mach numbeyr, M
a 4

&

in comparing the ideal gas and real gas flow conditions and wave speads
along the tube the same general stepwise calculation procedures was

£ 3

used for both the ideal gas and real gas {equilibrium alr) caleulations, %

* Axn analytical precedure {or the calculation of predicted wave
weeds based on the ﬁmw of an ideal gas through a w:im sereen is
w&@&&&&& in Reference 4 fm’ low 'mﬁu@@ of _maam*zfz ok Mach numbe
owever, the equations of Reference 4 are not az?yim"mie to real gas
caleulations.

, of the incident wave. or convenience
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A, Ideal Gas - Predicted Transmitted Wave Speeds
An outline of the procedure used in this report for calculating
the predicted values of the transmitted wave speeds for an ideal gas

bhsed on the theoretical one-dimensional flow model is presented in
Appendiz L. The results of the caleculations outlined in Appendix I for
an ideal gas (Y= 1. 40) are shown in Pigures 4 and § for the two avea
ratios investigated. In pariicular, one should note that the magnitude
of the Mach nomber, (M ele of the starting compression wave ig only
slightly less than M,, the flow Mach number in region 6, indicating
is a relatively strong shock wave, and that it moves downe
stream along the tube very slowly relative to the stationary laboratory
coordinates.

ength or Mach number

o

i

Also, the caloulations indicate that the o

¥

of the starting shock wave, (M ) increases as the area vatlo A, /A, is
=] 3 ¥ é &

Vi

increaged from 7.67 to 23. 0. In fact, for only a slightly larger avea

ratio than investigated, the starting shock wave {W )} would cease to

e'r
rnove down the tube and would locate itself, as a stationary wave, in
the divergent part of the expanding orifice section.

The fact that the value of (M @3,5 is large al even moderate area

ratios A, /A, indicates clearly why, as discussed in Reference 2, 2
& @ # 3

diaphragm is needad at the inlet to the orifice for satisfactory operation

B o

of & hypersonic shock tube. That is, the starting pressure, p{}é downe
gtream of the orifice must be considerably less than the initial ambient

presgure, P,, so that the starting compression wave, (M gﬁ - is

1
sufficiently weakened to allow it to be carried swiftly out of the tube

by the prevailing flow, U

e

6
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ures

]

d & also show that for each a ratio *3"”53/ Ay, the

value of .é?% ig constant for all valves of M g 2684 iz to be expected foz
an ideal gas (M, depends only on the area ratio, A, /f \w)e The almost
linear increase of U ’”&f&a with increasing M also follows directly

from the ideal gas theory: 1. 2.,

% i a” =3
Yg _ 6 2 _5 22
E\geww = W " ﬂéfm @ a’ ° gz:m
H 6 & & 1
Eguation (2) of Appendix I shows that a.?f% is almost directly proportional

4 P 2. s & oo T e % o £ 3 3 g ” 3 2 P
to M_ &t the higher values of M_ . Similarly, a; /% varies linsarly

&
&
k

with M _.. But M_., happens oy PO that

=T Bé
e;@.gﬁffs.a varies very slowly. Inasmuch as &séja%é and &, /w, depend only
aon the ares ratio, mfrﬂ%g and therefore are constant, the result is

/a. and therefore almast

=

wave; in gensral, the stronger this shock wave, the weaker is the

transmitted wave.

B. Eguilibriuwm Alr -» Prédicted Transmitted Wave Speeds

The equations of Appendiz I for an ideal gas ave, of course,
not applicable {or caleuwlations inveolving real gas effects. The teme
peratures in degrees Kelvin behind the reflected shock wave in region
5, caleulated for both an ideal ges and for equilibrimm aiy; are indicated

in Figure 6. I can be seen from this figure that the real gas effects



-
¥

P
0
€
CZ’

e significant at a fairly low value of X Loy Hecordingly, calcula~

-

tione were mads of predicted

3

wave speeds for a real gae based on the

ﬁ:rtm

ong-dimensional {low model. These real gas caleulations are cutlined

m

in Appendix II and were made by a stepwise procedure along the tube

somewhat similar in principle to that described in Appendix I for an

3

ideal gas, except that the tables and Mollier diagram for equilibrium

& @ ]

ir of Refevence 2 woere utilizzd for

&
7%

the thermodynamic properties of

4

the real gas. The changes in the flow conditions across the incident

shoeck wave, M gus BCTOLE the starting compression wave (W Q}ﬁg and
across the transmitted wave M g Were calculated by iteration methods,
[=3

3

by direct resort to the basic equations of motion of a moving shock wave

in & real gas.

:»u
g‘m

The results of the caleulations discussed in Appendix II for

eguilibrium air, for the area ratic Ay /Ay = 7.67 [corresponding to the
area ratio for configuration I discussed later in this report) are shown

in Figures 7, 5, and 9 for a range of incident shoek Mach numbers up

=

to ;%wim = 10, and were calculated for an ambient shock tube pressure,

= 1,0 mm Hg and an ambient tube temperature T Ey o= 360°K. These

results are compared in Figures 7, §, and 9 with the corresponding

&

results of the calculations for an ideal gae. It should be noticed that
degpite the tremendous dilference in temperatures in region 5 behind
the reflected shock wave of an ideal and real gas {Figure 6), the

w8

ealculated values of the predicted transmitied wave speeds of the real
gas and those of the ideal gas are ﬁwg risingly almost identical (Figure
7}

This somewhat unes v;gam:imj regult is shown below to be rather a



il

coincidence and is the repull of several compensating flow effects.
For an idesl gas, ¥ = counstant, but for a real gas, as the enthalpy of

*

the gas is Increased, the higher degrees of freedomn such as rotatisn
and vibration become excited and also dissociation of the gas begins to
eccur. All of these effects tend to reduce the value of ¥ for a real gas
at the higher temperatures. But for region 6, eguation {9) of

Appendix I can be written asg,

, . U"" i o &
( ;ﬁﬁaé ) ¥ i 1+ €w§w é,’&é}}

and from the energy squation,

i . &
4] 6 ?aﬁ
wwmz‘w EA ;‘3{} el mazhgm e ;%}.g;g
ne can show {(fox ”"g = §) that,
Z 3

Therefore, from the above equations, one can see that for a specified
ares ratio, é’%&jﬁ;@g the regulting M te and i;é are reduced as ¥ iz reduced.
Also, as the value of ¥ is reduced 2 larger area ratio A, /’ Ay i6 needed

for 8 desired value of velocity, U,. At the same thue, 3@ is larger

for the real gas {equation 10, Appendix ) fox @qu&i dtial values of
the enthalples, hg& £ the two gases {see figure 8), and correspondingly,
P, ie considerably larger for the real gas than for the ideal gas {see

%
Flgure 9)s A more detailed discussion of these effects of ¥ on the real

gae flow is presented by Yoler in Reference 5,



Becauss of the higher pressures and lowsr velocities in reglon 6

By

‘or the real gas, the resuliing starting shock wave i'*eﬁ%'c};{ of the real gas -

Y

iz weaker than for the ideal gas (Fi

pressures and higher velocities in region 6 of the ideal gas result in
& strongey staviing shock wave (W 3 for the ideal gas. The larger

3

Po/ Py and Uy /U, across the stronger ehock wave, (W), of the ideal

"

gas just compensate for the higher velocity, Ué and lower pressure,

g:»é of the ideal gas and, as shown in Figure 7, leads to the interesting
result already mentioned, namely that the calculated predicted values

of velocity, Ef?-/al, and transmitted wave Mach nwumnber, M o @re almost
identically equal for the two gases, (ideal gas and equilibrium air).

It should be mentioned here, though not shown on the graphs, that the

values of the temperatures in regions 5 and 7 are considerably larger

&

for the ideal gas than for ¢

y

he real gas in the corresponding regions,

2

Figure 7 also indicates that for the orifice area ratio ﬁéi’ﬁ of
7. 67, the values of My for the real gas mnge frowm about 2.9 to 3.1 for
Mo from 7.0 to 10, For these conditions the calculated values of

Reynolda number in region & range from about 600 pex inch at M cu® 0

to about 1400 per inch at M _ = 10 for initial shock tube pressure

2

o

Eé?fg = . 40 mm Hg and temperature T, = 300%%.



Siz configurations were investipated as shown in Figures 10a

o 104 and as outlined below,

Type of shape & ;’3{2 Slme Area Ratio
Crifice of a;;;:« ng at Ag/ Ay
‘ Crifice Inlet
A wedge type rectangular 7.67

375" x 2-7/3"

3 plate type ractangular 7. 67
375 x 2-7/8

G wedge type rectangular 63,0
. 128% 2 2-7/8"

b plate type ?g@mmgﬁmr 23,0
(sharp edge S I2BY m 2.7/50
and round
o channel type rectangular 23.0
L1257 x 2=7/8%
¥ conical round 7.67

opening at inlet

s . 725" diameter
mg@mmw at outlet

= 2. 0" diameter

Megsuremnenis were made of the strengths of the incident and

transinitted shock waves for all of the above orifices, except for the

" s

channel type orifice E for which only schlisren photographs were mades,

sures 10a to 10€ the inlet corners of the wedes

&

and conical type orifices were machined smooth and vound., The

slight lack of symumetry of curvaiure at the inlets of the wedge type

s,

orifices which appears in ihe photographs of Figures 10a and 10c is

-

bat resgults from trying to photograph the wedge
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V. DISCUSBION OF RESULTE

L))

A. Schlieren Studies

Schlieren photographs of the starting flow for two of the models
investigated are shown in Figures 11 and 12. The values of time delay
iﬁﬁiﬁ&%@é on the above figures are measured {rom the time the incident
shock wave reaches heatl gage number &, which is located at an arbitravy
measured point just upsiream of the face of the model investigated.,

Figure 11 shows & seguence of consecutive photographs of the
incident wave reflecting from the face of configuration ¥, the channel
type orifice. The beginning of the transmitted wave can be seen in

k3

photograph number 1lb. The unusual obligue wave configurations

af.%

within the channel itself areindicated in photographe 11b to 114
In Figure 12 is shown & seguence of photographs of the starting
flow and of the reflected and transmitied wave formation for configuration
B, the plate type orifice. The dark regions at the edges of the throat
of the orifice in photograph nunber 12b show the flow 28 it turns around
the corner of the orifice beginning itz expansion into region 6, until in
photograph number 1Zc, in which the reflected wave has withdrawn
sufficiently from the orifice opening, the orifice is flowing full. The
progreee and shape of the transmitted wave just downstream of the
orifice are indicated very clearly in the sequence of photographs of

Figure 12,
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B, Measured Values of Transmitted Wave Speeds

i, Introductory Remarks

The valuses of the tranamitied wave strengihs, as indicated
by the measured values of the Mach number M@ ar of the transmitted
wave, are shown in Figures 13 to 17 for the various configurations
investigated. Also in the above figures, the measured values of the
transmitted wave speeds are compared with the predicted values of
the wave speeds.

A brief inspection of each of the Figures 13 to 17 for orifice
configurations A through F, shows that for some configurations the
agreement was very good between measured and predicted values of
transmitted wave Mach numbers, M s whereas for other coﬁﬁguraﬁims
the messured values of Mﬁ g were less than those predicted, and for
still other orifice configurations the measured values were greater
than thoge predicted by the one-dimensional flow model.

These interesting differences between the configurations studied
can be readily accounted for by an understending of the {low process
in the one=dimensional model, as discussed below. The general theory
of the one-dimensional flow model was presented in Section III of this
report. A detailed study of the stepwise calculations of this one-
éﬁmm@i@m&i model shows that the measured value of M@ a for a particular
configuration will be egual to, less than, or greater than the value of
Mg predicted by the one~dimensional theory, depending on whether
the total pressure losses between regions 5 and 7 are regpectively

sgual to, greater than, or less than those allowed for by the idealized
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one-dimensional theory. The differences betweeon actual and idealized
total head losses r@@mﬁﬁ from boundary layer-shock wave interactions,
obligue shock wave configurations rather thaan the idealized plane
shock waves, and friction and eddy losses.

One other significant {actor which could result in measured
values of M 4 greater than those predicted by the one-dimensional
theory is the case in which vena contracta effects at the sharpeedge
orif im inlets produce an effective area, A,, less than that of the
geometrical measured area, 4, 60 that the resulting area ratio,
ﬁ.@/% of the actual flow would be greater than that utilized in the
one-dimensional calculations., {However, as discussed later in this
gection, no measurable vena contracta effects were present in the

orifice models investigated).

On the baeis of the foregoing introductory remarks regarding
the factors influencing the magnitude of the transmitted wave Mach
number, M_ ., the res sults of the investigation of each orifice con-

b

figuration, A to ¥, are discussed individually below.

2. Configuration A, Wedge Type Orifice, Area Ratio &é'{ﬁ“% = 7,67

The results of the study at expansion chamber pressures of
1 = 5.0 mm Hg and 14, @ mun Hg are shown in Figure 13. The
agreement between the measured values of transmitied wave Mach
nurnber, }*}«'ﬁs g @nd the predicted values based on the theoretical one
dimensional model for an ideal gas is remarkably good for the ra 5;

of incident wave Mach number up to about M gy = % 3. Beyond M_ = 4.3,

although the agreement in the two values is still moderately good, the



measured values of transmitted wave speeds begin to depa¥rt slowly
from the predicted values, possibly be‘acaum as digcuseed eariier in
this section under "Introductory Hemarks', the genecral flow losses
resulting from friction and turbulence may become significant at the

higher values of Mach number, Mee

3. Configuration B, Flate-Type Orifice, Area Ratio A@%g = 7,67

The measured values of the transmitted wave Mach numbers
for configuration B ars shown in Figure 14 for two ambient gh@éi&«: tube
pressures, and are appreciably less than the predicted values., Again,
this reduction in the measured values of M sg 28 compare sd to predicted

e

values may possibly be caused by the considerable eddy and turbulent
losszes in the flow resulting from the {ree expansion of the air from
the orifice throat area, A, to the area of region 6. T

measuraments of configuration A and configuration 3 at the expansion

chamber pressure, Py = 5.0 mm are compared in

4. Configuration €, Wedge-Type Orifice

Configuration D, Plate~Type Orifice, Sharp Edse

Configuration D, Plate-Type Orifice, Round Edge

{Area Ratio A./A, for All 3 Orifices = 23)

of the transmitted wave for configurations C and D are greater then
those predicted by the ideali zed one-dimensional flow model. On the

basis of the foregoing discussion, the flow losses throu

i’m

wave configurations of the above orifices ave less than those through

the plane shock wave of the one-dimmensional theory,
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LYo observe the presence, il any, O vena Cconlracia silecis on
&%, & op e Ty g o F % s 1 2L L B e g o o e " .
the flow through the sharp edge orifice inlet, messurements were made

e e vy henel 2w ‘T‘i.@‘ ) 14 iy P OWRS N § M :4m°§‘ S e B e g s e 5«1@, TR E Y e e
Prepenied 10 JIguTe 1G. There was nu BrEniricant measurable cuierente

e
h

in the ptrength of the transmitted wave for the two types of edges
{sharp and round} inveastigated, ind

flow effectis.

L

. _Configuration ¥, Conical Type Orifice, Area Ratio A%XAE§ = 7,67

For structural reagong, studies in the 2-7/8" x 2-7/8" shock

tube wezre limited to an incident shock Mach number, M . of ahout 6

because of the high pressures behind the reflected shock., Higher values
of incident Mach number, M_  and considera bly lower values of ambient

w

s round shook tube than in

f«—,l

sure, P, can be attained in the 2-iac
the 2-7/8" % 2-7/8" tube in which the precading configurations A through

I were investigated. Therefore & new maodel, configuration ¥ {Figure 10},
was prepared for use in the Z-inch round tube. The expansion area

“w

ratio A @/ Ay of th uration ¥ was equivalent to that of the wedge

3

o

type configuration A, but the diverging section of configuration F was

cal rather than a wedge.

|5

con

a. Ambient Pressure, P, = 2.5 mm Hg

The measured values of the transmitted Mach number, M sd

iy

at an ambient pressure ;?f’} = 2. 5 mun Hg are shown in Figure 17 for

configuration ¥, and are compered in that figure with the theoretically

predicted values calculated for the one-dimensional flow model. The
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VI, COMCLUDING REMARKS

1. The m@%ﬁim&%immi flow model discussed in this report
vields a satisfactory prediction of the speed of the shock transmitted
through the orifice. Depending on whether the {low lozses through the
starting shock wave configuration are greater than or 3@93 than those
postulated in the plane wave of the ons-dimensional model, the measuared
values of the transmitted wave Mach number will sﬁ;@mm@@ﬁdﬁlggw be
lower or higher.

Z. For the range of incident shock Mach numbers investigated
in this report, the calculated values of transmiltted wave Mach number
for an ideal gas and for eguilibriwn air are alinost identical at an
area vatio, 4,/A, = 7.67, even though the velocities, temperatures,
and pressures in the intermediate flow reglons are guite different
for the two gases (ideal gas and real gas).

3. This investigation suggeste the desirability of further
gtudies with larger area ratios é/ Ay g@&mwﬁa 1y with the conical

orifice, and also at lower ambient shock tube pressures.



[
@

s

T ESTR I TYRIAY I
BEFERENCES

Rabinowics, J.: Aerodynamic Studies in the Shock Tube.
GALCIT Hypersonic Research Project, Memoraadum No. 38,
June 10, 1957,

Glick, H. 5. ; Hevtzberg, A.;and Smith, W. E.: Flow Fhenomena
in Starting 2 Hypersonic Shock Tuanel. Cornell Aeronautical
laboratory, Report No. AD-789«4-3, (AEDC-TN=-55-16), March,
1955,

Feldman, S.: Hypersonic Gas Dynamic Charts for Equilibriwm
Adr. AVCO Research laboratory, January, 1957

Franks, W. J.: Interaciion of a Bhock Wave with 2 Wire Screen.
Institute of Aerophysics, University of Toronte, UTIA Technical
Note No. 13, May, 1957.

Yoler, ¥. A.: Hypersounic Shock Tube. GALCIT Hypersonic
Resgearch Project, Memorandum MNo. 18, July 19, 1954,

Glass, L I.; Martin, W.; and Patierson, G. N.: 4 Theorstical
and Experimental Study of the Shock Tube. Institute of Aerophysics,
University of Toronte, UTIA Report No. 2, November, 1953,



[
N

APPENDIX I

QUTLINE OF PROCEDURE FOR CALCULATING THE PREDICTED

VALUES QF THE TRANSMITTED WAVE SPEEDS, M _,, FOR AN

ey

ONAL

BT OTLEES g o
0O THE THE

5@6
i’“}
ﬁ

o
‘3‘?

MODEL DESCERIBED IN THIS REPORT

He zsgimz 2

For specified initial conditions in the shock tube, the conditions
in region 2 {Figure 3} behind the incident shock wave are described by

the following equations,

¢

e 1 20 f (1)
»zsi D/t i
a . :
£ -3 Z{ )y « 1) : p i
{r+ 1) M,
U, - U
Z 3 1 -
- v Mewm w o ) (2
g
- o+ 1 4
P : &
1 Y1 %
SEK 2’

% Note: The s%g&wi% procedure for the ideal gas calculation
is deseribed in some detail in this appendix because 2 similar s stepe
wise procedure identical in principle {but different flow eguations) is
used in the caleculation of the wave speeds of the real gas one-dimensional
model described in Appendix IL
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The preceding equations 5 fo 9 would ordinarily be solved by
an jteration process because the velocity %’j% behind the reflected wave
is not known, inasmuch as there is some mass flow through the orifice
opeuning. However, it was determined by several preliminary
calculations that for the small area ratios Ay/A; of the orifices
involved, the effect of the very small value of ‘€§§ on the subseguent
values of i%g:ig g was negligibly small, and so subsequent caleulations

were made for the boundary condition Uy = 0.
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For the boundary condition *i,?g = 0 {and ﬁ}; = 8}, &%E can be

3

eliminated from the preceding equations 5 to 9 and conditions in region 5
bebhind the reflected shock wave can be described by the equations {see

Reference 6)

“2;3%
?m‘“ = ; ﬂgi
2 Y1 "2 1
y+ 1 TP i
2 “;""‘;5 7? 1 3‘3@
z 22

it

(b’-&l

Region &

Conditions in region 6 can be calculated fron: the conditions in
region 5 (which can be considered as 2 stagnation region) by means of

an isentropic expansion fo the full area of region 6, thereby determining

:&‘még fgﬁg Ea:aég %i&é zj;%o

Hegion 8

In this investigation the initial conditions in region 9 are equal
to those in region 1, and are therefore specified in advance, so the
conditions in region 8 are determined entirely by the Mach number of
the transmitted wave, 3»;"3 & The pressures and velocities in region 8

are therefore determined by the eguations,



@éﬁ - 2 #

moe e (- e 2

Ug - Uy 2 ( v . ) _ Y (13)
&9 b’*’e“i @ﬁu eé@éﬁ‘ aé

{In above eguation 13, ag = &5, and E;?g = 0 in this report.)

252;&5 ion 7

Similarly to the above, for the flow conditions in region 8
~determined earlier, the conditions in region 7 are determined solely
by the magnitude of the Mach number of the starting shock wave éﬁ%ﬁég}fo

The pressures and velocities in region 7 are therefore determined by

the eguations

=

&’? = £} ZX B 2’

oot owwT | - (14)
R v

(1e)

U i,

. T _ 2 3 )
© & T TTd (M), - [§2 0] g (17)

6 ey &

and
U 3] 2

7 ) .
gw s ::;:Oi & R d 53'{5}
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Matching of Velocities and Pressures of Regions 7 and 8

By meauns of a relatively easy graphical procedure, one determines
M, by matching Pg/P; and Ug/a, (of equations 12 and 13) with P./P,
and U?/& ) {of equations 15 and 18) inasmuch as the velocities and
pressures are equal across the contact surface, The above matching

of velocities and pressures is very conveniently accomplished as shown

in the figures below.

U8
2
Pg U,
P o 2
8
P
M .
sd Figure {a) '
Py
12

, 8
o) e

— — Figure {
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The graph of Py/P, and Uy/a, shown in preceding Figure (a)

is calculated from equations 12 and 13 for a range of transmitted

wave Mach nwnhers, %g a°
The graph of 33@ Py va, ﬁ&f&i in the preceding Figure (b) is a
erosseplot of Figure {8) with incident values of M, @s parameter.
Then for an arbitrary specified value of ‘%a@‘ one solves
equations 15 and 18 for several assumed values of {M @33,; and drawse
the graph of .E,F?/ Py va. 3;:&’?/&1 en the same Figure {(b).

5

The intersection of the above 2 graphs in Figure (b) yields
.'[{:)
F

the values of Eﬁ%f P, and Ug/a,, which correspond to the desired value

of M ., for the value of M specified.
ad gu o~



OUTLINE OF PROCEDURE FOR CALCULATING THE PREDICTED
VALUEE OF THE TRANSMITTED WAVE GPEEDS, 1 Mogo
IN EQUILIBRIUM AIR BASED ON THE THEORETICA

ONE-DIMENSIONAL MODEL DESCRIBED IN THIS REPORT

For the particular case of initial shock tube temperature
s % . 3 2 3
Iy= 300°K, the conditions in regions 2 and 5 are shown for equilibriwm
air on & very convenient set of charis in Reference 3 for a wide range

of initial shock tube pressuras, P.

E%.ﬁ%i@n 5

En’mgwﬁ 5 the velocity Uy behind the reflected wave is mé:
strictly = 0. However, as was done for the case of an ideal gas
discussed in Appendix I, for the gmall area ratios A,&/Ag im%gtigam&,‘
the effect of the small velocities, “%‘,35, on the resultant value of M4
is negligibly small, and so in all subsequent calculations of M sd in

this report the value of U, is assumed s . Conditions in region 5
5

behind the reflected shock wave are shown in the charts of Reference 3.

The expansion from region 5 to region ¢ was considered as

isentropic. So accordingly,

Sg = ¢, {constant entropy) (1)
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and neglecting the entremely smnall effect of U, ag discussed earlier,

2 -

U, = @53@5 w héB {3)

Ug = alhy - Bigd {4)
To determine the enthalpy, h&'s in region 6, one must first determine
the density or pressure in region 6.

The density in region & was determined by an iteration method
by which one first determines the mass flow through the orifice as
followas |

Sy = Sy = 5, | | {2)
g§§ is known {rom the sarlier calculated counditions in region :5@

Uy = a, {6)
A value of hy is assumed.

Then, for the above values of hy and 5, one determines a, and
Py from the Mollier diagram.

Algo, for the abaove value of hy , and the alrésady known value
of hy, one calculates U, from eguation 4.

One continues to select values of hy, until the condition Uy = a,
of equation 6 is satisfied.

Therefore p,UyA, is known, : {7)

But from the eguation of conservation of mass,

PalUshe = pgUghy {8)

Now one assumes (guesses) a value of bge {9)
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From the Mollier diagram, for the above h@ and the known value
of Ei%é {equation 5), one determines a corresponding value of P (10)

Also, for the above assumed value of ;%:aé one caleulates a
corresponding value of Ug, by means of equation 3. (11}

The values of p, and U, irom equations 10 and 11 together with
the known s;ame of the area Ag, 8re compared with the known mass
flow paUgé,, as shown in equation 8 above,

One continues to select values of Ezé as per equation 17 until
the corresponding values of p, and Uy determined from equations 10
and 11 satisiy the mass flow equation 8. 8o now conditions in region &

are known.

Region 8

The prespure ratios }L'ii/ ﬁgg and velocity ratio iej& - @gB/&%
acrossg the transmitted shock wave are caleculated in 8 manner similar
to that for region &, i.e., for ,;?ﬂ?% = 3?1,, ‘5;59 = 0, and E“% = 3007K.

Conditions in region 8 can be determined from the charis of Reference 3.
Region 7
Ww&mmmm

The conditions in region 7 are caleulated directly from the

equations of motion for a moving shock wave, i.e.,

U, « U (W) o
Lt | == |- 2 (12)
6 6 P
. 2
P P, + é Wely i P6 (13)
Py = F P8, . — ;
7 & %6 a, Py
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Wy & -
1oz || el Pe
he = b, + e B, I o g (14
b7
Zguation of state of gas is described by the Mollier disgram of
Feference 3. {15}

It should be noted that in the preceding equations 12 to 14, the
expression (W &%‘n is the speed of the siarting compression wave
relative to the fluld into which it is advancing, i.e., relative to the

velocity Uy in region 6.

Matching of Velocities and Pressures of Fegions 7 and 8

The technique and procedure for matching the pressures and
velocities of regions 7 and 8 {i. ¢., across the contact surface) are
identical to that described in Appendix I for the ideal gas, except, of
course, that in the case of the real gas discussed here in Appendix IJ,
for each asswmed value of (W ) x,/a,é in equations 12 to 14, the guantities
Eﬁ?f P, and ij??/a y must be calculated by an iteration procedure. The
proper matching of the pressures and velocities in regions 7 and § in
accordance with the procedure referred to above, yields the desired
values of E@ﬁﬁ g in equilibrium air for the particular value of M an

specified.
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ARRIVAL OF WAVE AT HEAT GAGE 5

ARRIVAL OF ‘WAVE AT HEAT GAGE 4

-y ARRIVAL O.F WAVE AT HEAT GAGE 3

TYPICAL INTERPRETATION OF ABOVE OSCILLOSCOPE PHOTOGRAPHS
" SWEEP, MICROSECONDS PER CM = 100
SENSITIVITY, MILLIVOLTS PER CM=5

: FIGURE 2
TYPICAL OSCILLOSCOPE RECORDS FOR
MEASURING THE TRANSMITTED WAVE SPEED
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3 4 5 6 7 8 9 10
Msu'Moch Number of Incident Wave

FIGURE 4

CALCULATED VALUES OF VELOCITY RATIOS AND MACH

' NUMBERS BASED ON THEORETICAL ONE DIMENSIONAL
MODEL FOR IDEAL GAS (U= 1.40), AREA RATIO Aé/% = 7.67
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[h]

(M)

Velocity Ratios and/or Mach Numbé?

3 4 5 6 7 8 9 10

Msu‘Moch Number of Incident Wave

FIGURE 5
CALCULATED VALUES OF VELOCITY RATIOS AND MACH
NUMBERS BASED ON THEORETICAL ONE DIMENSIONAL
MODEL FOR IDEAL GAS {U = 1.40), AREA RATIO A%/A:? = 23.0
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11,000
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9000
ldeal Gas —»

8000
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Equilibrium Air
P =1.OmmHg

2000

100U — P =10.mmHg

0 | 2 3 4 S 6 7 8 9 RO

Msu'Moch Number of Incident Wave

FIGURE 6
TEMPERATURES IN REGION 5 BEHINDG THE REFLECTED
SHOCK WAVE FOR IDEAL GAS AND REAL GAS.
AMBIENT SHOCK TUBE TEMPERATURE T, = 300°K
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—  — —1ldeal Gas
—— Equilibrium Air

i

10

and/or Mach Number
[Col

Velocity Ratios
H

(Wc )r/°6= (M),

, | | | |

5.0 5.0 70 8.0 9.0 10.0
Msu'Mach Number of Incident Wave

FIGURE 7
CALCULATED VALUES OF VELOGITY RATIOS AND MACH
NUMBERS BASED ON THEORETICAL ONE IMENSIONAL
PLOW MODEL FOR EQUILIBEIUM AR AND FOR IDEAL
GAS (V= 1.40), AREA RATIO Aé/A* = 7. 567
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FIGURE 8
CALCULATED VALUES OF ENTHALPY IN FLOW REGIONS
5, 6, AND 7 BASED ON THEORETICAL ONE DIMENSIONAL
FLOW MODEL FOR EQUILIBRIUM AIR AND FOR IOEAL
GAS { 7= 1.40), AREA RATIO Ayfby = 1,67
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FIGURE 9
CALCULATED VALUES OF PRESSURE RATIOS IN FLOW
REGIONS 5, 6, AND 7 BASED ON THEQRETICAL ONE
DIMENSIONAL FLOW MODEL FOR EQUILIBRIUM AIR
AND FOR IDEAL GAS (v = 1,40}, AREA RATIO A,gA* = 7.67
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Configuration A -

Wedge type orifice

Orifice opening
= 375" x 2,875"

Direction of airflow >
a rati = 7. ¢
Area ratio A@/A* = 7,67

Semi-divergent angle
of wedge = 197 - 507

Configuration ) -

Plate type orifice

Orifice opening
=, 375" x 2, 875"
Direction of airflow ——s=

Area ratio Aélﬁ*z 7. 67

C 4 0@
Semi-divergent angle = 00

(b}

Figure 10 - Photographs and sketches of profile of flow passage through

orifices as seen through viewing opening in shock tube,
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Counfiguration C

Wedge type orifice

Orifice opening
=,125" x 2,875"

Direction of airflow ——sp
Area ratio A /A, = 23,0

Semi-divergent angle

of wedge = 21° - 30!

Configuration D

{sharp edge)

Plate type orifice

Orifice opening
=, 125" x 2,875"

Direction of airflow —s=

Area ratio A /8, = 23,0

oo o
Semi-divergent angle = 60

(d))

Figure 10 - {(continued) - Photographs and sketches of profile of flow
passage through orifices as seen through viewinp opening

in shock tube,



C@nﬁgmrati@n D

{round edge)

Plate type orifice

Direction of airflow —

Orifice opening
= 125" x 2,375"

Area ratio A /A, = 23,0

Configuration E

Channel type orifice

Direction of airflow —=

Orifice opening

=, 125" w 2, 875"

Area ratio A, /A _ = 23,0
§) %

Figure 10 - (continued) - Photographs and sketches of profile of flow
passage through orifices as scen through viaswing opening

in shock tube.



Configuration F
5

Conical type orifice

Direction of airflow ¥ Diam.
B — Diame o 25 00“
Area ratio A‘@/A* =7, 67 725"
I .

Semi-divergent angle

of cone = MQ

Radius of lip of orifice = 1/8"

(f)

Sectional view of conical type orifice

Figure 10 - {continued) - Photographs and sketches of profile of flow
passage through orifices as seen through viewing opening

in shock tube,
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, (a) ' : i (b)
STIME DE'LAY‘=‘20 MICROSECONDS - e TIME DELAY = 30 MICROSECONDS

(c) ‘ (@
TIME DELAY = 35 MICROSECONDS TIME DELAY = 50 MICROSECONDS

FIGURE 11 ,
CONFIGURATION E, CHANNEL TYPE ORIFICE, SEQUENCE OF
SCHLIEREN PHOTOGRAPHS SHOWING THE INCIDENT WAVE
REFLECTING FROM THE FACE OF THE MODEL, AND ALSO
THE SUBSEQUENT WAVES. M__= 5.0 (APPROXIMATELY)
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