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SUMMARY

Grids were mounted in the path of traveling shock waves in a shock
tube. The incident shock wave after its collision with the grid split
into transmitted and reflected shock waves. The emergence and the growth
as well as the speeds of these shock fronts were recorded with shadow-
graphic as well as with hot-wire techniques. It was observed that the
distorted shock fronts emerging out of the grid became essentially nor-
mal and plane within an equivalent distance of about 12 mesh lengths.

When relatively strong incident shock waves were used, the grid
choked. A simplified semiempirical analysis led to the conclusion that
concurrent with this choking phenomenon the upstream flow approaching
the grid assumed a constant Mach number. The calculated pressure-drop
coefficient also exhibited the effect of the choking of the grid.

The reflected shock wave advances upstream against the drift flow
associated with the incident shock wave. The flow behind the reflected
shock front, however, is directed toward the grid. After its passage
through the grid, the flow becomes turbulent. The transmitted shock
front is reflected from the closed far end of the shock tube. .The
shadowgraphs of the interaction of the advancing reflected transmitted
shock front with this turbulent flow field are examined and the observed
change in the speed of the reflected-transmitted shock is discussed.

The oscillograms of the hot-wire response of various transient flow
regions are examined and some preliminary conclusions regarding the state
of the flow downstream of the grid are reached. Also a few suggestions
for the extension of this work are included.

INTRODUCTION

The hot-wire anemometer is extensively used in turbulence research
both in subsonic and in supersonic flows. In wind tunnels meant for
turbulence research some fluctuations are usually purposely superimposed
on the mean flow and the hot-wire anemometer is used to investigate the
characteristics of these fluctuations.
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Since the hot-wire anemometer has a comparatively fast response to
fluctuations in flow conditions and/or in heating current, it has been
successfully used to investigate transient flow phenomena in a shock
tube (refs. 1 and 2).

The transient wave fronts and the associated mean flows may have
in them some fluctuations inherently present or purposely introduced.
The usual optical techniques (shadowgraph, schlieren, and interferometer)
furnish only a limited amount of quantitative appraisal of such fluctu-
ations in the transient flow fields (refs. 3 and 4). The hot-wire ane-
mometer can also be usefully employed for such investigations.

It is hard to find a convenient and simple source of turbulence
which can be adapted for investigations (such as shock-wave turbulence
interaction) in a conventional shock tube. Some preliminary observa-
tions were made for the following cases.

In the theoretical analysis of the shock-tube flows the contact
surface, that is, the boundary between the gas expanded from the com-
pression chamber and the gas compressed from the expansion chamber, is
normally assumed to be a sharp discontinuity across which there is a
sudden change in temperature and density. The flow behind this surface
is also assumed to be smooth. However, it is qualitatively known from
optical observations (refs. 5 and 6) and has been confirmed by hot-wire
investigations (refs. 2 and 7) that this surface is not a sharply defined
thermodynamic discontinuity and that the flow behind this surface is
highly turbulent. The intense turbulent fluctuations in this flow are
caused by the rupturing characteristics of the ordinary cellophane
sheets, the usual diaphragm material. The intensity and the character
of these fluctuations are not precisely controllable. Thus, although
the contact surface flow 1s intensely turbulent, its doubtful reproduc-
ibility rendered it unsuitable for the present purpose.

It is well known that the flow of a jet becomes turbulent only a
short distance downstream from its exit. This seemed to offer an easily
obtained turbulent flow field. The general aim was to investigate the
traveling-shock-wave - turbulent-jet interaction. Various arrangements
of different Jjets, mounted either outside or inside the shock tube, were
tried. After some preliminary experiments, these efforts were abandoned
in favor of the arrangement described.

Grids (or screens) are commonly used to produce isotropic turbulence
fields in wind tunnels (refs. 8 and 9). By adapting this technigue for
use in the shock tube, controlled turbulent flows which were suitable
for a detailed investigation could finally be produced.

When a traveling primary (incident) plane shock wave reaches the
grid mounted in its path, it splits into reflected and transmitted shock
waves. The drift mass flow associated with these waves becomes turbulent
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after its passage through the grid. This turbulent contact surface and
the associated wave pattern are consistently reproducible and thus can
be systematically investigated if some suitable instrumentation is
developed.

It was decided to use the hot-wire anemometer in conjunction with
shadowgraphs.l At present, the experimental technique is capable of
measuring the speeds of the incident shock wave as well as those of the
transmitted and reflected shocks. From these three measureménts one
can calculate the pressure drop between regions 3 and 5 (figs. 1 and 2)
for grids of various configurations and solidities and for different
shock strengths (i.e., at different Reynolds and Mach numbers).

Other miscellaneous investigations, such as the shadowgraphic
records of the emergence and growth of the transmitted and reflected
shocks, the choking of grids, and the interaction of the turbulent con-
tact surface with a reflected transmitted shock, are discussed. By the
use of a hot-wire anemometer, the temperature and mass-flow character-
istics of the flow fields associated with the transmitted shock wave and
the turbulent contact surface are recorded and examined.

The author is indebted to Drs. Francis H. Clauser and Leslie S. G.
Kovésznay for their encouragement and many helpful and stimulating disw
cussions. Mr. Richard Swartley's help with the experimental work is
appreciated.

This research was supported by the Office of Scientific Research
of the Air Research and Development Command of the Department of the
Air Force. The author wishes to express his sincere appreciation for
this support.

The present report is essentially based on Part II of a disserta-
tion (ref. 1) submitted by the author to the Faculty of Philosophy of the
Johns Hopkins University in conformity with the requirements of the
degree of Doctor of Philosophy. It has been made available to the
National Advisory Committee for Aeronautics for publication because of
its general interest. Part I of the dissertation has already been pub-
lished by the NACA as Technical Note 3163 (ref. 2).

IThe preliminary experimental observations of this work were pre-
sented by the author at an informal shock-tube meeting at Princeton
University in January 1955. At the same meeting, Dr. I. I. Glass of
the University of Toronto (Canada) showed a position-against-time
schlieren of shock-screen interaction taken in a wave interaction tube.
For subsequent developments of the shock-screen-interaction investiga-
tions by the research group at Toronto, see references 10 and 11.
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SYMBOLS

minimum critical cross section
total open area of grid
total area of grid

speed of sound (subscript indicates corresponding region of flow)
bar or wire width

effective width between perforations in perforated plate or wire
width in commercial screens

specific heat at constant volume

diameter of circular holes in grid
internal energy per unit mass of gas
pressure-drop coefficient

mesh length (see fig. 2)

Mach number
pressure

Reynolds number based on Beff as characteristic length

pressure drop, P3 - P5

strength of incident shock, pé/bl
strength of reflected shock, pZ/p2
strength of transmitted shock, PS/pl

strength of reflected transmitted shock, p6/p5

solidity ratio of a grid or screen

temperature



NACA TN 3680 5

U speed of incident shock

URr speed of reflected shock

Up speed of transmitted shock

u speed of totally reflected incident shock

Up' speed of totally reflected transmitted shock wave when it advances
against drift flow associated with transmitted shock front

QLP)C speed of totally reflected transmitted shock wave when it advances
against turbulent contact flow

u velocity of drift flow

7 ratio of specific heats

v viscosity

o) density

Subscripts:

l,2,3,h,5,6 regions of flow as shown in figures 1 and 2; for example,

uz, T5, and so forth are parameters for region 3 which

lies between upstream face of grid and reflected shock
front

contact flow

distance downstream from grid
EXPERIMENTAL EQUIPMENT

The experimental equipment consisted of the following functional

units:

(1) Shock tube

(2) Timing and triggering device
(%) Grids and their mounting

(4) Hot-wire equipment

(5) Arrangement for shadowgraphs



6 NACA TN 3680

The equipment is the same as that described in references 1 and 2. Only
a brief description will be given here.

Shock Tube

The shock tube consists of a steel box of uniform cross section
(approximately 6 by 4 inches inside) which is divided into two chambers
by a diaphragm across which a pressure differential can be sustained.
The high-pressure side is called the compression chamber and the low-
pressure side, the expansion chamber (fig. 3). The shock tube is laid
with its 6-inch side horizontal, thus augmenting the effects of the dis-
turbances in the density gradient because of the longer path of the beam
of light through the disturbed region.

The total length of the shock tube is 29 feet. The grids are
mounted between two glass sections about 16 feet downstream from the
location of the diaphragm.

Timing and Triggering Device

The timing of shock speeds and synchronized triggering for shadow-
graphs were achieved by the use of a hot-wire anemometer as a transducer.
When the shock wave passed over the heated wire, its response to the
sudden change in flow conditions resulted in the necessary electric
pulse. The block diagram of the associated electric system is shown in
figure 4. For details see reference 7.

Grids and Their Mounting
The following grids have been actually used:

(a) One-fourth-inch-thick perforated steel plate with sharp-edged
holes of 0.25-inch diameter (reamed) and 25-percent solidity

(b) One-fourth-inch-thick perforated steel plate with sharp-edged
holes of 0.512-inch diameter (reamed) and 25-percent solidity

These grids are shown in figure 5. They were mounted between two glass
sections as shown in figures 6 and 7. This arrangement made it possible
to record simultaneously the reflected shock wave upstream from the grid
as well as the transmitted shock wave, turbulent contact surface, and any
assoclated flow phenomena downstream from the grid.

The earlier arrangement did not include the second glass section
and there was a bolt near the end of the glass section which shows up in
some of the shadowgraphs reproduced (see fig. 8).
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The grid was visible from outside through the glass windows (fig. 7).

If the flying cellophane particles from the diaphragm got attached to
the grid, thus blocking some orifices, they were blown off with a high-~
pressure Jjet of air. TFor open-end operation of the shock tube, this was
rather easy. However, for closed-end operation of the shock tube and
especially for high-strength incident shocks, it was quite frequently
necessary to unbolt the end plate and blow out the cellophane particles
from the shock tube and/or the grid.

Hot-Wire Equipment

The hot-wire equipment used in this investigation was designed by
Dr. Leslie S. G. Kovdsznay. It utilizes the constant-current arrange-
ment for the operation of the hot-wire anemometer. The equipment con-
sists of functional units such as control unit, calibration unit, and
compensating amplifier assembled together. For detailed information see
reference 12, The arrangement used to record oscillographically the
response of the hot-wire to various flow regions is shown in figure 9.

Arrangement for Shadowgraphs

The point source of light for the shadowgraphs was provided by a
sudden high-voltage discharge (about 6,000 volts) of six coaxially
arranged condensers (total capacity of 0.12 microfarad) with a firing
time of about 1 microsecond (ref. 13).

The synchronization of the firing of the spark with the arrival
of the shock front at the desired location was achieved by setting a
preestimated delay with the help of the preset delay generator which
is actuated by the pulse from the triggering hot-wire (flg. 5).

Three different arrangements of the beam of light were tried:

(a) Divergent beam of light; that is, the source of light was
used without any collimating lens (fig. 10).

(b) Parallel beam of light (collimated by Kodak f/L.5 lens with
12-inch focal length). The field of view was only about 2.6 inches
in diameter (fig. 11).

(¢) Parallel beam of light (collimated by a f/k.5 lens with
500-millimeter focal length). The field of view was approximately
4.4 inches in diameter (fig. 7). This arrangement made it possible to
take shadowgraphic records covering the complete top-to-bottom section

of the shock tube.

The optical arrangement used is indicated under every shadowgraph
reproduced.,
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SCOPE OF INVESTIGATION

In the present investigation the following aspects of the problem
were of main concern:

(a) The examination of the effects of the grids on the shock fronts

and their subsequent behavior

(b) Determination of the pressure drop between locations "far"
upstream and "far" downstream of the grid

(c) The interaction of the reflected transmitted shock front with
the turbulent contact surface

(d) The use of the hot~-wire anemometer for recording the character-

istics of the various wave fronts and the associated flow fields on the
downstream side of the grid

All these aspects are influenced by the grid geometry which can be
varied by changing either the relative dimensions of the pattern ele-
ments or the pattern itself., The most common pattern used in a conven-
tional wind tunnel is the square-mesh lattice formed by straight bars
or wires evenly spaced in both directions. These two rectilinear sets
of bars can be arranged in one or two planes. Commercial woven wires
are also commonly used and they usually are intermediate between the
single and the biplane types. Perforated plates are also frequently
used (ref. 8).

In the shock-tube work the wire woven screens (ref. 10) and per-
forated plates are convenient to use. They can be easily mounted and
can also be sealed for partial vacuum (fig. 6).

The solidity ratio s 1s the ratio of the total projected area of
the solid parts of the grid exposed to the gas to the area of the grid
boundary. When the grids are mounted perpendicular to the flow, the
solidity ratio is

Ay - Ay
Ay

This essentlally is the fractional degree to which the grid (or screen)

S

obstructs the flow and 1s a measure of the relative scale of its pattern.

The pressure drop, that i1s, the energy change through the screen,
is represented by the pressure-~drop coefficient

it gieng L FB T 25 (1)

L1 a5 0
BRI grgin
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where k 1is normally a function of Mach number, Reynolds number,
solddity of the grid, and its pattern.

The Reynolds number is defined as

Uzpzb
3P30eff (2)

Rez =
5 s

where bgep is the effective width between perforations in the case of

a perforated plate or the wire width in the case of the commercial
screens,

From figure 2, in the case of a square-lattice grid

Open area b 2 (%)
Total area Ly
In the case of the perforated plate
d2
Open area o (1)
Total area l Lm
Comparing relations (3) and (4)
bers = Ly - 0.952d (5)

Where Ly is the mesh length (fig. 2).

ASSUMED WAVE MODEL AND ASSOCIATED FIELDS OF FLOW

After its collision with the grid, the incident shock wave gives
rise to a transmitted shock wave (advan01ng downstream from the grid)
and a reflected shock wave (advancing upstream from the grid). See fig-
ures 8(a) to 8(g). Very shortly after their disengagement from the grid,
these shock fronts are distorted and are far from being plane and normal
(fig. 12). The regions behind them are studded with crisscrossing shock
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patterns which are caused by the diffraction of the primary shock over
the solid parts of the grid. These diffraction shocklets, in turn,
must have an associated complex system of rarefaction waves, which will
naturally fan out as the flow progresses (figs. 8(e) and 8(g)).

The reflected shock wave moves upstream against the drift flow
assoclated with the corresponding incident shock wave. However, the
flow at the back of the reflected shock front moves downstream toward
the grid. After its passage through the grid, this flow emerges as a
system of multiple jets (figs. 8 and 12(f)). A short distance down-
stream these Jjets merge and subsequently thelr turbulent flow field
covers the entire cross section of the tube.

When one considers that this is a transient phenomenon and highly
unsteady near the grids, the complexity of any theoretical analysis of
the problem is self-evident. However, the rapidity with which these
fragmentary shock fronts (both transmitted and reflected) join and
straighten up is surprising (see section "Structure of Transmitted and

Reflected Shock Fronts") and their speeds thereafter seem to be quite
constant.

To make the subsequent analysis of the experimental data possible,
the wave model as reproduced in figure 1 is proposed. The various
regions of the flow are numbered for later identification of the corre-
sponding flow parameters.

This model rests on the following assumptions:
(1) The incident shock is plane, normal, and constant in strength.

(2) Beyond a short distance downstream from the grid, the trans-

mitted shock is plane, normal, and constant in strength and has a
uniform flow field behind it.

(3) The miltiple Jets issuing from the grid holes are fully con-
tracted and essentially undiffused very close to the grid. In the very
early course of their flow they mix, diffuse, and become turbulent. It
is assumed that there 1s no pressure and particle velocity discontinuity
between the turbulent contact region and the drift flow behind the
transmitted shock wave.

(4) The transmitted shock when reflected, that is, the reflected
transmitted shock, is also plane, normal, and constant in speed before it
interacts with the turbulent contact surface.

(5) The reflected part of the incident shock is also plane and
normal some very short distance upstream from the grid.
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These assumptions imply that the effect of the secondary waves
(diffraction shocklets and associated rarefactions) is ignored after
the reflected and transmitted shocks are reasonably plane. These assump-
tions are obviously crude. ©Some observed deviations will be discussed
later.

CONSIDERATION OF VARIOUS WAVE FRONTS AND

ASSOCIATED FLOW FIELDS

The propagation of a constant-velocity shock wave in a homogeneous
medium would appear as a steady process to an observer moving with the
shock front. In this coordinate system and under the assumptions
detailed in the preceding section, the gas motion associated with the
traveling incident, reflected, and transmitted shock waves can be described
by the conservation of mass, momentum, and energy equations of a plane,
normal, and stationary shock front (ref. 14). The relations for the rele-
vant flow parameters are summarized below.

Incident Shock Wave
In the case of the incident shock wave case the gas in front of

the traveling shock front is at rest. Applylng the standard known anal-
ysis of a stationary plane normal shock wave one gets

L et 1 5 (6)
al 7/ B R U
and
- SR A o (7)
an G spaeb | U s 8o
2
g B By JEAR ] (8)
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The corresponding Rankine-Hugoniot relation is

op _ P y -1

Also
o - (10)
aj Ty )

If the incident shock speed and the initial conditions in front of the
shock are known, all of the gas parameters, such as up, Mp, p%/pl,

p%/bl, and Tg/bl, can be calculated (ref. 2).

Transmitted Shock Wave

The gas in front of the transmitted shock wave is also at rest.
This shock front obeys relations similar to the incident shock.
lherefiore,

= e — - —

(12)
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2
Y U il
By w 2 ookl L alt (13)
o R At Y+ 1
y + 1
1
_‘_)_2 = i yr= 1 e Up (14)
pl + 7 + 1 UT - U.5
y - 1
a T 0
e SRPP e L S 1 (15)

If the speed of the transmitted shock wave and the initial conditions
in front of it are known, all of the gas parameters, such as Us, M5,

p5/pl, e /61, end TofT), can be caleulated.

Reflected Shock Wave

The reflected shock front travels upstream against the drift flow
generated by the incident traveling shock. However, behind this
reflected shock wave the flow is directed toward the grid with an
approach velocity us. The drift velocities uy and uz are directed

opposite to the direction of advance of the reflected shock front
(fig. 2). In the case of a totally reflected shock wave from a solid
boundary (grid with solidity ratio s = 1) uz = 0.

Applying the considerations of a stationary plane normal shock
wave to this reflected shock front, one gets

us Uy 2 /UR*“e_ 22 ) (16)
2

as an 7+l\ as UR+u

2
ke B3 o B IR BBl 7L

i
B 7+l\a2 P i
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z= 7_lsR=UR+u2 (1_8)
02 7 + 1 : UR + uz
y -1
ELZ’-=VB=VSRD—2 (19)

M}:u_3-=-—— (20)

by combining relations (16) to (20) one gets

el A

SR
M3=_u_2__ 2/UR+U2_ 8o M=l (21)

a5 7+l\ an Ug + U SR(7+1+ >
PaE=1L1

The transmitted shock wave is reflected from the closed far end
of the shock tube. This reflected transmitted shock front travels
upstream against the drift mass flow associated with the transmitted
shock wave. With respect to the reflecting solid boundary (the closed
end), its speed is given by

=2

2ST o s ? T
Up' = a1 (22)

Yy iy + 1
\17-1(7—l%+l)

If the experimental speed Up of the transmitted shock wave is measured,

then its strength Sp 1s known (relation (13)) and therefore the

expected values of UT' can be calculated. This also leads to the
strength Sp' of the reflected transmitted shock.




NACA TN 3680 15

Expression for Pressure-Drop Coefficient

From relation (18) one gets

oo s
16 &5 SR
Bat o - g
o TP 71 (23)
fL- P Tae g
7 = 1
From relation (17) one gets
2
e N ) (24)
Py T+ 1\ a Y+ 1

From relations (16) and (23)

2 2. g el
85, =(Eg)22_ - <UR+u2_ ® ) SEETeE T
7 + 1 an U

P13 ?  \81/ fee 8 i o 4 sl SR
oy =
From relations (13) and (24)
2 / 2
P5—p5=pl 827 (UR+u2 % Liveel 8% E’E _7"1 (26)
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From relations (25) and (26)

2 i 2
By s|_2y /{JR+“2 _r -1 2y _1{2)_7—1

Ler R e Liwd ACEENTS 040 (27)
o o+
<§g> - 2<JR+U2_ a22)2231+7—ISR
\ ap + 1 Ur + S zab L
1 Y S R TR 1 . -+ o

The theoretical values of Ugp and Up (and therefore k) will surely

be some functions of the effective solidity ratio of the grid and the
strength of the incident shock wave. Such an analysis is still lacking.
From the measured incident shock speed U and the known initial operating
conditions in the shock tube, the shock strength S and the flow param-
eters uy, and a, are known. If one also knows the experimental values

of Ur and UT, the pressure-drop coefficient k can be calculated

from relation (27) (see section entitled Determination of Pressure-Drop
Coefficient" and fig. 13).

Determination of Reynolds Numbers

The operating Reynolds number has been defined as
Pzuzbers
Re3 — _.3__5____

HE

where Dgee 1s the characteristic length.

Depending upon the operating conditions in the expansion chamber
and the incident shock strength, one can produce flows of different
Reynolds number for the same grid. To find PzUz and Wz one makes

use of the measured shock strengths of the incident and the reflected
shock waves.
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From relation (19) one gets

L B
s

Knowing T5’ the corresponding uz can be found from the tables in

references 15 to 17. The calculated range of the values of the operating
Reynolds numbers for the grid with holes of 0.25-inch diameter (fig. 5(a))
is given in figure 1L. Note the marked effects the initial operating
conditions of the shock tube have on the Reynolds number of the flow.

EXPERTIMENTAL. PROCEDURE

Essentially there are three different operations carried out:
(1) Measurement of the speeds of various shocks

(2) Shadowgraphic records

(3) Oscillographic records

The experimental arrangement was capable of handling all three
operations simultaneously. However, for convenience of operation, only
the speed of the incident shock wave (i.e., the time it took to traverse
a known distance) and shadowgraph pictures taken after predetermined
delay times were recorded simultaneously.

The hot-wire-response records were taken in conjunction with the
speed measurement of the corresponding incident or transmitted shock
wave.

For the evaluation of the various aspects of the shock-wave - grid

interaction (e.g., the experimental determination of the pressure-drop
coefficient k and the Mach number M5 of the flow approaching the

grid), one needs to know at least three different shock speeds:
(a) Speed of the incident shock wave
(b) Speed of the transmitted shock wave

(c) Speed of the reflected shock wave
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Measurements of Speeds of Incident and
Transmitted Shock Waves

The measurement of the incident and transmitted shock speeds can
be conducted with the hot-wire anemometer used as a transducer for
timing purposes (ref. 7 and fig. 4). For the arrangement of these
transducers for incident-shock-speed measurement see reference 2.

In case of the transmitted-shock-speed measurement, most of the
time the starting pulse was taken from a timing hot-wire mounted only
2 inches downstream from the location of the grid. The shadowgraphs
taken close to the grid show that the transmitted shock was well formed
by that station. The second timing hot-wire (for the stop pulse) was
located about 30 inches farther downstream. For comparison, a few speed
measurements were made with the first timing hot-wire located some
10 inches downstream from the grid. The author did not observe any
definite difference in the speed of the transmitted shock.

Because there were only one chronograph and only one set of triggering
units, speeds of the incident shock wave and the transmitted shock wave
were measured separately. At one pressure setting the speed of the
incident shock was recorded several times and the average taken. However,
it may be pointed out that in consecutive measurements the scatter was
negligible. The same procedure was followed for the transmitted shock.

If an additional set of triggering units (ref. 7) and one more
chronograph had been available, then, of course, the simultaneous
recording of the incident and transmitted shock speeds would not have
presented any problem.

An alternative procedure was also possible. By mounting four hot-
wires, two upstream and two downstream of the grid, and taking an oscil-
lographic record of their differentiated output, the hot-wire technique
can be extended to accommodate the simultaneous recording of the incident
transmitted and reflected shock speeds.

Measurement of Speed of Reflected Shock

Since the hot-wire pickup device and the associated circuit as
operated at present were not capable of measuring directly the time the
reflected shock took to traverse the distance between two known stations,
the following optical technique was resorted to.

The grid was mounted between two glass sections (each 12 inches
long) at about 16 feet dnwnstream from the diaphragm. The upstream
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glass section had a graduated scale on which a pointer (ordinary sewing
needle) was mounted such that it could be slid back and forth with its
tip showing up in the shadowgraphs (fig. 15(a)).

Using incident shock waves of the same strength successfully for
a number of times, the shadowgraphs of the corresponding reflected
shock front were recorded at different locations (anywhere between 1 inch
to 11 inches) upstream from the grid. This was easily achieved by
adjusting the estimated delay time such that the reflected shock front
should appear in the field of view of the collimated source of light
and close to the prearranged position of the reference needle. Since
the speeds of the different reflected shocks were not known, to start
with, a trial and error method was followed. Later it was normally
easy to estimate the required delay settings within a workable accuracy.
The speeds of the reflected shock waves were calculated by measuring
the distance apart of the two locations of the shock front for a known
difference in time delay. When the difference of the two counts of the
preset delay generator corresponding to two successive locations of the
reflected shock front was taken, the effect of any inherent delay in the
triggering system (ref. 7) was automatically canceled. When there were
relatively strong incident shock waves, the reflected shock front
exhibited curvature (fig. 15). The position of the shock front was
always measured with reference to its central straight portion.

As each shadowgraph was taken, the time taken by the incident shock
wave to traverse a known distance was simultaneously recorded. This
served as a check on the strength of the successive incident shock waves.
The reproducibility was excellent.

Since the transmitted shock is already calibrated against the inci-
dent shock, the speeds of all three main traveling shock fronts involved
are known. Curves of shock velocities against incident shock strength
are given in figure 16.

ANALYSTS OF DATA

Structure of Transmitted and Reflected Shock Fronts

When the incident shock reaches the grid, part of it is obstructed
by the solid parts and part of it passes unobstructed through the holes
in the grid. Just in front of the solid parts of the grid the reflected
shocklets locally have higher pressures behind them than the transmitted
parts which entered the holes. During equalization of this pressure
difference, a systematic pattern of diffracted shock and rarefaction
waves originates.
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When the transmitted shock emerges from the grid, its front has
essentially the same pattern as that of the grid. Because of the dif-
ference of pressure behind these emerging shocks and the dead-air region,
there originates another diffraction shock and rarefaction pattern. The
rarefaction waves very consistently follow the transmitted and reflected
shock fronts and during the process of fanning out they seem to weaken
the associated diffraction shocklets (fig. 8(g)) and to a certain extent

they would weaken the main shock fronts also.2

The structure of the transmitted shock front can be examined by
taking shadowgraphs such that the source of light is set at an angle
to the traveling shock front (fig. 10). This can be done by using
either a divergent beam of light or collimated 14 ghtie NEf the principal
axis of the divergent beam of light and the shock front are in line
with each other, then the shock front itself does not reveal any struc-
ture (fig. 8(c)). This also is the case when the collimated beam of
light is parallel to the shock front (figs. 8(e) and 8(g)). If the
beam of light and the location of the shock are set at an angle to each
other (fig. 10), then the shadowgraph reveals an interesting structure
(figs. 8(a), 8(p), 8(a), and 8(f)).

The earlier arrangement had only one glass section and there was
a bolt near the end (figs. 8(a), 8(b), and 8(c)) which obstructed the
visibility. Later two glass sections (with grid between them) were used
and the bolt near the end was eliminated. With this arrangement, it was
possible to record simultaneously the reflected shock wave upstream
from the grid as well as the transmitted shock wave and any allied flow
phenomena downstream from the grid. Some very interesting shadowgraphs
were taken (figs. 8(d) and 8(g)). The reproducibility of the flow and
the wave pattern was extremely good.

The relevant data are listed under each shadowgraph reproduced
here. The upstream face of the grid corresponds to zero delay time.
This means that the time required by the incident shock to traverse the
distance between the triggering station to the upstream face of the grid
is calculated from its measured speed and discounted from the reading
of the delay generator. Also, due allowance is made of the known inher-
ent delay in the triggering system (ref. 7). The arrows in the shadow-
graph indicate the direction of advance of the shock fronts.

The "Venetian blind" pattern in the shadowgraphs of the shock fronts
(fig. 8) can be explained since each column of holes is represented by
its corresponding projected shock front as a vertical line. The inter-
val (displacement) between these lines is dependent on the geometry of
the columns (cf. figs. 8(d) and 8(f)) and the inclination of the beam
of 1light with respect to the shock front (cf. figs. 8(a) and 8(b)) and the

2Recently, perforated walls have been effectively used to alleviate
the problem of shock-wave reflection in the working section of transonic
tunnels (ref. 18).
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location of the photographic film (fig. 10). The rows show up as cross-
bands. There is a somewhat stronger pattern at the top and bottom. This
was due to the asymmetric distribution of the solid parts at the top and
bottom rows (figs. 8(a) to 8(c)). This was later somewhat improved by
drilling additional holes in the upper and lower rows. However, the
effect of the corners was not entirely eliminated (fig. 8(d)).

This "looking from behind" the shock front was frequently used to
ascertain when a particular shock front became really plane. For
instance, for the grid with larger holes (diameter of 0.512 inch), such
shadowgraphs of the transmitted shock front did not reveal any waviness
after about 7 inches downstream from the grid; that is,

X

=5
Lm

where x 1is the distance downstream from the grid and L is the mesh

length (fig. 2). For a 1/k-inch-diameter-hole grid and the same shock
strength, the shock front became plane at about 3 inches downstream
(fig. 12(a)); that is,

%

— =~ 12
Lm

The grid with perforations of 1/4-inch diameter had 383 holes as
against 95 for the one with perforations of 0.512-inch diameter.
Therefore, in the case of the former grid, the wave pattern of the trans-
mitted and the reflected shock fronts exhibits smaller displacement.

Also, the diffraction shocklets in the wake of the shock fronts are
comparatively more crowded. The structure of the wave fronts associated
with the grid with larger diameter holes was thus more clearly discernible
with the unaided eye and one could thus be comparatively more sure about
the straightness of the shock front.

These observations were made with the expansion chamber operated
at atmospheric pressure. If these experiments were carried on with the
expansion chamber at reduced densities, then the optical resolution of
the shadowgraphs is comparatively poor. By the same token the weaker
shocks exhibit less marked distortion even near the grid (figs. 12(n)
and 12(0)).

If a more precise determination of the position at which a partic-
ular shock front becomes "perfectly" plane is desired, it will be pref-
erable to boost the optical sensitivity by the use of gases with higher
refractive index than air (viz., Freon-12 and carbon tetrachloride
(ref. 19)). This will also make it possible to examine, from shadow-
graphs, the advance and mixing of the contact surface discontinuity
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for periods longer than now possible with air-air operation of the
shock tube having thick glass windows. ®

Determination of Pressure-Drop Coefficient

The pressure-drop coefficient was defined as

k=p3-p5 ‘
1L 2

P393 [

As detailed in the section "Experimental Procedure," the speeds of the
incident, transmitted, and reflected shock fronts were measured, and,

using the relations as discussed in the section "Consideration of Various

Wave Fronts and Associated Flow Fields," the corresponding flow param-

eters p3, Uz, Pz, and pg were calculated (figs. 17 to 19). The

values of k corresponding to different shock strengths (i.e., differ- 2
ent values of M5 and Re5) were determined and were plotted against

Mz (fig. 13). With increasing values of Mz, the pressure-drop
coefficient k slowly decreases and when such incident shock strengths
are reached that Mz becomes constant (see the following section), k r
sharply increases. The same data were used for plotting (p3 - p5)/p3

against usz. This logarithmic plot could be closely approximated by a
straight line and from its slope it was inferred that (p5 - p5)/p3

varies approximately with the 1.5 power of the velocity uz (see ref. 20). [
After the grid exhibits choking (i.e., for §2 3.2 and us= 676 feet {

per second) the slope of the plot becomes sharply steeper. By using the
data given in figures 17 to 19, one may also plot any other physically
meaningful combination. ’

The present experimental setup did not lend itself for the deter-
mination of the pressure field just downstream of the grid. This [
pressure field is assumed eventually to attain equilibrium with the

pressure field behind the transmitted shock. Therefore, k as defined r
here is not quite identical with the conventional pressure-drop coeffi-

cient across a grid (or screen).

An incident shock wave of a particular strength may be generated
by several combinations of the initial pressures in the compression and
expansion chambers provided the pressure ratio across the diaphragm is
maintained the same. If the expansion chamber is operated at atmospheric
pressure, then the Reynolds numbers Re3 are considerably higher than

the corresponding ones for the operation of the expansion chamber at

S R R e ST N
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reduced pressures. Obviously, this wide variation in Re5 is brought
about by the difference in the density P3 of the flow field in

region 3. Corresponding to these different arrangements of operation
of the shock tube, the Reynolds numbers Re3 are plotted against inci-

dent shock strength S in figure 1k.

No noticeable effects of expansion chamber pressure on the speeds
of the incident, transmitted, and reflected shocks measured for the
same pressure ratio across the diaphragm were observed.

This check on the effect of different operating Reynolds numbers
but the same incident shock strength (i.e., same M5) was possible only

for S £ 2. For higher incident shock strengths and open-end operation

of the shock tube, excessive pressures in the compression chamber were
needed. The compression chamber was capable of handling them, but the
risk of cracking the glass plates in the working section stopped such
an attempt. It may, however, be concluded that, within this limited
range of S, i1f the grid is operated at the same Mach number M5 but

different Reynolds numbers Re3, then there is no observable difference

in pressure-drop coefficient k. Corresponding to weak incident shock
waves (i.e., at very low Mach number M3), the pressure drop ps - Ps

becomes so small a difference between two large quantities (fig. 18)
that the experimental values of k are not reliable.

Observed Deviations from Assumed Wave Model

Auxiliary shock pattern and choking of grid.- As it is evident
from relation (21), the Mach number of the flow approaching the grid
(i.e., M}) can be calculated if the state of the initial stationary

medium in the shock tube and experimental values of U, the speed of
the incident shock wave, and Ug, the speed of the reflected shock wave,

are known. Such a procedure was systematically carried out for a consid-
erable range of the incident shock strengths. It was found that for the
grid used (fig. 5(a)) the Mach number Mz assumes a fairly constant

value; that is, M5 ~ 0.47 (fig. 20) for incident shock strengths

s.2 3.2. For almost the same range of S values, an auxiliary shock

front emerges out of the grid (fig. 21). It therefore follows that the
grid is choked; that is, sonic speed is reached somewhere in the grid.

The structure of the emerging auxiliary shock pattern (fig. 21(a))
ahd 1ts associated wave pattern (fig. 21(b)) follows the pattern of the
grid itself. It is worth mentioning that the reflected shock front and
this auxiliary shock front are similarly faced and that the transmitted
shock 1s faced oppositely to them.
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Successive shadowgraphs of the auxiliary shock front at increasing
delay time settings were taken. They revealed that this auxiliary shock
front is quite distorted and is being slowly washed downstream at
gradually decreasing speeds. For instance, the auxiliary shock front
corresponding to S = 3.2 moved downstream about 5/8 inch (distance
between the downstream edge of the grid and the leading shocklet) in
1.3 x 10-3 second, that is, at an average speed of 40 feet per second
(fig. 21(b)). 1In a subsequent shadowgraph (fig. 21(c)) the auxiliary
shock front moved 1.5 inches in 4.33 x 10~ second (i.e., an average
speed of 29 feet per second). This also means that the auxiliary shock
front took @about 5.05 X 10-3 second to cover a distance 7/8 inch beyond
its previous location and therefore had an average speed of 24 feet
per second. It can therefore be inferred that the auxiliary shock front
is gradually slowing down. However, in comparison with the corresponding
particle velocity Us; of 1,001 feet per second behind the transmitted

shock (fig. 17), the speed of the auxiliary shock front is very small.

Behind the auxiliary shock front there also appears a diamond-shaped
periodic wave structure. This demonstrates that the flow emerging out
of the grid is supersonic. As measured from the original shadowgraphs
recorded by the collimated source of light, the average horizontal and
transverse diagonals of this repeating diamond pattern are 0.29 and
0.2k inch, respectively.

The observed choking of the grid is easily understood. The reflected
shock builds up the pressure 3 at the upstream face of the grid. The

stronger the incident shock, the greater 1s the difference between Pz
and the pressure ps in region 5 behind the transmitted shock wave
(fig. 18). Region 3 with its high pressure p3z acts like a reservolir

located upstream of the grid and the flow expands to lower pressure

P=-
When the required critical pressure is reached, the grid chokes. 2
The grid holes (circular orifices) act like crude nozzles. At
their exit the flow expands and develops an auxiliary shock front similar
to a terminal shock in a supersonic wind tunnel. This auxiliary shock
front is instrumental in boosting the pressure of the overexpanded flow
out of the grid to the pressure in the region behind the transmitted
shock wave.

The presence of a similar auxiliary shock is also observed behind
a "Swiss cheese" grid projectile fired at supersonic speeds in a ballistic
range (ref. L4).

The solidity ratio
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is essentially the fractional degree to which the grid obstructs the
flow in the shock tube. Imagine that the solld and the open parts of
the grid are so arranged that, at the section in which the grid is
mounted, they represent an idealized and symmetrical contraction and
then enlargement of the cross-sectional area of the shock tube. The
minimum cross section (say Acr) thus created is equivalent to Ag, the

total open area of the grid.

Further assume that one-dimensional isentropic flow conditions are
still valid. These are obviously crude assumptions. However, the pres-
ence of an expansion through the grid makes the assumptions of isentropic
flow & bit less unpalatable, especially prior to the advent of the

choking phenomenon.

Under these assumptions one has at his disposal the standard area-
ratio - Mach number relationship for an isentropic one-dimensional

channel flow (ref. 21).
When the incident shock strength S (or MB) reaches a certain

critical value, the flow reaches Mach number 1 at the minimum cross
section A, of the shock tube.

Therefore 5% 1
LiMB% N2(7 - 1)
o - (28)
B Y3 7+ 1
Z

If one experimentally measures U and UR for some incident shock

strength S for which the grid manifests choking, then the corresponding
Mach number M5 can be calculated from relation (21). Then by the use

of relation (28) (and since A.. =A, and A = At), the solidity ratio
of the grid can be determined.

For the case in hand, the first indication of choking appeared at
incident shock strength S =~ 3.0. The phenomenon was clearly established
gt i = 5h2 (Plg. 21). The corresponding Mach number M3 ~ 0.47
(£1ig.'20) . The calculated solidity ratio s = 0.29. The grid used had
a solidity ratio s = 0.25 (fig. 5). According to relation (28), the
grid should have choked at Mz = 0.50. Considering the bold assumptions
involved, the agreement is surprisingly good. If one were to take into
consideration the unavoidable boundary-layer effects in the orifices of
the grid, the effective solidity of the grid would be bound to be some-
what larger than the one for which it is drilled.
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This close agreement encourages one to presume that, for a grid of
known solidity ratio, one should be able to predict, within a tolerable
approximation, the value of the Mach number M3 of the approaching flow

at which the grid will get choked. However, a theoretical analysis
leading to the prediction of the strength of the reflected and trans-
mitted shock waves (as functions rerhaps of the effective solidity ratio
of the grid and the incident shock strength) would be very desirable.

Curving of reflected shock front.- One of the assumptions for the
simplified analysis discussed in the section entitled "Consideration
of Various Wave Fronts and Associated Flow Fields" was that the trans-
mitted and the reflected shock fronts are plane and normal. It was
experimentally demonstrated that within certain limits this assumption
1s quite realistic.

The shadowgraphs of the reflected shock recorded at "extended"
distances (about 10 inches) upstream from the grid, however, reveal an
appreciable curvature in the shock front. This is especially true of
relatively higher incident shock strengths (figs. 15(d) and 15(e)).

The curvature originates near the walls where the "softening" of
the shock front is quite evident (fig. 15(c)). Note that the curved
part of the shock front leads the central straight part of the shock
front. The farther upstream from the grid one records these shadow-
graphs, the more pronounced are these effects.

Corresponding to stronger incident shock waves, it is observed that,
even at relatively short distances upstream from the grid, the reflected
shock front develops a A type of bifurcation (see fig. 15(d)). Shadow-
graphs of the same (strengthwise) shock front at later instances, that
is, farther upstream, reveal that the A bifurcation has progressed
more toward the center and this A configuration is undiscernibly
"soft" in the region nearer the walls while the central part of the
main shock front is appreciably curved (fig. 15(e)).

Obviously interaction of the shock wave and boundary layer is
responsible for these distortions in the traveling reflected shock front.
The drift mass flow ppus assoclated with the traveling incident shock

wave gives rise to boundary-layer flow near the walls (region 2, fig. 1).
The thickness of this boundary layer at any particular location depends
upon the total time the air particles, set in motion relative to the

walls by the passage of the incident shock, have been in motion (ref. 22).
The interval of time between the passage of the incident shock at some
section upstream from the grid and the subsequent arrival of the reflected
shock front at the same section is larger the farther upstream that sec-
tion is located. Therefore it follows that the corresponding boundary-
layer thickness will be comparatively greater at that section.
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Also, the pressure behind the reflected shock front is appreciably
higher than the one ahead of it. This adverse pressure gradient propa-
gates through the boundary-layer regilons (where the opposing particle
velocity is slower) and is likely to increase the rate of thickening
of the boundary layer ahead of the main reflected shock front. There-
fore, farther upstream from the grid, the boundary-layer flow Interacts
with increasingly larger segments of the reflected shock front and
eventually the observed curvature in the reflected shock front develops.

At higher shock strengths S 2 5, especially at locations about
10 inches upstream from the grid, the reflected shock front becomes so
distorted (fig. 15(e)) that the assumption of its being plane and normal
(over the entire cross section) is no longer realistic. Perhaps a
slight drop in the calculated Mz corresponding to S = 5.68 1is caused
by such deviations. It could be that 1f incident shock waves of even
higher strength were used this effect would increase.

Incidentally, all the shadowgraphs reproduced in figure 15 were
recorded before the contact surface flow interacts with these traveling
reflected shock fronts. Also, the influence of the diffracted shocklets
originating because of some asymmetric distribution of the solid parts
at the corners of the grid (fig. 8(d)) was considered of secondary
importance and has been, therefore, overlooked in the above discussion.

Interaction of Reflected Transmitted Shock With
Turbulent Contact Flow

The transmitted shock becomes quite plane and normal only a short
distance downstream from the grid. It is reflected at the closed end
of the shock tube. This reflected shock (referred to here as reflected
transmitted shock) advances upstream against the drift flow (p5u5)

assoclated with the transmitted shock and eventually interacts with the
turbulent contact flow.

Two arrangements were used to observe this interaction:

(a) The closed end of the shock tube was only about 1 foot (length
of a single glass section) downstream from the grid.

(b) The grid was mounted such that the closed end of the shock tube
was about 2 feet downstream from the grid. This was achieved by using
two glass sections in series and mounting the grid between the first
glass section and the steel section. Thin rubber gaskets were used to
cushion glass-to-steel and glass-to-glass joints. This arrangement
allowed a longer time of interaction between the reflected transmitted
shock and the turbulent contact flow.
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A sequence of shadowgraphs is reproduced to demonstrate the develop-
meént of this interaction. The relevant data are listed under each
shadowgraph.

The straightening up of the transmitted shock is demonstrated by
its shadowgraph taken at only 3 inches downstream from the grid
(fig. 12(a)). The planeness of this shock front, however, was checked
by a corresponding shadowgraph recorded with an inclined beam of light
(see section "Structure of Transmitted and Reflected Shock Fronts").

This transmitted shock front is reflected from the closed end of
the shock tube located about 2 feet downstream from the grid. The
reflected transmitted shock travels upstream against the drift flow
(generated by the transmitted shock). Before it enters the turbulent
contact region, the reflected transmitted shock front is quite plane,
normal, and thin (fig. 12(b)). The wave pattern observed on both sides
of this advancing shock front is the one originally linked with the
transmitted shock wave.

The reflected transmitted shock front entered the contact flow at
11 inches downstream from the upstream face of the grid (fig. 12(c)).
The corresponding delay reading (2,491 microseconds) for the reflected
transmitted shock front was known. It was, therefore, possible to cal-
culate the mean particle velocity Bgu)c ~ 369 feet per second| of the

contact flow. Also, the corresponding drift velocity (u5 ~ 368 feet

per secom® was calculated from the measured transmitted shock speed.
The agreement was consistently good, thereby demonstrating the validity
of the usual assumption qu = Ug across the contact flow.

e

Incidentally, part of the secondary wave pattern behind the shock
front (fig. 12(c)) was associated earlier with the transmitted shock
front. The cusp-shaped wave pattern originated because of some slight
imperfection in the alinement at the joint between the two glass sections.

After the interaction of shock and turbulent contact flow has
taken place for about 0.5 millisecond (distance advanced approximately
6 inches), the reflected transmitted shock front has moved to a loca-

tion h% inches downstream of the grid and its shadowgraph (collimated

light beam normal to the glass windows) reveals considerable distortion
and thickening (due to shadow effects) of the shock front.(fig. 12(d)).
If the same (strengthwise) shock front is shadowgraphed from behind
(collimated light beam at 4° inclinations to the shock front), then the
internal distortions in the shock front are resolved (fig. 12(e)). The
intense striations in this shadowgraph most likely manifest the local
scale of random fluctuations in the flow. As measured from the original
negative, the average length of the striations is roughly l/h inch.  In @&
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similar shadowgraph of the reflected transmitted shock front taken
farther downstream from the grid (similar to fig. 12(c) and not repro-
duced here) these striations were apparently less numerous and more
diffused and their average length was roughly 0.5 inch.

As the reflected transmitted shock front advances toward the grid,
it exhibits more regular distortions which conform to the general pattern
of the grid (figs. 12(f) and 12(g)). This essentially is the region of
unmixed Jets i1ssuing out of the array of the circular orifices in the
grdid S llhe freoular "bulge" pattern in the shock segments facing the
jets originated because of shock-jet interaction. The weak shocklets
which appear slightly ahead of the main shock front most probably owe
thelr existence to the shock - boundary-layer interaction. This
inference is based on the observed fact that in the boundary-layer
region (on all walls) the shock front pulls ahead of 1ts central por-
tien (2ig. 15(c)).

Incidentally, the nature of the distortions of the reflected
transmitted shock front seems to provide an interesting optical demon-
stration of mixing, spreading, and coalescing of these multiple adja-
cent jets. The presence of a regular pattern in the distorted shock

front located at lﬁ inches (i.e., 5 mesh lengths) downstream from the

grid establishes that the jets are yet not fully coalesced with each
other (fig. 12(f)). However, if the shock front is located at about

h% inches (i.e., about 17 mesh lengths) downstream of the grid, the

absence of any regular distortion pattern indicates that the jets are
completely mixed and that turbulent contact flow fills the entire cross
section of the shock tube. It may be added that the shadowgraph of the
shock front taken at 2 inches (i.e., 8 mesh lengths) downstream of the
grid also did not exhibit any well-defined distortion pattern. One
could, therefore, reasonably infer that in the present case the multi-
ple jets coalesce after an equivalent distance of approximately 6 mesh
lengths.

From the set of shadowgraphs of the same (strengthwise) transmitted
shock wave, some typical shadowgraphs of the reflected transmitted shock
traveling against the turbulent contact flow were selected in pairs.
From the difference between the known location of the shock front (i.e.,
distance traveled by the shock) and the corresponding difference between
the preset delay readings (i.e., the corresponding time interval) the

average experimental speed of the reflected transmitted shock (UT')C

can be calculated. For instance, the shock fronts in shadowgraphs 12(c)
and 12(g) were located 10 inches apart and the difference between their
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corresponding delay times was 809 microseconds, thus giving an average
(UT')C of 1,032 feet per second.

The same procedure was extended to calculate Up', the speed of

the reflected transmitted shock front traveling against the drift veloc-
ity us . From the combination of the shadowgraphic data in figs 12(a)
and 12(b), the speed of the reflected transmitted shock front was cal-
culated (Up' = 1,086 feet per second). Since the experimental speed of
the transmitted shock in figure 12(a) was known, the time of its arrival
at the closed end was calculated and subtracted from the corresponding
total delay reading of 2,320 microseconds for the reflected transmitted
shock front in figure 12(b). The remainder (842 microseconds) was the
time the reflected transmitted shock front took to travel from the

closed end to its location, that is, a distance of 10%% inches, including

the thickness of the rubber gasket between the end plate and the glass
section. The speed Up' of the reflected transmitted shock front was also

calculated from the successive shadowgraphs of the reflected transmitted
shock alone. The scatter in the observed speeds of the reflected trans-
mitted shock front was insignificant. The expected Up' was determined

from the experimental speed Up of the transmitted shock (see rela-
tiona (13) and (22)).

The comparison between Up' and (UI')C is tabulated below. The

calculations are based on the data collected by using the grid with
diameter of holes equal to 0.25 inch and solidity ratio s = 0.25 for
a single incident shock strength.

Observed Expected Observed

S ST ShadOWgraPhs used UT'; ft/sec UTI, ft/sec (UT‘>C) ft/sec
i 12(a), 12(b) 1,086 + 5 1,080 £ 2 | cmemmeeee
1581155 12(c), 12(4) 1,086 5 1,089 + 2 1,041 + 20
1.58 |i1.55 12(c),; 1B(E) 1,086 t 5 1,089 t 2 1,055 & 20
124858} 155 12(c), 12(g) 1,086 t 5 1,089 t 2 1,032 t 20




NACA TN 3680 3]

It may be worthwhile to point out that while shadowgraphing the
step-by-step advance of the reflected transmitted shock front in the
contact flow it was observed that in two successive shadowgraphs of the
same reflected transmitted shock front, recorded by keeping the delay
and the incident shock strength the same, the shock front would appear
at slightly different locations. This random scatter was more apparent
the farther upstream and the nearer to the grid the shock front was shadow-
graphed. For the incident shock strength S = 1.58, the maximum scatter
observed was +1/8 inch (i.e., equivalent to +10 microseconds). The
observed scatter in the recorded time interval for the incident and
transmitted shock speed was seldom more than 1 microsecond in a time
interval of over a millisecond. (The incident shock (S = 1.58) took,
on the average, 1,182 microseconds to cover a distance of 19.7 inches
between two timing hot-wires.) Any variations in the incident shock
strength, however slight, have been taken into account and the data
(such as delay time) refer to a single incident shock strength S = 1:58.
Also, the reproducibility (locationwise) of the reflected transmitted
shock before it enters the contact flow was very consistent. Therefore,
the observed randomness in the location of the reflected transmitted
shock could not be attributed to some erratic behavior of the electric
system. It may, therefore, be conjectured that the state of the tur-
bulent contact flow is instrumental in introducing the observed scatter
in the speed of the reflected transmitted shock front. Even if this
scatter is taken into account, it will at most change the observed
speeds of the reflected transmitted shock front by 2 percent. The
average observed reduction in the reflected transmitted shock speed
UT‘ due to its passage through the turbulent contact flow is about

5 percent. Therefore, one can infer that shock-wave and turbulent-flow
interaction results in some dissipation of the shock strength. Since
the complete data for such calculations were available for only one
incident shock strength (i.e., S = 1.58), the above conclusion should
be considered tentative.

(The importance of the shock-turbulence interaction (especially for
its contribution toward aerodynamic noise generation) has been brought
sharply into focus by recent publications of Lighthill, Ribner, and
Kovdsznay (refs. 23 to 25) and others. Applying Lighthill's analysis
of the weak shock-turbulence interaction to the present case where
ST' = p6,p5 = 1.51, the total energy scattered by shock-turbulence inter-

action is approximately E(ST' - 1)/57(7 + 1) times the kinetic energy

of turbulence traversed by the shock. The scattered energy will normally
be expected to manifest itself as sound energy. Since the local speed
of sound ag is greater than the speed (UT' # of the shock front, most

of the scattered energy will catch up with the shock front and be absorbed
by dfe]
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(The freely scattered energy is given as a fraction of the kinetic
energy of turbulence traversed by the shock wave:

2 2

l>3/ 1) 5/

0.7(s' - - 1.0(sp" - 1)2 +0.7(sq" -

For ST' ~ 1.51, approximately 10 percent of the energy of turbulence

traversed by the shock front should, therefore, be freely scattered.
However, in spite of the intense mass fluctuations in the contact-flow
region (roughly 15 percent of the steady mass flow puul+ (see refs. 2

and 3 and fig. 23(a)), the shadowgraphs of the shock-turbulence inter-
action did not exhibit any distinct sound scattering in the region behind
the shock front (figs. 12(d) and 12(j)).)

It is regretted that only one glass section was effectively utilized
for observing the interaction of turbulent contact flow and shock. It
would have been worthwhile so to arrange the closed end of the shock
tube that the reflected transmitted shock wave was made to enter the
contact flow farther downstream from the grid. Thus the interaction
could have been extended over longer periods covering the total span
(24 inches) of both glass sections.

There is one aspect of the problem which still remains to be pointed
out. From experimental observations (see section entitled "Oscillographic
Records") it has been established that the contact front represents a

(7)),

temperature (and therefore density) discontinuity such that =l

T
2
where (Tu)c is the mean temperature of the contact flow and T5 is the

mean temperature of the drift flow behind the transmitted shock wave.
Since the gas on both sides of the contact front is air and the operating
shock strengths are moderate, it is reasonable to assume that 7y and

Cy, the specific heat at constant volume, are constant. It means that

the ratio of the Internal energies per unit mass of the gases across
the contact front is equivalent to the corresponding temperature ratio.

e
Therefore S_EJE > 1 where e stands for the internal energy per unit
e
)

mass of the gas.

When the reflected transmitted shock front collides with this type
of energy discontinuity across the contact front, the so-called absorp-
tion of the incident shock takes place; that is, a rarefaction wave and
a new contact surface originate (not shown in fig. 1) and the trans-
mitted part of the reflected transmitted shock front is weaker (i.e.J
slower in speed) than its precollision strength (see refs. 6 and 26 for
details).
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Such a rarefaction wave was not observed. (See, however, legend of
fig. 12(c).) It is true that the shadowgraphic technique is not best
sulted for such an observation. However, some similar investigations
of the interaction of the reflected shock and the usual contact front
(the gas originally in the compression chamber) normally encountered in
air-air operations of a shock tube are described in reference 6. Since
there is a sharp downward temperature jump across the contact front
(for the experimental demonstration of this fact see fig. 15 in ref. 2
and tig. 5 in ref. 7), the ratio of the internal energies per unit mass
of the gases across the contact front is less than 1. This favors
amplification of the incident shock and the origin of a reflected shock
and a new contact surface. In spite of the fact that this interaction
was observed when the downward temperature Jjump across the contact
front was as high as 500O C, it is reported that no reflected shock
was noticed (ref. 6).

It would not, therefore, be surprising if the expected rarefaction
does not manifest itself in the present case where an upward temperature
Jump of only a few degrees (about 5° C corresponding to S = 1.58 and
P 41° C) occurs. It is further believed that this temperature dis-

continuity across the contact front in the shock-grid interaction experi-
ments, though sizable in comparison with values of T5 for weak incident

shock waves, will always stay comparatively small in absolute magnitude.
As the incident shock strength S is increased, both the transmitted and
reflected shock front gain in strength. Therefore, while Ap = p5 By

increases, the corresponding temperature T5 (equivalent to the usual

reservoir temperature in the operation of a wind tunnel or temperature

of compression chamber in the normal operation of a shock tube) also
progressively increases. This will tend to keep the temperature dis-
conbinuity AL = (Th)c - T5 across the contact front comparatively small.

It, therefore, does not seem like a drastic simplification if the observed
weakening of the reflected transmitted shock front is attributed pri-
marily to the turbulent flow and shock interacting and the contribution
of the temperature rise across the contact is considered secondary. One
should, however, be cautious about extending this simplification to
observations made in the expansion region in the very neighborhood of

the grid.

For the grid with holes of diameter of 0.512 inch and solidity ratio
s of 0.25, a similar sequence of shadowgraphs is reproduced (figs. 12(h)
to 12(o)). The incident shock strength is S = 1.387. Only one glass
section (12 inches long) was then ayailable. Therefore, the reflected
shock front entered the turbulent cEntact flow at about 5 inches down-
stream from the grid. The interaction time was obviously shorter than
that for the arrangement discussed above. This is one of the reasons
why the second glass section was built. Since the experimental speed
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of the transmitted shock was not recorded, the comparison between
(UT’)c calculated from the shadowgraph data reproduced here and the

"expected" Up' was not possible.

If the reflected transmitted shock front is followed until it col-
lides with the grid, it splits into its transmitted and reflected parts.
The reflected part looks very weak and disconnected near the grid
(fig. 12(1)) but later on forms into a wave front (fig. 12(m)) which
moves downstream with an average speed of about 808 feet per second.

The shadowgraphs of the reflected transmitted shock of different
strengths near the same grid (figs. 12(k) and 12(o0)) demonstrate that
the distortions are more pronounced in the case of the stronger shock

front. The reflected transmitted shock front corresponding to S = 1.387

(fig. 12(k)) exhibits a strongly "shredded" shock front, while the
reflected transmitted shock front corresponding to S = 1.09 has devel-
oped only a gentle sinusoidal shape (fig. 12(o)). It may, however, be
added that, corresponding to the weaker shock, the optical sensitivity
is considerably reduced. In some shadowgraphs the apparent fluctuation
level at the back of the shock front seems to be somewhat enhanced
(figs. 12(f) and 12(j)). Considering the higher density level behind
the shock, this, too, may be an optical effect.

OSCILLOGRAPHIC RECORDS

The hot-wire anemometer has been used to investigate the flow
behavior behind the grids. The passage of a transmitted shock wave
over the hot-wire is demonstrated in figure 22. Two typical oscillo-
grams of the hot-wire response to the traveling transmitted shock front
and the subsequent flow field are reproduced (fig. £5).

Depending upon its operating conditions, the hot-wire anemometer
is sensitive to temperature and/or mass-flow fluctuations. For one of
the oscillograms (fig. 23(a)), the hot-wire is operated at considerable
initial temperature (i.e., large current through the wire; for relevant
data see fig. 23) and is therefore predominantly sensitive to mass-flow
fluctuations. For the other oscillogram (fig. 23(b)), the hot-wire is
only slightly heated (i.e., small current through the wire) and it is
therefore sensitive mainly to temperature fluctuation in the flow. The
hot-wire is oriented perpendicular to the mean-flow direction and is

located lf% inches downstream of the grid at the center of the shock-

tube cross section.

The response of a hot-wire represents the time history of the flow
at the location of the wire. It is evident from these oscillograms
that, when the trensmitted shock reaches the hot-wire, there is a
sudden jump (segment A in fig. 23) which is followed by the hot-wire
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response to the drift flow in region 5, which is bounded by the trans-
mitted shock wave and the contact flow front.

This drift flow in region 5 is composed of the mass of air initially
at rest downstream of the grid. Xnowing the experimental speed of the
transmitted shock, the particle velocity wus5 can be calculated from

relation (11) (fig. 17). Therefore, if the location of the hot-wire
downstream from the grid is known, the expected time interval At
between the passage of the shock front and the subsequent arrival of
the contact front at the hot-wire can be calculated. For the case in
hand us = 368 feet per second (fig. 17), and the distance between

the downstream face of the grid and hot-wire is lf% inch; therefore

the expected At = 354 microseconds. The corresponding At, as meas-
ured from the oscillograms (fig. 23), is approximately 350 microseconds.
This close agreement means that even very close to the grid the drift
velocity generated by the passage of the transmitted shock is almost
equal to that generated by it farther downstream. This observation,
therefore, supports the assumption made in the section entitled
"Assumed Wave Model and Associated Fields of Flow" that the transmitted
shock front attains constant velocity (or strength) only a short dis-

tance downstream from the grid.

Corresponding to the contact flow (segment B in fig. 23), the hot-
wire response exhibits fluctuations. Beside the distinct and appreciable
jump concurrent with the arrival of the turbulent contact front at the
hot-wire, there also appear a number of small subsequent secondary Jjumps
due to fluctuations in the level of the mean temperature and mass flow.
These jumps are correlated (timewise) between the temperature and mass-
flow oscillograms and the smaller ones are probably caused by multiple
diffraction wavelets from both sides of the grid. The base trace in
these oscillograms (i.e., D in fig. 23) indicates the noise level of
the equipment at the operating conditions before the shock is generated
and the sinusoidal wave C serves as the calibration signal for both
amplitude and time.

The temperature oscillogram (fig. 23(b), segment B) reveals that
the mean temperature (‘I‘u)c in the turbulent contact flow is somewhat

higher than the corresponding mean temperature T5 of the flow behind

the transmitted shock and that (TLI_)c drifts upwards with the increaéing
time.

From the corresponding mass-flow oscillogram (fig. 23(a), segment B)
it is observed that, concurrent with the arrival of the contact front at
the hot-wire, there is a stepdown jump in the level of the signal. This
sudden reduction in the negative signal level is perhaps due to the
effect of the reduced mass flow and/or increased mean temperature in the
contact flow. Both these effects will influence the mass-flow Jjump in
the same direction. The turbulent contact flow (fig. 8) is composed of
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| the air upstream from the grid in region 3. This mass of air is twice
"shocked" (by the incident and the reflected shocks) before it Flows

/ through the grid and thrice "shocked" after the choking state is reached.

J Therefore, its starting temperature, density, and pressure are higher
and its particle velocity is lower than the corresponding flow parameters
of region 5 (figs. 17, 18, and 19). Since at the interface the condi-

} tions (ph)d——>p5 and (uu)é——>u5 have to be satisfied, an expansion

| through the grid is inevitable. However, in spite of this expansion,
| (Ty). 1is still greater than Ts by about 5° C. It therefore follows
4le %

| that (pu)c < s (see ref. 10). Incidentally, this demonstrates that

| the nature of this contact flow is opposite to the usual contact flow
| encountered in a shock tube (see section entitled "Interaction of Reflected
| Transmitted Shock With Turbulent Contact Flow").

By operating the same hot-wire at two different initial temperatures
‘ for the same shock strength (fig. 23), the temperatures of the flow
behind the transmitted shock waves were calculated for shock strengths
‘ S § 1.6 (for details of procedure, see ref. 2). These temperatures
were also calculated from relation (15) by using the experimental speeds
‘ of the transmitted shocks. The agreement was quite satisfactory.

‘ By operating the same hot-wire at three different initial operating
temperatures for the same shock strength, it is feasible to separate the
mean-mass-flow and temperature jumps and also the level of the tempera-

‘ ture and mass-flow fluctuations and their correlations (refs. 2 and 27 -

The hot-wire 1s operated here in a constant-heating-current arrange-
ment. If the initial operating temperature of the hot-wire is substan-
tially higher than the expected temperature of the flow associated with
the transmitted shock, then, after the passage of the shock front, the
hot-wire temperature falls. This reduces its sensitivity to any subse-
quent mass-flow fluctuations. It is believed that, if this were not so,
the observed stepdown jump corresponding to the arrival of the contact
flow would have been more substantial (see fig. 23(a), segment B).

The constant-temperature operation of the hot-wire is a comparatively
better technique when a flow with such large fluctuations is under
investigation. Since only constant-current hot-wire equipment was
available, an attempt was made to combine the functions of the constant-
current and constant-temperature operation of a hot-wire. The heating
current, in the hot-wire equipment used, was controlled by power tubes
with a multiple bridge as the cathode load. It was possible, therefore,
to superimpose a suitable voltage pulse to the control grid of the power
tube and increase the current through the hot-wire, thus increasing its
temperature and effective sensitivity.

To achieve this, a univibrator was used as the source of a rec-
tangular voltage pulse which was coupled to the control grid of the



NACA TN 3680 S

power tube. The triggering of the univibrator should be so synchronized
that, just after the passage of the transmitted shock over the hot-wire,
the additional current passes through the hot-wire. The duration of
this quasi-stable state (i.e., delay time) should be such that the addi-
tlional current is cut off before the flow slows down; otherwise, the
wire will be burned. Preliminary trial of this arrangement was encour-
aging, but no experimental data were collected.

The head-on hitting of the hot-wire by the flying cellophane pieces
of the diaphragm used to be a major cause of hot-wire failures. The
presence of the grid in the path of these flying pieces eliminated this
difficulty and it was therefore possible to use the same hot-wire over
an extended period.

CONCLUDING REMARKS

For investigating the various aspects of the interaction of traveling

shock waves with grids mounted in their path in a shock tube, the com-
bined use of the shadowgraphic and hot-wire techniques has proved quite
fruitful and reliable. The investigation of the nature of the turbulent
contact flow and its effect on the velocity of the reflected transmitted
shock front could be extended without any significant alteration in the
present experimental arrangement.

However, by incorporating some of the suggested improvements in
the timing and triggering equipment and by substituting a constant-
temperature hot-wire set with a high frequency range, the scope of this
investigation could be considerably enlarged.

When very weak incident shock waves were used and/or when the
shock tube was operated at low densities, the sensitivity of the optical
system to any flow fluctuations was considerably reduced. Even for
this low-density operation a hot-wire anemometer will still respond to
any transient fluctuations in the flow field - a decided advantage
over the optical arrangements.

The Johns Hopkins University,
Baltimore, Md., May 9, 1955.
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Figure 1l.- Assumed wave model for interaction of shock wave and grid.
x, distance downstream from diaphragm located at x = 0; t, time after
diaphragm is ruptured at t = O.
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Figure 3.- Shock tube.
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L

L-95825

(a) Diameter of holes, 0.25 inch; solidity ratios, 0.25.

0.512 inch; solidity ratios, 0.25.

(b) Diameter of holes,

- Grids used in investigation.

Figure 5.
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L-92/;38

Figure 7.- Working section and arrangement for taking shadowgraphs.
A, spark point source of light; B, collimating lens; C, timing and

triggering hot-wire; D, grid.



Transmitted
shock front

Turbulent
contact flow

(a) Transmitted shock; diver-

gent beam of light with
shock front about 4L° off
axis of beam. Delay,
120 microseconds; 4,
@opl28inchs

Figure 8.~ Shadowgraphs of transmitted and reflected shock through 25-percent-solidity grid.

Zf_ Turbulent
contact flow shock front

Transmitted

(b) Transmitted shock; diver-

gent beam of light with
shock front about 5° off
axis of beam. Delay,
150 microseconds; d,

0. D12 inch,

S = 1806,

Transmitted
shock front

L-95826

(c) Transmitted shock; diver-

gent beam of light with
shock front in line with
axis of beam. Delay,
120 microseconds; 4,
@aBbil2sdineht
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L Reflected Transmittedj Reflected 3 Transmitted j

shock shock shock

Turbulent
contact flow

(d) Transmitted and reflected shock;
grid mounted between two glass
sections; divergent beam of light
with shock fronts off axis of beam.
Delay, 140 microseconds; d,

0.512 dnch.

Figure 8.- Continued.

shock

Turbulent
contact flow L-95827

(e) Transmitted and reflected shock;

grid mounted between two glass
sections; collimated beam of light
(field of view, 4.4 inches).
Delay, 140 microseconds; 4,

PR 52 Hinchy
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Reflected Transmitted Reflected / Zi_Transmitted
shock shock shock shock

Turbulent Turbulent

contact flow contact flow L-95828

(f) Transmitted and reflected shock; (g) Transmitted and reflected shock;

grid mounted betweeen two glass grid mounted between two glass
sections; divergent beam of light sections; collimated beam of light
with shock fronts off axis of beam. (field of view, 2.6 inches). Note
Delay, 60 microseconds; 4, refraction waves following shock
@.25 inch; o= . 115y Sp = 1.5 waves. Delay, 60 microseconds; d,

0.25 dnechy S = 1:11; sy = 1.55.

Figure 8.- Concluded.
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Figure 10.- Light arrangement for shadowgraphs taken from rear of shock front. Distances for light
source are approximate.
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Transmitted \

shock front L-95829

(a) Transmitted shock; collimated beam of light (field of view,
2.6 inches); shock front located 3 inches downstream from
grid; delay, 200 microseconds. S = 1.58; Sp = 1.55;
dN=RON25 ineh'.

Figure 12.- Interaction of reflected transmitted shock with turbulent
contact flow through 25-percent-solidity grid.
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Joint between two ;

glass sections

Reflected transmitted
shock front L-95830
(b) Reflected transmitted shock; collimated beam of light (field of view,

4.4 inches); shock front located 15é1 inches downstream from grid;

32
delay, 2,320 microseconds; closed end 24% inches downstream from grid.
S = 1.58; Sp = 1.55; Sp' =~ 1.51; 4 = 0.25 inch.

Figure 12.- Continued.
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Reflected transmitted
shock front R

L-95831

(c) Reflected transmitted shock; collimated beam of light (field of view,

L.L inches); shock front located 10 inches downstream from grid; delay

2,531 microseconds; closed end 2 feet downstream from grid. S = 1.58;
Sp = 1.55; ST' ~ 1.51; 4 = 0.25 inch. At back of and parallel to shock

front and weak wave front R was observed and possibility of its being
a rarefaction wave front is not ruled out.

Figure 12.- Continued.
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Reflected transmitted L-958
shock front 95852

(d) Reflected transmitted shock; collimated beam of light (field of view,
L.k inches); shock front located e inches downstream from grid; delay,

5,010 microseconds; closed end 2 feet downstream from grid. S = 1.58;
Sp = 1.55; Sp' = 1.51; d = 0.25 inch.

Figure 12.- Continued.
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Reflected transmittedr—:& L-95833

shock front

(e) Reflected transmitted shock; collimated beam of light inclined at
4° angle with respect to shock front (field of view, 4.4 inches);

shock front located approximately 5% inches downstream from grid;

delay, 3,080 microseconds; closed end 2 feet downstream from grid.
S = 1.58; Sp = 1.55; Sp' = 1.51; d = 0.25 inch.

Figure 12.- Continued.
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Turbulent contact
flow (jets).

Reflected transmitted
shock front

L-95834

(f) Reflected transmitted shock end turbulent contact flow (jets); col-
limated beam of light (field of view, 4.4 inches); shock front located

l% inches downstream from grid; delay, 3,230 microseconds; closed end

2 feet downstream from grid. S = 1.58; Sp = 1.55; Sp' = 1.51;
d = 0.25 inch.

Figure 12.- Continued.
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shock front L-95835

(g) Reflected transmitted shock; collimated beam of light (field of view,
4.4 inches); shock front located 1/4 inch downstream from grid; delay,
3,340 microseconds; closed end 2 feet downstream from grid. S = 1.50;
Sp = 1.55; Sp' =~ 1.51; 4 = 0.25 inch.

|
|
|
|
Reflected transmitted
Figure 1l2.- Continued.
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‘\¥———Transmitted

shock front 1-9583%6

(h) Transmitted shock; divergent beam of light with shock tront in line
with axis of beam; delay, 27 microseconds; closed end 12 inches down-
stream from grid. 8 = 1.387; 4 = 0.512 inch.

Figure 12.- Continued.
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Reflected transmitted

shock front 1-95837

(i) Reflected transmitted shock; collimated beam of light (field of view,

k.4 inches); delay, 816 microseconds; closed end 12 inches downstream
from grid. S = 1.387; 4 = 0.512 inch.

Figure 12.- Continued.
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Reflected transmitted
shock front 1-95838

(J) Reflected transmitted shock; collimated beam of light (field of view,
4.4 inches); delay, 1,581 microseconds; closed end 12 inches downstream
fpom grdd. S ="L.587: d = 0.512 inch.

Figure 12.- Continued.
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Z———--Reflected transmitted
shock front

L-95839
(k) Reflected transmitted shock; collimated beam of light (field of view,
2.6 inches); delay, 1,676 microseconds; closed end 12 inches downstream

Bronrsorids 5 = 1.587; d = 0.512 inch.

Figure 12.- Continued.
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L-95840
(1) Reflected transmitted shock again reflected from grid; collimated
beam of light (field of view, 4.4 inches); delay, 1,716 microseconds;
closed end 12 inches downstream from grid. S = 1.387; 4 = 0.512 inch.

Figure 12.- Continued.
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L-95841

(m) Reflected transmitted shock again reflected from grid; collimated
beam of light (field of view, 4.4 inches); delay, 1,916 microseconds;
closed end 12 inches downstream from grid. S = 1.587; dU=RORBIZHE e hi

Figure 12.- Continued.



66 NACA TN 3680

éfii—Reflected transmitted

Transmitted shock

shock
L-958Lk2

(n) Transmitted shock; col- (o) Reflected transmitted

limated beam of light shock; collimated beam

(field of view, of light (field of view,

2.6 inches); delay, 2.6 inches); delay,

30 microseconds; closed 1,790 microseconds;

end 12 inches downstream closed end 12 inches

from grid. S = 1.09; downstream from grid.

d' = 0.5k2 dnech:. S = 1.09; d ='0.512 inch,.

Figure 12.- Concluded.
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Figure 13.- Mach number M5 versus pressure-drop coefficient k.
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Figure 14.- Reynolds number versus shock strength. Re5 = 35 eff
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(a) Collimated beam of light (field

(b) Collimated beam of light (field
of view, 2.6 inches); shock front

of view, 2.6 inches); shock front

29

located 93 inches upstream from located 9g§-inches upstream from

grid; delay, 1,580 microseconds. grid; delay, 1,780 microseconds.
S=ulli T, Sgp = 1081 Sp = 1.373. 8= 1.9 SR = 1.139; ST = 1.957.

Figure 15.- Appearance of curvature in shock front reflected from grid with 0.25-inch-diameter
holes.
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L-95844
(c) Collimated beam of light (field of (d) Collimated beam of light (field
view, 4.4 inches); shock front of view, 2.6 inches); shock

front located 2 inches upstream
from grid; delay, 780 microsec-
delay, 430 microseconds. S = 3.2; onds. S = 5.68; Sp = 2.095;

Sp = 1.461; Sp = 3.05. Sp = 5.163.

located 5% inches upstream from grid;

Figure 15.- Continued.
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(e) Collimated beam of light (field of view, 2.6 inches); shock front

located 93 inches upstream from grid; delay, 2,100 microseconds.

S = 5.68; Sy = 2.095; Sp = 5.163.

Figure 15.- Concluded.
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Figure 16.~ Shock velocities versus incident shock strength.
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Figure 19.- Density ratios versus

incident shock strength.
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Figure 20.- Mach number M versus incident shock strength.

)



0g9¢ NI VOVN

Auxiliary shock fro:z>5

Reflected Trans;:;Z;E::>
shock

shock

shock front
(a) Collimated beam of light (field (b) Collimated beam of light (field
of view, 2.6 inches). Delay, of view, 2.6 inches). Delay,
65 microseconds. 1,370 microseconds.

Figure 21.- Emergence of an auxiliary shock front through a 25-percent-solidity grid with
0.25-inch-diameter holes. 8§ = 3.2; ST = 5.05.
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Auxiliary shock front———~

L-95847

(c) Collimated beam of light (field of view, 4.4 inches).
Delay, 4,330 microseconds.

Figure 21.- Concluded.
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Figure 22.- Passage of a transmitted shock wave over hot-wire probe.
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Sp = 1.55.
D, base trace for noise calibration.

(a) Mass-flow response.

Current, 27.74 milli-
amperes; resistance of
wire with no current
through it, 10.39 ohms;
operating resistance,
15.52 ohms; compensa-
tion, 0.175 x 1072 sec-
ond; calibration signal,
45 millivolts root mean
square at 10 kilocycles.

Figure 23.- Mass-flow and temperature response to traveling transmitted shock.
A, jump due to transmitted shock; B, contact surface flow; C, calibration signal;

Location of hot-wire, lji

(b) Temperature response.

Current, 2 milliamperes;
operating resistance,
9.94 ohms; compensation,
O 1075 second; cal-
ibration signal,

1.8 millivolts root mean
square at 10 kilocycles.

16

S=r1.58

inches downstream from grid.
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