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I. INTRODUCTION

[.arge blast simulators (LBS) are specialized shock tunnels for generating decaying

blast waves such as :,re associated with nuclear explosions. Blast Simulators employ

con vergent-divergent nozzles at the driver exit to retard the outflow of the high-pressure

driver gas and generate long flow durations. It is known that the gas behind a shock tray-

eliing do\\ a shock tunnel ca,. be expanded to high flow Mach numbers by passing it

through conergent-divergent nozzles. Such convergent-divergent nozzles have been

extensively investigated, both in theory and experiment, and a summary of these efforts is

presented, e. g., in Reference 1.* However, in all of these studies the diaphragm which

separates the high-pressure from the low-pressure region, was located upstream of the noz-

zle under investigation so that a well formed shock entered the nozzle from the upstream

side. The LBS nozzle design differs from the nozzle design used in previous studies in

that it has the flow-initiatin diaphragm mounted in the throat of the nozzle itself. When

the diaphra,,:m is ruptured, a shock forn:s and travels downstream into the divergent scL,-

tion, %Oilc a rarctaction fan travels upstream into the convergeat section. No previous

experimentail research is known for this problem.

Therefore. a shock tube test was proposed in which the diaphragm separating the

hi -pr\,,tLrc driker from the low-pressure driven section was mounted in the throat of a

couvrcnt -divergent nozzle which formcd the transition from the driver to the driven sec-

ion of tile shock tube. The diiaphragni was lockted at the upstream edge of the viewing

oindof, of i gb-qua lit y optical glas through wich shadowgraph and schlieren records could

he taken. The optical iieasUrenelln ts were supplemenled by measurements of the , i,i

pressure at three locations downstream from the nozzles. The objectives of this investiga-

tion wcrc (a) to obtain optical records of the shock formation in the convergent-divergent

nozzle iniicdiatelv after rupturing the diaphragm, (b) to determine the influence of the

cone angle and length of a divergent nozzle on the pressure signature in the expansion

region behind the nozzle and (c) to facilitate cotnpa,(is vtth one-, and two-dirnenioa1l

Vd ro(xl_e cOMputati m0s. The test set-unp and the results of this experimental sttdy are

presented in this report and the most significant findings are discussed.

IR eferen'es are listed at the end of the report.

- I -
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2. BACK(ROUND

The U.S. Army has proposed the construction of a test facility for simulating ideal

haist xxaxcs, large enough to test full-sized military equipment in order to meet its growing

necd for blast and thbermal survivabiltv testing. The US Army Ballistic Research Labora-

tory ( BR'L.) vas assigned the lead role in the R&D of this pioject. Subsequently, the

BRI. developed a concept of such a facility, referred to as large-scale blast and thermal
simulator (1,13/TS, over the past eight years. The proposed U.S. LB/TS is suitable to

,ITl ulate both thermal and blast effects of nuclear explosions over a wide variety of shock

oxcrprcssures and weapon yields without generating nuclear radiation effects. The simula-

tor koL lId be used to conduct blast and thermal survivability testing on full-scale military

equipment, like trucks and helicopters, and to perform research into nuclear blast

plictnoic nology.

Bi LkIS (',1 l.

A . -l'c -cIc hl'st arid th erm alI simulator is basically a shock tunnel whose cross-

,c~ n:io ara srics alolng its length. Straight shock tubes do not produce the flow dura-

Ah ch arc srxed in decaying blast waves. To obtain long flow durations compar-

,i, to th(r"c of decaying blast waves the outflow of the driver gas has to be retarded.

'l;I i' cilcted by , ',' erc, C C:,: h%- J' .:: it the exit of the driver, so that the driver

ttkc., the shape of a ba 'tttlc. t:utheriorc, a single driver is technically impractical because

ol the ,i/c of the facility and the required supply pressures in the driver. A number of

,1!Icr l drx crs hia to hc em ployed to accomodate the necessary initial test conditions.

The [ S. I. R.' I s conccpt is uescrIbcd in detail in the References 2 -4 and illustrated

in FiurC 1 IBlist waxes will he si ,.," t,.d hy releasing conmpressed gas from ;everal

hi,_h prcssure steel drixcr tubes into a large expansion tunnel constructed of prestressed

cimcrete. 'he gas e\its tile diixCrs thronuii con:' ,,nt-dfi\cioent nozzles. Diaphragmis are

mouinted in the throats of these nozzles (the bottle neck). The thermal su tilation will be

effected through alum in 1111/oxvgen combustion near the target. The test section for the
targcts is l(oatetd in th: expansion tunnel, about seven diameters downstream from the exit

ot tile drixer nozzles. The test section has a sem i-cu L lar c-',1 - sect ion with a 10n
radius. This size is deemed necessary to avoid blocking of the flow about the target.
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2.2 LB/TS Design Studies.

The BRL-QID code 5 was used to perform computational studies for determining the

dei ,rl paranters of the piojected facility. Parametric studies were initiated to answer

questions about the necessary size and the expected performance of such a facility simu-

lating the required range of blast waves. The scope of the computational studies encom-

passed pressure ratios from 4 to 200 across the diaphragm for unheated driver gas (T 4 =

288.15K and y = 1.4) in association with the operating envelope for the planned U.S.

LB/TS. Standard atmopsheric conditions were assumed as ambient and in the expansion

tunnel (1) for all computational simulations. Table I presents the test conditions which

were selected for the parametric BRL-Q1D computations. From the initial test condi-

tions, the simulated blast wave in the test section of the LB/TS expansion tunnel was

defined with reference to shock strength, duration and static and dynamic impulse. For

the pupose of this study, the initial throat shock Prs was determined by iteratively solving

the basic shock tube equation, P 4'P 1  ( Pr/P

TABLE 1. LB/TS INITIAL TEST CONDITIONS

Pi = 101.325 kPa;Ti = 288.15 K

TEST SECTION

psi 2.0 5.0 10.0 15.0 20.0 25.0 35.0

p,. kPa 13.79 34.47 68.95 103.4 137.9 172.4 241.3

DRIVER

PI'1 4 14 38 55 80 110 188

111'. %IPa 0.4053 1.419 3.850 5.573 8.106 11.145 19.050

TI I R OAT
', 1.929 3.256 4.689 5.288 5.974 6.575 7.652

kPa 94.11 228.6 373.8 434.5 504.4 565.0 674.0

Initiallv, the LiU.S. design studies were based on the Large Blast Simulator (LBS) at

the Centre d'Etudes de Gramat (CEG), France. However, it soon became clear that a

mich larger facility w,s needed in order to accommodate the full range of anticipated tar-

;cs. A broader range of shock overpressures and weapon yields was required to cover the

lust conditions specified in the operating envelope. The results of our computational stu-

die,, with the BRL-QID code show that a full-scale blast/thermal simulation facility can

he designed and that driver heating, an active RWE, and computer-controlled throat

-3 -



valhes should be used to optimize control and operation of the facility.

Experimental efforts were initiated at the same time, but test results became avail-

able only much later because the construction of the model facility consumed much time.
To date, small-scale experiments with heated driver gas have been completed, and the

results have been used to validate the computational results. Small-scale RWE and

throat-valve models are being built for the experimental validation of the computational

predictions. Also, a 1/6-scale test bed using a throat valve and an active RWE is in the

design stage and, when built, will be used for validating the concepts to be used in the

full-scale U.S. IB/TS design. Some questions remain, however, about the usefulness of

divcrgent nozzles which are used, e.g., in the LBS at the CEG in France.

_. Nozzle Flow Phcnomena.

The driwers of the planned U.S. LB/TS as well as of the French LBS facility have

the diaphragm which scparates the high-pressure from the low-pressure region mounted in

the throat of a convergent-divergent nozzle. When the diaphragm is ruptured, a shock

travels downstrcam into the divergent section, while a rarefaction fan travels upstream

nto thc contvcrcnt section. The time from the rupturing of the diaphragm to the estab-

lishdIent of a quasisteadv flow pattern in the nozzle is defined as the starting process of

the nozzle No previous experimental research is known for either the starting process, or

the q(taslsteadv flow phase.

The (TicG-l.( S r ':.s scint to present certain problems. Figure 2 presents an

ext,,rin~er':l ,nd a cniputttional prc,,LIrC history of a 42 kPa/10 kT blast wave. It is

argued that the pressure spike that appears at the front of the blat wave in the experi-

menial as well as in the computational pressure history is caused by the divergent nozzles.

This argument i supported by computational results 2 which indicate that the greater the

cone half angle of the divergent nozzle, the smaller is the spike at the shock front. It is

argued also that the divergent nozzles increase the thrust of the rocket motor which is

formed by the driver-nozzle combination, on the reaction pier. Therefore, eliminating the

divergent nozzles would have a double advantage on the design and the performance of

the U.S. LB/TS reducing the thrust on the pier as the drivers empty, as well as eliminat-

ing the spike at the front of the simulated blast wave.
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On the other hand, results of small-scale pilot experiments seem to indicate that

there are pressure losses connected with the introduction of a large area discontinuity at

the exit of the nozzle throat which are lessened when divergent nozzles are used. There-

fore, the use of divergent nozzles cannot be eaily dismi,:, lto,,ever, if divergent noz-

zles are included in the I'S LB/TS design the noz,-- lcnlli Ii' L :nes a critical material

parameter which itself depends ot the cone half angle chosen for the nozzle design.

Amann has shown in his experiments/ that the start-up time is shortest when the cone

half angle of the divergent nozzle is largest, however his research was limited to cone half

angles of 5" - 152 and it is not known whether the trend continues at the higher angles.

Information is also needed on the effect of the cone half angie on the established flow

after the start-up is completed.

The BRIL ID-, and 2D -°.;w computations agree with earlier theoretical and experi-

mental research that a iecoipression shock forms in the nozzles and either stays there for

moderate diaphrag i pressure ratios, or is swept down the expansion tunnel for diaphragmi

pressure ratios above -10. An experimental comparison is needed for these coinmputations

Mhich illustrates the flow formation process and shcws the pressure and density distribu -

tion in the nozzle. It is expected that the present experimental effort would be somewhat

ai a loou I to the work done in Reference 1. although it is neither expected to yield identi-

.. al. results nor to answker all the questions posed.

3. ETIPER1.MENTAIL APPARATUS

'eli experimental apparatus at the EMI consists of a shock tube which was specially

modified for uSe in this study, a 24-spark Cranz-Schardin camera and shadowgraph

arrangceient and electronic control and recording equipment.

3.1 EMI Shock Tti'.c

The exkii'. EM I shock tube has a circular cross-section with an inner diameter of

') , W , , used configuration. The driver section is 180 cm long, the driven section

measures 888 cm (Figure 3). Cellulose Acetate sheets (Ultraphan) have proven to be a

good diaphragm material because it becomes brittle when it is stretched and has a high

breaking velocity. The shock tube has a rectangular test chamber with a cross-section of

40 mm x 110 mm located 721 cm downstream from the driver section. The test chamber

is followed by a 157 cm long extension to the closed end. The side walls of the test
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chamber are formed by plane parallel windows (200 mm x 110 mm) of high quality opti-

cal "lass o tacilitate optical investigations of the shock wave propagation (Figure 4). An

inlet c!,wnnel of the :sane shape and cross-section as the test chamber and formed of po!-

iOnCe aluminum plates protrudes upstream into the axisymmetric driven section. A rec-

tangicilIIr sectioM is cut out of the arriving shock wave of circular shape by the sharp inlet

edgcs of the channel walls (cxkv cutter principle).

The existing shock tube had to be modified in order to carry out the special task

presented hy this project. The modifications include a new driver pressure chamber which

could be mounted inside the inlet channel and the various model parts for the divergent

niozles. The new driver pressure chamber includes the convergent section and that part

of the throat of the nozzle which lies upstream of the diaphragm (Figure 5). The inner

cro,,-,,cction of the driver is 64 mm x 30 mm: it ......... . o cross-ection of i6 mnm x

3) nim at the diaphragm. The length of the driver pressure chai,,bcr \was cho,.,ci to 1I00

nim in order to delay the arrival of reflections from the end wall. The diaphragms are

C n po,,cd of two hItraphain sheets, each 0.1 ni m thick, with an ignition wire of 0.08 mm

d1 ianeter ;Iind\iched in between them. With this construct, the diaphragm can be

'LJrtLd at an e\actly predetermined moment in time by exploding the wire with an elec-

trc IrIIptill . The diaphraurt section is shown in Fligure 6a.

The tc,t ohIc,.tix, require to locate and mount the diaphragm in, or near, the test

'ctA on %kindox of our shock tube in such a way that the view of the downstream region of

the throat and di xergenIt nozzle is only minimally obstructed. The lengths of the various

di\eruent nozlc configurations make it necessary to relocate the models in the test section

wvindo so that optical i-.ords may he taken of all waves of interest from one to three

dianieters dowknstream from the diaphragm. This requirement makes it necessary to

l(.AIte the diaphragm either at, or at a mitiple of 1 to 3 times one half of the window

lengeth 0(10 rm1) ups 'ream from, the left edge of the test section window. These window

locations are lahcled B. C and 1) in Figure 5. The location A was not used in thiq experi-

nicntal effort.

3.2 Nozzle Contigtrations

Four divergent-nozzle models were fabricated, differing in the lay-out of the diver-

gent section as shown in Figure 5. All dimensions are scaled proportionately to the area

ratios of the convergent-divergent nozzles used in the French LBS. The four nozzle

configurations are characterized as follows.
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aI A convergent-divergent nozzle with the area and length ratios and the cone half

angle of the nozzles used in the CEG-LBS (Inserts 1, 2 and 5).

h An extended convergent-divergent nozzle with the area and length ratios of the

Q I D-computationai CEG-LBS model, i.e., the 7 CEC-LBS nozzles combined into

one nozzle. The divergent section has a cone half angle of 16' and its length is

CtCnded to the full height of the expansion tunnel (Inserts 1,2 and 4).

A:\n extended convergent-divergent nozzle with a divergent 450 cone half angle.

The divergent nozzle extends to the full height of the expansion tunnel (Insert 1,2
and 31.

.A convereent nozzle and throat section with the area ratios of the CEG-LBS but

ithout the diewrgent section, also referred to as the 900 divergent nozzle

I lncrts I and 2).

r t the divcrgent nozzle niodels are shown in Figures 6b thru 6e.

A 2-1-frame Cranz-Schardin spark camera and shadow/ schlieren system was the

principAl t(w)l for the optical study (Figure 7). The sparks from 24 point sources are

foca ,,Cd onto 21 o)hjcctie lenses of the camera by means of a concave mirror. At the

mo0mcnt a spark is generated, it is projected onto the film through the very objective

,n~e onto Mhich the image of the spark was copied. The advantage of this procedure

i, that there arc no moving parts aligning the path of the light rays. Therefore, the

optical rcsohition is determined essentially by the aperture of the objective lenses.

liaralla x may present a disadvantage in some cases. However. the effect of parallax is

Tniniial in the present set-up where a concave mirror with a long focal length (f = 350

ci))) is cd in conjunction with a test section of shallow depth (4 cm).

The shadow method is well suited for the visualization of shock waves. For this

methol to work well, a point source of light is required. In our case, the light source

ha a diameter of less than I mam. Furthermore, the objective lenses are not focussed

on the center plane of the test chamber but on a reference plane typically at a distance

of 4( cm from the center plane of the test chamber. The density gradients in the flow

are made visible by the schlieren method. The Toepler structure using sharp knife

edges was found to yield the best results. In the following experiments, both methods
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were combined and in this way, clear images were obtained of the shock waves as well

as of the density gradients.

Other equipment used included the trigger gauges and electronic delay units for

the timing of the Cranz-Schardin camera and several 12-bit transient recorders.

Kistler quarz pressure gages of type 603B were used to sense the static pressure. They

have a characteristic frequency response of approximately 50() kHz. Electrical filters

with a maximum frequency response of 180 kHz were installed between the pressure

gauge and the charge amplifier in order to prevent an overshoot of the signal.

.4 ct ('onditions and Procedure

The four miodel configurations were tested at seven driver pressure levels, namely

,t I' = 4, 14, 38, 55, 80, 110 and 188. To test the functionality of the modified

,,hkk tube and to get a feel for the starting process of the various nozzles, the models

',crc testcd at the lowest specified driver pressure level (P4i=4) first. Tests then con-

ti:ntcd with the next highest driver pressure level (P4 1 =14). The test was prepared by
:, ntin the desired mxel configuration and the diaphragm. The shock tube was

:hen cl>ocd, the Cranz-Schardin camera and the pressure recorders were readied and

A L'ectrical conncctions were tested. The firing and recording controls were activated

:.2 ibc daikened rom, and the recording filn holder was opened before the driver was

;,T',uricd. The specified operating pressure was 1300 kPa (13 bar) over atmospheric
prere, xc\cept for the lowest driver pressure ratio where the driver pressure was 300

kl'a 3 bars) o~er atmospheric pressure. Then the driven section was evacuated as

nece,,,,ary u1ntil the desired driver pressure ratio was established.

lbIe rupturing of the diaphragm was initiated with an electric pulse of 10-20 k%'

to cxpxc the wire embedded between the two Ultraphan layers. The same pulse trig-

gored the camera and the other recording equipment after some preset delay time.

'Ie principle of' the electronic control circuit for the experimental process can be seen

in Figure 8. The preset delay time between the ignition pulse and the first spark pulse

to the Cranz-Schardin camera was measured by a time counter. Some interference

from the strong trigger pulse was suffered on the recording equipment and a few pres-

sure records were lost. A test log was kept to record the initial test and ambient condi-

tions, including the trigger times and the spark frequency for the Cranz-Schardin can-

era and for the pressure recorders. The delay time between the bursting of the

diaphragn and the first spark of the camera was additionally measured by a time

Counter,
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4. EXPERIMENTAL RESULTS AND DISCUSSION

With each test shot, twenty-four shadowgraphs or schlieren pictures were

rc.ouCd 0n ilm [bv the .'ranz-Schardin camera at constant time intervals. The time

intervals were estimated from the expected shock and particle velocities based on an

analytical solution of the shock tube problem applied to the throat channel of the noz-

zles for each of the specified driver-pressure ratios, and bracketed by the associated

sound velocity expected in the expansion tunnel downstream from the nozzles. A set of

records was forwarded to the U.S. Army BRL and the evaluated optical records are

presented in Appendix A.

The static pressure was recorded at three available gage locations in the tunnel

ceiling. 270 mam. 760 mm and 889 mm downstream from the center of the test section
wkindow . The pressure was recorded at all seven driver-pressure ratios for the 900 , 45"

and 16 divergent half nozzles in the model position B only. A set of the pressure

records was forwarded to the U.S. Army BRL.

4.11 6H Dier_"en_IIalf Nozzle

The 10- divergent half nozzle is suited best for an explanation of the flow start-

up phenomena because the available viewing area (400 mm) is most satisfactory of all

configurations. A sample sequence of shadowgraphs for the 16' divergent half nozzle

at a driver-pressure ratio of 14 (Cxle N 16/014) is shown in Figure 9. Two test shots

wvere put together to present the whole half nozzle, shot # 13260 covers the first 200

mii (Position B) behind the diaphragm and shot # 13264 covers the range from 200-

400 mmin (Position C) behind the diaphragm location. The heavy vertical line halfway

throu h the nozzle indicates that the viewingT range of the two photo-graphs needed to

rec0rd the flow throughout the entire half nozzle at a particular point in time did not
overlap. Flow phenomena like the incident shock, the contact surface, regions of flow

'Cparation and a system of 3 recotnpression shocks can be seen developing and moving

past the observation area. The low pressure case was chosen because all the flow

phenomena of interest remain inside the viewing area until the start-up process of the

nozzle is completed.

The flow phenomena of interest were traced from the photographs and are shown

in Figure 10. They are described in the following paragraphs. The incident shock
begins to form immediately after the flow is initiated by bursting the diaphragm.
Since the diaphragm breaks into fragments of uneven sizes, the opening process is

-9-



asymnmetrical and causes an uneven flow progress across the height of the throat. Ini-

tially, the shock corsists of a system of 2-3 curved shocks (106 lis) that reflect i i'n

the ceiling or the ttlo)r or the throat channel and gradually combine into one shock

(206 hs). This format'ion period takes about 400 ps, by which time the shock has pro-

gressed well into the divergent section of the half nozzle (406 4s). A shock reflection

is generated at the ceiling of the half nozzle exit (822 ks) which proceeds across the

flow area and is itself reflected later on at the floor plate of the expansion channel.

The contact surface between the expanding driver gas and the gas in the low-

pressure region of the divergent half nozzle follows the incident shock at close range.

It can he easily detected because the associated flow turbulence it brings with it

Jhanes the backeround in the photographs (Figure 9). Because of the turbulence, the

contact front is very rugged. Often, darker strings perpendicular to the flow direction

ca c detected in the turbulent region behind the contact front. It is surmised that

thc,c strings may represent compression waves which at later times are condensed into

a recoMprcs,on shock. Once the contact surface has entered the divergent section of

the halt noz,le. a %arictv of phenomena begin to occur simultaneously.

Throat stImks appear inside the throat ch.,nnel in an interplay between

>'ou nd,1i r 1ivr Cowth and flow acceleration (406 pis and later). As many as 5 shocks

;1XaC bccn ohcr~ed temporarily. Two of these warrant special mention because of

their Lctcral presence for all test conditions. The narrowest crossection exists at the

Sph r.I hut location. Once the flow reaches sonic condition in this crossection, it

expand, supersonically upon exiting into the throat channel and a standing X-type

,,hock appears bctw ecn 1(-15 tum downstream from the diaphragm location (606 ps).

A scond st ationarv shock appears in the throat channel at about 50-60 mm down-

sircmit froul the diaiphragm location and remains there throughout the start-up process

of the tl/ile (822 ps and later).

At the exit of the throat channel, an expansion fan begins to develop at the

corner which the throat channel forms with the divergent section (822 pis and later).

Inside the divergent half nozzle, a recompression shock begins to form (606 ps). This

sho-k develops into a bottle shock spawning a second shock ahead of itself ( 1.322 ms).

The second shock develops into a bottle shock also, spawning a third shock ahead of

itself in the process ( 1.822 ins). Extensive flow separation regions at both, ceiling and

floor of the divergent half nozzle develop during this process. The start-up process of

the nozzle comes to completion when this system of bottle-type recompression shocks
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becomes stationary either inside the nozzle, as in the present case shown in Figures 9

and 10 (2.322 ins), or downstream from the divergent nozzle for high driver-pressure

ratios, as sIIgIc.,'.d i n Fige s 1 1 1 12

The high driver-pressure case (N lo/ 188), shown in Figures 11 and 12 shows the

same development as the low driver-pressure case except that the start-up process is

accelerated and the system of bottle shocks moves out of the divergent nozzle into the

expansion channel where it can no longer be observed. Because this case was photo-
graphed in a vacuum of 74 mbar, it was much more difficult to read, and the described

features of the start-up process were not consistently discernible in the pictures. Also,

the fragments of the diaphragm frequently obscured the picture in this case. From a

comparison of the low-, and the high-pressure cases at late times it can be learned that

the flow separation point moves downstream with the system of bottle shocks as the

driver-pressure ratio it:creases and the flow separation regions get smaller.

Perhaps the biggest surprise in these photographs is the discovery of the asym-

metric flow through the divergent half nozzle. It was the intention of the experi-

menters to obtain one half of a symmetrical flow pattern above the center axis of the
nozzle. This was accomplished for the flow ahead of and up the contact surface.

Behind the contact surface, however, a boundary-layer build-up along the floor plate

CVentu l:l caIses separation of the flow. The flow then seeks its own path by turning

and more or less following the centerline of the half nozzle.

The shadowgraphs and schlieren pictures were evaluated by measuring the dis-

tances of these various flow phenomena from a reference point in the photograph with

the help of a digitizing pad that was controlled by a Zenith PC. The measured dis-

ances of the flow phenomena with reference to the diaphragm location (X =0) were

then recorded as functions of time beginning with the bursting of the diaphragm

t= 0). From these records, x-t diagrams were generated on an Alliant FX/ I com-

puter using PV16 software. The x-t diagrams for the two examples (N 16/014 and

N 16/188) are shown in Figures 13. The data points for position C were matched with

the data points for position B by adding a time differential to the 24 recorded spark

times so that the data points for the incident shock in position C (200-400 mm) would

continue on a straight line drawn through the data points for the incident shock in

position B (0-200 mm).
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Figure 13a presents the data for case N 16/014. The distance from the

diaphragm location, X, of the described flow phenomena is plotted as a function of the

elapsed time from the burst of the diaphragm, t. From the diagram, one can learn

that the velocities of the incident shock and of the contact surface become constant

after a short acceleration period. After about 2 ms, the system of 3 bottle-type

recornpression shocks and the throat shocks have become stationary, also. The start-up

process of the nozzle is now complete. At later times the process will reverse itself

until the driver section has emptied and the pressure in the tube has equalized. Figure

13b shows that the start-up process of the nozzle in the high driver-pressure case

(N 16/ 18,<) is not yet complete at the time (1.07 ms) the system of recompression

shocks has moved into the expansion channel downstream from the nozzle exit escaping

fn rt her observat ion.

4.2 9)0' IHalf Nozzle

The 90( ha.1lt no/y1e is a nozzle without a divergent section. This configuration is

eupecU faly intercstintg to the project engineer because the elimination of the divergent

nozzles from the LB/TS design would save a great deal of material cost. An example

of' the flow start-up process in the 900 half nozzle is presented in Figure 14. Figure

II4 shows aI sequence of selected shadowgraphs for the lowest driver-pressure ratio

tested. P,, = 4 (Code N90/004). The interesting phenomenon of this case is the big

\orte\ developing to till the big corner area behind and above the exit form the throat

cthannel Mhile the flow continues straight ahead in a channel the heigth of the throat

alon,: the floor of the expansion tunnel. Recompression shocks can be seen in the

throait anid in the flow channel behind the throat exit where the flow begins to turn.

Figure 14h sho', s selected shadowgraphs for the start-up process at a driver-

pr-.sSnrC ra1tio of Pil = SO (Code N90/090). The early development of a bottle shock

(434 ts) seems to be disrupted by the reflection of the incident shock from the ceiling

and the floor (674 Is) as well as by the passage of the diaphragm fragments (794 Its).

With their disappearance from view, the system of bottle-type recompression shocks

which was visible in the 16' half nozzle, has moved past the viewing area as well.

The x-t diagrams for the cases N90/004 and N90/080 are presented in Figure

15. Froni the x-t diagram in Figure 15a, we can deduce that the flow start-up process

in the low-pressure case is complete after 2.5 ms. The x-t diagram shown in Figure

15h lets us know that the time period of the test is appropriate for the short viewing

field of the test section window but does not cover the whole period of the start-up
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process of the nozzle.

The most significant flow feature of the 90' half nozzle is that the flow forms its

own divergent section once the local disturbances caused by the shock reflections from

the ceiling and the floor have died down (Figure 14b - 914 ts). The flow expansion

angle was determined by reading and averaging the maximum and minimum angles of

the flow expansion fan in the shadowgraphs and schlieren pictures (e.g., Figure 14b -

(1.159 his). This flow expansion angle is plotted versus the driver-pressure ratio for the

90' half nozzle in Figure 16. It was expected that the expansion angle would monoto-

nouslV increase with the driver pressure, however, Figure 16 shows a maximum for the

flow expansion anle at a driver-pressure ratio of P41 
= 110 and a slightly lesser angle

at the highest driver-pressure ratio, P4 , = 188.

4.3 45' Divergent lalf Nozzle

The flow start-up process in the 45' half nozzle is illustrated in Figure 17. For

this configurat ion, a viewing area of 300 mm was available which allowed us to observe

the start-up flow phenomena for a longer period of time than for the 900 half nozzle.

The shadowgraph sequence in Figure 17a shows that a recompression shock has formed

at 440 ps. and a bottle shock has formed before the diaphragm fragments enter the

divergent part of the half nozzle (680 Its). The throat shocks are clearly visible at 683

Ps and at the later times. At 1.103 ms. the fragments disrupt the bottle shock which

recovcrs as the fragments leave the scene (1.523 ms) and becomes stationary within

the viewing area. The x-t diagram shown in Figure 17b confirms that the start-up pro-

cess of the nozzle is completed at about 1.5 ms.

In the 45' divergent half nozzle. flow separation occurs at the two lowest driver-

pressure levels tested. i.e., P4$ = 4 and P4 1 = 14. At the higher driver-pressure levels,

flow separation occurs early in the start-up process at the exit of the throat channel.

As the start-up process continues, the separation point moves upward along the ceiling

of the nozzle toward the divergent nozzle exit. At the end of the start-up process of

the nozzle, the separation point becomes stationary and the flow stays attached to the

ceiling of the nozzle up to this point. At the separation point near the corner of the

nozzle exit, the tlow separates creating a dead-water region to negotiate the corner.

The flow separation angle is shown in Figure 18. The function shows a maximum for

the driver-pressure ratio P4 1 = 55 and slightly smaller separation angles for the higher

pressure ratios. It is noted that this is not the same angle as the flow expansion angle

shown in Figure 16 for the 900 half nozzle.
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The start-up process of the nozzle was defined in chapter 2.3 as the time from the

rupturing of the diaphragm to the establishment of a quasisteady flow pattern in the

nozzle. This Hlow start-up period could be determined from the x-t diagrams for the

45' half nOzzle as a function of the driver-pressure ratio and is shown in Figure 19.

For the other three nozzle configuration, the flow start-up period could not be deter-

mined because the recording-time periods of the tests were insufficient.

4.4 PressureRecords

.Most of the pressure records show two, and sometimes three, shocks arriving at

the gage positions, 270 ram, 860 mm and 989 mm downstream from the diaphragm

lcation, in short succession of each other (about 10-40 microseconds apart). Pressure

spikes at the shock front. as they were observed in the CEG-LBS pressure histories and

in the BR L -() I comnputations, were not found in the present pressure records. This is

promhbly due to the low area ratio of the driven section to the throat channel which is

,. 7.5 coniparcd to 2 for tile CEG-LBS.

lnitially, the first, second and third pressure peaks were recorded with their

respeeti'e arrival times at each of the three gages. The shock strength. P21, was deter-

in neil an( plotlcd veCru s the driver-pressure ratio. P 1 . A 2nd-degree least-squares

p6lyn1il Ctlr\,' lit U a t, sed to smooth the data. The comparison of the shock-

,,trcn eth recovcry bct .ccln the three half nozzles for the first and second pressure peaks

proed inconcltlsixc, ho% cvcr, and the plots were not included in this report. Conse-

qnen tly, it Wa decided to determine the height of the pressure plateau behind the
i uciden t ih ck.

The hcight of the pressure plateau was determined from the pressure records by

.. ls p adcmcii pr,,,'d somecwhat subjective because of the considerable

flucitations Of the pressure traces, however, this method was more successful. Figure

20 presents three pre.sure time histories for the 160 half nozzle at a low, a medium

and a high driver-prcssure ratio. In one third of the records the pressure plateau

agreed with the first pressure peak (Figure 20b), in the second third it coincided with

the second pressure peak (Figure 20a) and in the last third of the records it fell in

hetween the two pressure peaks (Figure 20c). The pressure plateau was then nondi-

mensionalized in the same manner as the shock peaks and plotted versus the driver-

pressure ratio. As before, a 2nd-degree least-squares polynomial was fitted to the data

Points.
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The results shown in Figure 21 indicate that a small pressure loss is associated

with increasing the divergent half nozzle angle. The results for gage # I (Figure 21a),

closest to the nozzle exits, are ambiguous, since the 450 half nozzle showk a better

pressure recovery than either tie 900 and the 160 half nozzles, both of which show a

nearly identical pressure recovery. But at distances further away from the nozzle exits,

at gages #2 (Figure 21b) and #3 (Figure 21c), the trend becomes better defined. The

curve fits of the shock strength at gage #2 suggest that the 16° divergent half nozzle

vicIds an increase in the shock strength of 8.1% over the shock strength obtained

without a divergent nozzle (i.e., the 900 half nozzle) at the highest driver-pressure

ratio (P.1 = 188). The results at gage #3 seem to indicate an increase in the shock

strength of 12.5%. Small-scale experiments carried out at the BRL indicate an

increase in the shock strength of 10% for a 6' divergent nozzle over the entire range of

drivcr-prcs,surc ratio.

Aln cstinatc of the uncertainties of the results was attempted by compari..g ti.

dataI points from gage, 2 vith those from gage # 3. The records indicate that the

pressure lo,,s is negligihle as the shock ,ravels ovei the distance between the two gages

129 rma!. The relative differences in the measurements of the shock pressure,

S= { )' P , may therefore be used to determine the experimental uncertain-

tics. The meaw, of th. ditferences was determined to x = 2.9% with a standard devia-
tion Ta 2.01(. This result implies that the loss in shock strength recovery between

the 16 " and the 9(0 half nozzles of about 10% is statistically significant and therefore

rca 1.

5. (ONCLUSION

Four convergent/divergent nozzle configurations were successfully tested at seven

driver-pressure ratios to study their flow start-up process. However, the viewing area

for the 6 divergzent half nozzle and the 90' half nozzle downstream from the nozzle

exit was too limited and additional optical test records are desirable for a comparative

study of the flow start-up process downstream from the exits of the 900 and 6' half

nozzles.

The shadowgraphs and schlieren pictures produced in the optical flow experi-

menits have revealed that

15 -



a) the flow is very sensitive to local disturbances, e.g., flow asymmetries caused by the

breaking of the diaphraem, diaphragm fraginents and boundary-layer build-up,

b) a system of recompression shocks is generated by the flow in the throat channel and in

the divergent section of the half no7zle,

c) the start-up process of the nozzle ranges from 2.4 ms at the lowest pressure level

P41 = 4) to 0.9 ms at the highest pressure level (P 4  1S8), for the 45' nozzle.

d) the 90' nozzle effectively forms a divergent section by establishing its flow expansion

angle in response to the particular driver pressure ratio,

c) the strone reflections of the incident shock at the exit corner of the 45' and 90' half

nozzles interfere with the flow start-up process of these nozzles.

"PhC iatic pressure vas recorded for three nozzle configurations, i.e., the 16, 452

. ..". .The pressure records indicate that

a !o'S in shock stren',,h of about 10.% is associated with the 90 e half nozzle as com-

nared to the -hock strength of the 162 divergent half nozzle at the highest driver pres-
a-r1eL grit cO.

_:', o the 1o\\ (xp:InII s rat io. no pressure spikes kec observed at the incident shock

froni such as were found in the experimental CEG-SSGG pressure histories or in the

BRI-0 1() col) putat ionls.
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(b) 900 Nozzle

ilip

(c) 450 Nozzle

Figure 6: (continued)
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(d) 16' Nozzle

(e) 60 Nozzle

Figure 6: (concluded)
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N16/014

0.16.

a) Early Times

Figure 9- Shadowgraph Sequence for the 160 Half Nozzle at
a Driver Pressure Ratio, P41 = 14 (Code N 16/014).
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N 16/014

0.821ms

b) Late Times

Figure 9: (concluded)
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Contact Surface

0.406 me
Fragment 

46

Incident Shock

Throat Shocks
Cot c S ra e0.606 m e

Recompression Shock

a) Early Times

Figure 10: Illustration of Flow Phenomena in the 160 Half Nozzle

at a Driver Pressure Ratio, P41 = 14 (Code N 16/014).
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Contact Surface

1.322 me

Throat Shocks

Region of Flow Separation

System of 3 Bottle-Typs, Recompression Shocks

Figure 10: (concluded)
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N 16/188

a) Early Times

Figure 11: Shadowgraph Sequence for the 160 Half Nozzle
at a Driver Pressure Ratio, P41 = 188 (Code N 16/188).
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N 16/188

3~

b) Late Times

Figure 11: (concluded)
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Incident Shock

Fr omntac ufc 18m

Fragment

Throidet Shocks

Recompression Shock

a) Early Times

Figure 12: Illustration of Flow Phenomena in the 16' Half Nozzle
at a Drive r Pressure R atio, P41 =188 (Code N 16/188).
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Figure 12: (concluded)
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Shot No.13260 (0-200mm) Shot NO.13264 (200-400mm)
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a) Driver-Pressure Ratio P41 14

Figure 13: x-t Diagrams for the 160 Half Nozzle
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Shot No.13315 (0-200mm) Shot NO.13326 (200-400mm)
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Figure 13: (concluded)
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N90/004

O.213ms 0 .613ms

AA

a) Driver-Pressure Ratio, P41 =4

Figure 14: Shadowgraph Sequence for the 900 Half Nozzle
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N90/080

0.434O.914ms

O.554ms I .034ms

O.674s - .154ms

b) Driver-Pressure Ratio, P41 80

Figure 14: (concluded)
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Shot No. 13249 & 13254 (0-200mm)
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a) Driver-Pressure Ratio, P41 = 4

Figure 15: x-t Diagrams for the 900 Half Nozzle
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Shot No. 13311 (0-200mm)
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Figure 15: (concluded)
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N45/080
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Shot No.13305 (0-200mm) Shot No.13319 (100-300mnm)
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Figure 17: (concluded)
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60 Nozzle
Driver Pressure Ratio 14
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60 Nozzle

Driver Pressure Ratio 38

Shot No.13327 (300-500mm)
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60 Nozzle

Driver Pressure Ratio 55

Shot No.13328 (300-500mm)

2.00-

1.75 9 Incident Shock
+- Contact Surface

* Fist ecomresion hoc
* Firstd Recmpression Shock

* Third Recompression Shock*
1.50*

a U

1.25 * Ux

1.00+
0) +

;E +

0.75+
+0

0.50

0.25

0.00-

200 250 300 350 400 450 500

Distance (mm)



60 Nozzle

Driver Pressure Ratio 80

Shot No.13329 (300-500mm)

1.6-

14 0 Incident Shock

* Contact Surface * x

* First Recompression Shock * x

a Second Recompression Shock a x

1.2 ~ x Third Recompression Shock x

*) +

* +

+

++

U, +

04

0.2

0,0

200 250 300 350 400 450 500

Distance (mm)



60 Nozzle

Driver Pressure Ratio 11 0

Shot No.13330 (300-500mm)

1.50

0 Incident Shock * U

+ Contact Surface * * ,
1.25 * First Recompression Shock * x

w Second Recompression Shock * U X
x Third Recompression Shock

a

a DC

* U +
.00 --

*2' +
E +

075I
+0E

+ 0

0

0.25

0.00

200 250 300 350 400 450 500

Distance (mm)



60 Nozzle

Driver Pressure Ratio 188

Shot No.13331 (300-500mm)

1.2 -

* U

* Ux

* UK

1.0 * U x

0 +
+-+

* 1*

* +* + 0+ 0

+) +

0 .6 - +

E

0.4-

* Incident Shock

* Contact Surface
* First Recompression Shock

* Second Recompression Shock

X Third Recompression Shock
0.2-

0.0-

200 250 300 350 4Nn 45n 500

Distance (mm)



1 6o Nozzle

Driver Pressure Ratio 4

Shot No.13245 (0-200mm) Shot NO.13246 (200-400mm)

2.0 -

* Incident Shock
* Contact Surface

* First Recompression Shock
M Second Recompression Shock +

* Third Recompression Shock

X Second Shock in Throat +
1.5 A First Shock in Throat

* X-Type Shock Near Diaphragm +

+

+

A X V

A AX +
0, VE

A AX U* +
1,0 V0

A) +E * A **. + 0

I- V0

* A +* +
V +

* A M +
V0

A U * +0
* V0

+
05 V +

+0
+ 0

+ 0
+ S

+ 0
+ 0

+ 0
+0

0.0 - I II
0 100 200 300 400

Distance (mm)



160 Nozzle

Driver Pressure Ratio 1 4

Shot No.13260 (0-200mm) Shot NO.13264 (200-400mm)

3.0-

* Incident Shock *

+ Contact Surface

* First Recompression Shock
2.5- X Second Recompression Shock *

0 Third Recompression Shock * X U

• A A Recompression Shock in Throat * x
* X-Type Shock Near Diaphragm x

A * X U

2.0 * w

A * x U

A x•

1.5 A * x

E * x +

* x +
•x +

A A +

1.0 -- A +

* A +

* A *+

* A *+

* A *+

0.5 *+

+ 0

+•S

+ 0

+0

0.0 - I I I
0 100 200 300 400

Distance (mm)



160 Nozzle

Driver Pressure Ratio 38

Shot No.13317 (0-200mm) Shot NO.13322 (200-400mm)

2.00 -

1.75 -

* A 0 Incident Shock

+ Contact Surface

1.50 * First Recompression Shock *
x Second Recompression Shock

A Recompression Shock in Throat
* X-Type Shock Near Diaphragm

* x
1.25

* x

E * A x +
1 00

E
* A . +

*+

0.75
* +

• A * 4.

0.50 * - 0

• + 

* 4. 0

0.25 + *0

4..0

G.oo t
I I I I I II

0 50 100 150 200 250 300 350 400

D1stance (mm)



160 Nozzle

Driver Pressure Ratio 55

Shot No.13304 (0-200mm) Shot NO.13323 (200-400mm)

2.00

1.75 0 Incident Shock

+ Contact Surface

* First Recompression Shock

x Second Recompression Shock

A Recompression Shock in Throat
1.50 * X-Type Shock Near Diaphragm

125 - ~x
• • x* K*

E) x

• • . x +"EAx +* A *
+

0. 7' --

* A * K4+

E K +
* A * +

* A * +* +0

050- A + 0

0.25 + 0

+0

+0

+0

0.00- f I I I I I I I
0 50 100 150 200 250 300 350 400

Distance (mm)



160 Nozzle

t Driver Pressure Ratio 80

Shot No.13316 (0-200mm) Shot NO.13324 (200-400mm)

1.4 -

* Incident Shock
1.2 -+ Contart Surface*

* A* First Recompression Shock*

*Second Recompression Shock*
ARecompression Shock in Throat*

* A *X-Type Shock Near Diaphragm

V) +
E 

+

A +

+

0. + A

++

A ** +

E+
0.2

+0+

40+

0.0 144

0 100 200 300 400

Distance (mm)



16' Nozzle

Driver Pressure Ratio 1 10

Shot No.13305 (0-200mm) Shot NO.13325 (200-400mm)

1.50 -

* A

40 Incident Shock

* A + Contact Surface
1 .25 * First Recompression Shock

a Second Recompression Shock

* A A Recompression Shock in Throat
* X-Type Shock Near Diaphragm*

A*

1 .00

*) +

* +

E* A
A* +

0 75
++

E+

+

+

+

0.2 + 0

+

+0

+0

0.00-

0 100 200 300 400

Distance (mm)



160 Nozzle

Driver Pressure Ratio 188

Shot No.13315 (0-200mm) Shot NO.13326 (200-400mm)

1.2

* Incident Shock

+ Contact Surface
1.0 * First Recompression Shock

* Second Recompression Shock *
A Recompression Shock in Throat

* X-Type Shock Near Diaphragm

* A

A
0.8

E l+

0.6 
+

++

+ +

.m +

*A **+

,+
04 

+

,*++ 
0

++

+ * +
* +

0.2
+

+0

+0

0.0I I I

0 100 200 300 400

Distance (mm)



450 Nozzle

Driver Pressure Ratio 4

Shot No.13244 & 13253 (0-200mm)

2.5

*x ac V* X U V

* Incident Shock
x a V + Contact Surface

* x M * First Recompression Shock
2.0- V Second Recompression Shock

0 Third Shock in Throat

A A X U V x Second Shock in Throat

AX A First Shock in Throat
* X-Type Shock Near Diaphragm

AX
A x M

1.5
S AX N

* AX UE

£ * AX 8

A * +
1.0

A A * +

A A * +

A * +

• * +

• +
0.5-

++

+

* + 0

+ 0

+0
0.0 V00- I I I

0 50 100 150 200 250 300

Distance (mm)



450 Nozzle

Driver Pressure Ratio 14

Shot No.13244 (0-200mm) Shot No.13253 (100-300mm)

2.5 -

0 Incident Shock x

+ Contact Surface
A * First Recompression Shock

X Second Recompression Shock x

2,0 A Recompression Shock in Throat x

A * X-Type Shock Near Diaphragm

x

A xx
* K

A x

E xx

E

A +

*A +

A+

+++

++

* ** ++ 0

0.5 + r S

+ 0
+ 0

++ * •
+ 0

00 I I I I
0 50 100 150 200 250 300

Distance (mm)



450 Nozzle

Driver Pressure Ratio 38

Shot No.13309 (0-200mm)

2.00

1.75

* A

• Incident Shock

+ Contact Surface

1.50 A * First Recompression Shock

A Recompression Shock in Throat

* X-Type Shock Near Diaphragm

1-25
* A

E A A

1.00
AE

A

0.75 A A *

A*

A*

0.50 A + +

* +•S

*+ 0

0.25 + 0

+0

+0

0.00 - I I III
0 50 100 150 200 250 300

Distance (mm)



450 Nozzle

Driver Pressure Ratio 55

Shot No.13303 (0-200mm) Shot No.13321 (100-300mm)

1.6-

1.4 0 Incident Shock *
+ Contact Surface
* First Recompression Shock *

* a Second Recompression Shock
x Third Recompression Shock

1,2 A Recompression Shock in Throat *x
A* X-Type Shock Near Diaphragm

x

*X a

1EA
* +

j -7- +

E +

M +

+

++

*0. + 0

+ +

+ +

+
0. +

+

+0

0.0- 0

0 50 100 150 200 250 300

Distance (mm)



450 Nozzle

Driver Pressure Ratio 80

Shot No.13308 (0-200mm) Shot No.13319 (100-300mm)

1.6 -

1.4 - 60 Incident Shock
+ Contact Surface
* First Recompression Shock*

* A Second Recompression Shock
A Recompression Shock in Throat*

1 .2 * X-Type Shock Near Diaphragm

* A

10+

+*

+0U

+

0.0.

0 50 100 150 200 250 300

Distance (mm)



450 Nozzle

Driver Pressure Ratio 11 0

Shot No.13306 (0-200mm) Shot No.13320 (100-300mm)

1.4 -

* A*

0 Incident Shock
1 .2 + contact Surf ace*

*A * First Recompression Shock

A Recompression Shock in Throat
* X-Type Shock Near Diaphragm*

* A

1.0

A*

0 A

E

A*

O.6

++

0.4
* + 0

*+ 0

* +0
0,2 + 0

+0

000

0 50 100 150 200 250 300

Distance (mm)



450 Nozzle

Driver Pressure Ratio 1 88

Shot No.13307 (0-200mm) Shot No.13318 (100-300mm)

1.50 -

* A

* Incident Shock
* A+ Contact Surface

1.25 -* First Recompression Shock

a Second Recompressio'n Shock
A Recompression Shock in Throot
* X-Type Shock Near Oiaphrogm

1.00 *A

LQ)

E

0.50 *+
+

* +

+
* +

* + 0
* + 0

0.25 +*d

+

+0

0.00- +

0 50 100 150 200 250 300

Distance (mm)



900 Nozzle

Driver Pressure Ratio 4

Shot No. 13249 & 13254 (0-200mm)

3.0 -

e x V

A x IN V

£ ,- •x V

* U V
0 Incident Shock

• A x
+ Contact Surface

• A X * First Recompression Shock

x 0 V V Second Recompression Shock

x M V Third Shock in Throat

A * V X Second Shock in Throat
A First Shock in Throat

A x 0 V
* X-Type Shock Near Diaphragm

A K UE Ax K *

AX U

AX

A +

A +

A +

+

A *
+

++

+

0
$ -I I I I

0 40 80 120 160 200

Distance (mm)



90' Nozzle

Driver Pressure Ratio 1 4

Shot No. 13258 (0-200mm)

2.00-

A

1.75 0 4 Incident Shock
+ Contact Surface
* First Recompression Shock

* Ax Second Recompression Shcck
A Recompression Shock in Throat

1.50 - 4 'jpe S*i-. i'ct ESupnragr

AL

25

AL

A *K +

*A +

0.0 A *+

+ +

+ 0

+6

0 40 80 120 160 200

Distance (mm)



900 Nozzle

Driver Pressure Ratio 38

Shot No. 13310 (0-200mm)

2.00O)-

-~ A0 Incident Shock

+ Contact Surface

* First Recompression Shock
*x Second Recompression Shock

AA Recompression Shock in Throat
'. C* X-Type Shock Near Diaphragm

A A

*A x

A x

AX

*A +

A +

A * +

+ 0

+0

0 00-

0 25 50 75 100 125 150 175 200

Distance (mm)



900 Nozzle

Driver Pressure Ratio 55

Shot No. 13301 (0-200mm)

A -

A x

A x

A x

A K U

x 0 Incident Shock
A + Contact Surface

R ecomnpression Shock

A U Third Shock in Throat

X Second Shock in Throat
AFirst Shock in Throat

A a '-,-Type Shock Near Diaphraqm

x .

AKx

AX

A+

A+

* j+ * . *

+0+

+0+

D 4()80 12 16020C

Ditace(mm)



900 Nozzle

Driver Pressure Ratio 80

Shot No. 13311 (0-200mm)

1.50 -

41 Incident Shock

*+ Contact Surface
* First Recompression Shock

* A Second Recompression Shock

*x Second Shock in Throat
A First Shock in Throat

* X-Type Shock Near Diaphragm

*A x

* A x

* A x

* A x

* A xU

*AX

+ +

+

+0

++

4 Q 80 120 160 200

Distance (mm)



900 Nozzle

Driver Pressure Ratio 1 10

Shot No.13314 (0-200mm)

1.50 -

* Incident Shock

* Contact Surface
1.25 - * First Recompression Shock

* Second Recompression Shock

* Recompression Shock in Throat
* X-Type Shock Near Diaphragm

0.25 +

+

+ +

+ A 0

oAOG

0 40 80 120 160 200

Distance (mm)

* *. m i imm( m mm m 8 mm



900 Nozzle

Driver Pressure Ratio 188

Shot No.13312 & 13313 (0-200mm)

1.2 -

A x

* Incident Shock

+ Contact Surface
1.0 * A x * First Recompression Shock

X Secondary Shock in Throat
A Recompression Shock in Throat

* X-Type Shock Near Diaphragm

08-

A iC

Lq

E

* A

0,6-E

A

A

A+

* +0

+

0.2 +

+ 0

+0

+0

+0

0.0 +0 I I I I

0 40 80 120 160 200

Distance (mm)



900 & 60 Nozzles

Driver Pressure Ratio 38

Shot No. 13310 (0-200mm) Shot No.13327 (300-500mm)

2.00 -

A* a
1.75- 0 Incident Shock

+ Contact Surface X
S* First Recompression Shock * . X

M Second Recompression Shock
X Third Recompression Shock * M X

1.50A A Recompression Shock in Throat * • x

* X-Type Shock Near Diaphragm

* U +

1 .2 5 --. +
* A * * +

A +

1.00 - +

E * +

* A +

0.75 - U

0.50 --

A * +

* + 0

+00.25 -

+0

+0

0.00

0 100 200 400 500

Distance (mm)



900 & 6' Nozzles

Driver Pressure Ratio 55

Shot No. 13301/02 (0-200mm) Shot No.13328 (300-500mm)

2.00 -

A AX

1.75 AX 0 Incident Shock

+ Contact Surface .

* First Recompression Shock *

S A U Second Recompression Shock * m

X Third Recompression Shock
1.50 A X A Fourth Recompression Shock * X

* X-Type Shock Near Diaphragm

* A X
* • X

A K U * • X

1.25 -
* * UKX

* AX U * • x +
2A X E * E +

E , +

A
E +

_U AU +

=  +

Q.75 * A XE SX0

* A * +

* +

A * + 0
). 2 5

0.25 -

+•

0.00

0 100 200 300 400 500

Distance (mm)



900 & 60 Nozzles

Driver Pressure Ratio 80

Shot No. 13311 (0-200mm) Shot No. 13329 (300-500mm)

1.75 -

* Incident Shock

1.50- + Contact Surface *

* First Recompression Shock M
0 Second Recompression Shock * . X

x Third Recompression Shock
A Recompression Shock in Throat

1.25 * X-Type Shock Near Diaphragm * x

A A * * X

A *

A AX * +
1.00 A 

+ 4

A Ax

F +

0.75 -+

* AX + 0
* Ax 4.

0.50 - *

* +

*+0

0.25 +0

+0

+0

0.00 00-I I I I

0 100 200 300 400 500

Distance (mm)



900 & 60 Nozzles

Driver Pressure Ratio 1 10

Shot No.13314 (0-200mm) Shot No.13330 (300-500mm)

1.50

* Incident Shock * •

+ Contact Surface * x
1.25 * First Recompression Shock

M Second Recompression Shock * U

X Third Recompression Shock M U X

A Recompression Shock in Throat * U X

•A * X-Type Shock Near Diaphragm + *

1.00-- •

* A *+

A U

* +

.E

0.50

E * A

0.25 -

+0

+0
+0

0.00 1

0 100 200 300 400 500

Distance (ram)



900 & 6' Nozzles

Driver Pressure Ratio 188

Shot No.13312 & 13313 (0-200mm) Shot No.13331 (300-500mm)

1.50 A X

0 incident Shock

S+ Contact Surface
1.25 * First Recompression Shock

A X 0 Second Recompression Shock

X Third Recompression Shock *

A Recompression Shock in Throat * U

* X-Type Shock Near Diaphragm * U X

AX * wX
1.00 * *u x

A x + 4

E +* * +

0.75 A * + 0

.E.

+00*** +.

0.25 - .

+0

40

0.00 - I I I I
0 100 200 300 400 500

Distance (mm)


