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1. INTRODUCTION

It is known that the gas tehind a shock travelling down a shock tunnel can be
expanded to high flow Mach numbers by passing it through convergent-divergent
(DeLaval) nozzles. Such nozzles have been extensively investigated, both in theory
and experiment, and a summary of these efforts has been presented by Amann
(1968). However, in all of these studies the diaphragm which separates the high-
pressure region from the low-pressure region was located upstream of the nozzle
under investigation so that a well-formed shock entered the nozzle from the
upstieam side. No efforts were undertaken to study the shock formation in nozzles
immediately after flow initialization.

Large Blast/Thermal Simulators (LB/TS) arc specialized shock tunnels for
simulating blast and thermal effects associated with decaying blast waves such as are
generated by nuclear explosions. LB/TS’s are postulated to employ convergest-
divergent nozzles at the driver exit to retard the outflow of the high-pressure driver
gas thus generating long flow durations (Cadet and Monzac 1981; Mark, Opalka, et.
al. 1983; Pearson, Opalka and Hisley 1985; Opalka and Pearson 1988, 1989). The
nozzle design for an LB/TS differs from the nozzle design used in the previously
mentioned studies in that it has the flow-initiating diaphragm mounted in the throat
of the nozzle itself. When the diaphragm is ruptured, a shock forms travelling
downstream into the divergent section, while a rarefaction fan travels upstream into
the convergent section. No previous experimental research is known for this prob-
lem.

The U.S. Army Ballistic Research Laboratory (BRL), in cooperation with the
Erast-Mach Institut (EMI), Freiburg im Breisgau, Germany, therefore, initiated an
optical study of the flow start-up process in four convergent-divergent nozzles which
had the diaphragm separating the high-pressure and low-pressure sections of the
shock tube mounted in the throat of the nozzles. Under the auspices of a bi-lateral
data exchange agreement between the governments of the U.S. A. and the Federal
Republic of Germany (FRG), the experiments were performed in the 200mm shock
tube at EMI. The diaphragm was located at the upstream edge of the viewing win-
dow of high-quality optical glass through which shadow and schlieren photographs
could be taken. The optical measurements were supplemented by measurements of
the static pressure at three locations downstream from the nozzles.

The objectives of this investigation were to (a) obtain optical records of the
shock formation in the convergent-divergent nozzle immediately after rupturing the
diaphragm, (b) study the shock formation and flow start-up processes in the diver-
gent nozzles, (c¢) 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 (d)
facilitate comparisons with one- and two-dimensional hydrocode computations. The
test setup and the results of this experimental study are presented in this report and
the significant findings are discussed.
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2. BACKGROUND

The U.S. Army has proposed the construction of a test facility for simulating
ideal blast waves and large enough to test full-sized military equipment in order to
meet its growing need for blast and thermal survivability testing. The BRL was
assigned the lead role in the research and development phase of this project. Subse-
quently, the BRL developed a concept of such a facility, referred to as LB/TS, over
the past nine years. In 1988, the Defense Nuclear Agency (DNA) assumed respon-
sibility for the coastruction of such a facility to be located on the White Sands Mis-
sile Range (WSMR), New Mexico (Figure 1). The proposed U.S. LB/TS is suitable
to simulate both thermal and biast effects of nuclear explosions over a wide variety
of shock overpressures and weapon yields without generating nuclear radiation
effects (Figure 2). The LB/TS will be used to conduct blast and thermal survivabil-
ity testing on full-scale military equipment, like trucks and helicopters, and to per-
form research into nuclear blast phenomenology.

2.1 LB/TS Concept. An LB/TS is basically a shock tunnel whose cross-sectional
area varies along its length. Constant area (i.e., straight) shock tubes do not pro-
duce the flow durations which are observed in decaying blast waves. To obtain long
flow durations comparable to those of decaying blast waves, the outflow of the
driver gas has to be retarded. This is effected by converging the flow area at the
exit of the driver, so that the driver takes the shape of a bottle. Furthermore, a sin-
gle driver is technically impractical because of the size of the facility and the
required supply pressures in the driver. A number of smaller drivers has to be
employed to accomodate the necessary initial test conditions. The BRL LB/TS con-
cept is described in detail by Pearson (1987) and Opalka (1987, 1989) and illustrated
in Figure 3.

Blast waves will be simulated by releasing compressed gas from several high-
pressure steel driver tubes into a large expansion tunnel constructed of prestressed
concrete. The gas exits the drivers through convergent nozzles. Fast-acting valves
were to be mounted in the throats of these nozzles; but DNA abandoned the use of
valves for flow initiation in favor of the proven diaphragm technique. The diver-
gent nozzles were eliminated for cost efficiency. The expansion tunnel has a semi-
circular cross section with a 10m radius. This size is deemed necessary to avoid
blocking of the flow about the largest target. The test section for *he targets is cen-
tered at about seven hydraulic diameters (14.94m) downstream from the exit of the
driver nozzles in the expansion tunnel. The thermal simulation will be effected
through aluminum/oxygen combustion near the target. An active reflection-wave
eliminator (RWE) at the open end of the expansion tunnel prevents reflected shocks
or rarefaction waves from travelling back into the test section and disfiguring the
shape of the simulated blast wave.

2.2 LB/TS Design Studies. The BRL-Q1D code (Opalka and Mark 1986) was used
to perform computational studies for determining the design parameters of the pro-
jected facility. Parametric studies (Opalka 1987, 1989) were initiated to answer
questions about the necessary size and the expected performance of such a facility




for simulating the required range of blast waves. The scope of the computational
siudies encompassed pressure ratios from 4 to 200 acruss the diaphragm for
unheated driver gas with stagnation temperature T, = 288.15K and ratio of specific
heats y = 1.4 in association with the operating envelope for the planned U.S.
LB/TS (Figure 2). Standard atmospheric conditions were assumed as ambient in the
expansion tunnel for all computational simulations. Table I presents the test condi-
tions which were selected for the parametric BRL-Q1D computations. The shock
strength, the positive-phase duration, and the static and dynamic impulses of the
simulated blast wave in the test section of the LB/TS were defined from the initial
test conditions, i.e., the driver volume, V,4, the driver pressure ratio, P4/P;, and the
driver temperature ratio, T4/T;, where subscript 1 refers to driven (i.e., ambient)
and subscript 4 to driver conditions. For the purpose of this study, the initial throat
shock overpressure, pr;, was determined by iteratively solving the basic shock tube
equation, P4/P; = f(P1y/P;), where subscript 2 identifies conditions behind the
incident shock.

TABLE 1. LB/TS INITIAL TEST CONDITIONS
P, = 101.325kPa; T; = 288.15K

TEST SECTION
Ps, Psi 2.0 50 10.0 15.0 20.0 25.0 30.0 35.0
ps, kPa 13.79 34.47 68.95 103.4 137.9 172.4 206.8 241.3

DRIVER

P4/P, 4 14 38 55 8 110 145 188

P,, MPa 0.4053 1.419 3.850 5.573 8.106 11.145 14.692 19.050
THROAT

Pr2/Py 1.929 3.256 4.689 5.288 5.974 6.575 7.120 7.652
prs, kPa 94,11 228.6 373.8 434.5 504.4 565.0 620.1 674.0

Initially, the U.S. design studies were based on the Large Blast Simulator
(LBS) at the Centre d’Etudes de Gramat (CEG), France (Gratias and Monzac
1981). However, it soon became clear that a mach larger facility was needed in
order to accommodate the full range of anticipated targets (Ethridge, et. al. 1984).
Also, a broader range of shock overpressures and weapon yields was required to
cover the test conditions specified in the operating envelope (Figure 2). The results
of our computational studies with the BRL-Q1D code showed that the full-scale
blast/thermal simulation facility must employ driver gas heating, an active RWE,
and should use computer-controlled throat valves to optimize control and operation
of the facility. The divergent nozzles were eliminated from the design; however,
some questions remain about the usefulness of such divergent nozzles.

Experimental efforts were initiated at the same time, but test results became
available only much later because the construction of the model facility required a
long time. To date, small-scale experiments with heated driver gas, as well as an
active RWE model, have been completed and the results have been used to validate




the computational predictions (Coulter 1987; Gion 1989; Schraml and Pearson
1990). A throat-valve model has been built and is awaiting testing for the validation
of the design concept and the computational predictions. Also, a 1/6-scale test bed
using a double diaphragm and an active RWE is in the construction stage and, when
built, will be used for validating the design concepts, for research, and for vulnera-
bility testing of small items of military equipment.

2.3 Nozzle Flow Phenomena. The drivers of the proposed U.S. LB/TS, as well as
of the CEG-LBS, have the diaphragm which separates the high-pressure region from
the low-pressure region of the shock tunnel mounted in the throat of a convergent
nozzle. The CEG-LBS uses divergent nozzles to control the expansion of the flow
into the expansion tunnel. When the diaphragm is ruptured, a shock travels down-
stream into the divergent section, while a rarefaction fan travels upstream into the
convergent section. The time from the rupturing of the diaphragm to the establish-
ment of a quasi-steady flow pattern in the nozzle is defined as the starting process of
the nozzle. No previous experimental research is known for either the starting pro-
cess or the quasi-steady flow phase of these nozzles.

The divergent nozzles were eliminated from the U. S. design because they seem
to present certain problems. Figure 4 presents an experimental and a computational
pressure history of a 42 kPa/10 kT blast wave. It is argued that the pressure spike
that appears at the front of the blast wave in the experimental, as well as in the com-
putational pressure history, is caused by the divergent nozzles. This argument is
supported by computational results (Opalka 1987) 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 on the reaction pier
because the driver-nozzle combination functions like a rocket motor.

Eliminating the divergent nozzles apparently seems to 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 eliminating the spike at the front of the simu-
lated blast wave. On the other hand, results of small-scale pilot experiments (Gion
1989) seem to indicate that there are pressure losses connected to the introduction of
a large area discontinuity at the exit of the nozzle throat which are lessened when
divergent nozzles are used. Therefore, the use of divergent nozzles cannot be easily
dismissed. However, if divergent nozzles are included in the U.S. LB/TS design,
the nozzle length becomes a critical material parameter which itself depends of the
cone half-angle chosen for the nozzle design.

Amann (1968) 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°-15° and it is not known whether or not the
trend continues at higher angles. The BRL one-dimensional, and two-dimensional
flow computations (Opalka 1987; Hisley and Molvik 1988) agice with earlier
theoretical and experimental research that a recompression shock forms in the noz-
zles and either stays there for moderate diaphragm pressure ratios, or is swept down
the expansion tunnel for higher diaphragm pressure ratios. For want of knowledge,




and for comparison with the numerical predictions, experimental information is
needed on the flow start-up process with and without divergent nozzles from 15° to
90° on the shock formation period, the formation and location of recompression
shocks, and on the effect of the cone half-angle on the quasi-steady flow once the
start-up process is completed.

3. EXPERIMENTAL APPARATUS

The experimental apparatus at the EMI (Reichenbach and Opalka 1990) con-
sists of: A shock tube, which was especially modified for use in this study; a 24-
spark Cranz-Schardin camera and shadowgraph arrangement; and electronic control
and recording equipment.

3.1 EMI Shock Tube. The EMI shock tube has a circular cross section with an
inner diameter of 200mm. The driver section is 1.800m long, and the driven sec-
tion measures 6.980m in length (Figure 5). It is followed by a 1.570m long exten-
sion of rectangular crossection, which houses the test chamber. The rectangular
cross section of the test chamber is 110mm high by 40mm wide with its center
located 7.210m downstream from the diaphragm. The side walls of the test
chamber are formed by plane parallel windows (200mm long by 110mm high) of
high quality optical glass to facilitate optical investigations of the shock wave propa-
gation. An inlet channel of the same shape and cross section as the test chamber
and formed of polished aluminum plates protrudes 641mm upstream into the
axisymmetric driven section. A rectangular section is cut out of the arriving shock
wave by the sharp inlet edges of the channel walls (cooky cutter principle) to
prevent the boundary layers which have formed inside the driven section from
entering the test area.

The existing shock tube had to be modified in order to carry out the special
task requested with this project. The modifications include a new driver pressure
chamber which can be mounted inside the inlet channel, and the various model parts
for the divergent nozzles (Figure 6). The length of the driver pressure chamber was
chosen to be 1 m in order to delay the arrival of reflections from the end wall. The
new driver pressure chamber includes the convergent section and that part of the
nozzle throat which lies upstream of the diaphragm (see Figure 6a). The inner cross
section of the driver is 64 mm high by 30mm wide; it converges to a cross section
that is 16mm high by 30 mm wide at the diaphragm. Note that the diaphragm open-
ing shown in Figure 6b is larger than the hight of the nozzle throat. It is reduced to
the hight of the throat by lips on the half-nozzle models fitting into the opening (see
Figure 7). The diaphragms are composed of two Ultraphan sheets, each 0.1mm
thick, with an ignition wire of 0.08 mm diameter sandwiched between them (Figure
6b). Cellulose acetate sheet (Ultrapna:) has the desirable qualities of becoming
brittle when stretched and breaking rapidly. With this construction, the diaphragm
can be burst at an exactly predetermined moment in time by exploding the embed-
ded wire with a high-voltage pulse.




The test objectives require that the diaphragm be mounted in or near the test
section window of the shock tube in such a way that the view of the downstream
region of the throat and divergent nozzle is only minimally obstructed. The lengths
of the various divergent nozzle configurations (see Figures 6a and 7) necessitate
relocating the models in the test section window so that optical records may be taken
of all waves of interest from one (200mm) to three window lengths (600 mm)
downstream from the diaphragm. This requirement makes it necessary to locate the
diaphragm either at, or one or two times the window length upstream from, the left
edge of the test section window. The window locations are labeled B, C, and D in
Figure 6a. The location A was not used in this experimental effort.

3.2 Nozzle Configurations. Four convergent-divergent nozzle models were fabri-
cated (Figure 7), thus, producing the four different layouts of the divergent sections
shown in Figure 6a. All dimensions were scaled proportionately to the area ratios
of the convergent-aivergent nozzles used in the CEG-LBS. The 45° convergent sec-
tion is identical for all nozzle models and part of the driver assembly. The four
divergent nozzle configurations are characterized as follows:

a) A 90° divergent nozzle, i.e., a throat without a divergent section dumping the gas
directly into the expansion tunnel (Insert 2 shown in Figures 6a and 7a).

b) A divergent nozzle with a 45° cone half-angle extended to the full height of the
expansion tunnel (Inserts 2 and 3 shown in Figures 6a and 7b).

c) A 16° divergent nozzle with the area and length ratios of the Q1D-computational
CEG-LBS model (i.e., the 7 CEG-LBS nozzles combined into one) extended to the
full height of the expansion tunnel (Inserts 2 and 4 shown in Figures 6a and 7c).

d) A 6° divergent nozzle with the area and length ratios and the cone half-angle of
the nozzles used in the CEG-LBS design (Inserts 2 and 5 shown in Figures 6a and
7d).

3.3 Instrumentation. A 24-frame Cranz-Schardin spark camera and shadow-
schlieren system was the principal tool for the optical study (Figure 8). The sparks
from 24 point sources are focussed onto 24 objective lenses of the camera by means
of a concave mirror. At the moment a spark is generated, it is projected onto the
film plane through the objective lens onto which the image of the spark is copied.
This procedure has the advantage of needing no moving parts to align the path of
the light rays. Therefore, the optical resolution is determined essentially by the
aperture of the objective lenses. Parallax may present a disadvantage in some cases.
However, the effect of parallax is minimal in the present setup where a concave mir-
ror with a long focal length (f = 3.5m) is used in conjunction with a test section of
shallow depth (40mm). Parallax was found in these tests to be less than one percent
of the length scale.

The density gradients in the flow are made visible by the schlieren method.
The basic idea of the schlieren method is that part of the deflected light is inter-
cepted before it reaches the photographic plane, so that the areas of the flow field




through which it has passed appear darker. The Toepler technique (Schardin 1934),
using sharp knife edges, was found to yield the best results (see Figure 8). The sha-
dow method visualizes the second derivative of the density and is well suited for the
visualization of shock waves. The knife edge is removed and, to generate the sha-
dow effect, the objective lenses are focussed on a reference plane typically at a dis-
tance of 400mm beyond the center plane instead of on the center plane of the test
chamber. A point source of light is required for this method to work well. In the
EMI system, the light source has a diameter of less than 1mm. In the following
experiments, both methods 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 a high-voltage power unit, the trigger gauges
and electronic delay units for the timing of the Cranz-Schardin camera, and several
12-bit transient recorders. Kistler quartz pressure gages of type 603B were used to
sense the static pressure. They have a characteristic frequency response of approxi-
mately 500 kHz. Electrical filters with a maximum frequency response of 180 kHz
were installed between the pressure gauges and the charge amplifier in order to
prevent an overshoot of the signal.

3.4 Test Conditions and Procedure. The four model configurations were tested at
seven driver preccure levels; namely, at Py, = P,/P, — 4, 14, 38, 55, 80, 110, and
188. To test the functionality of the modified shock tube and to get a feel for the
starting process of the various nozzles, the models were tested at the lowest speci-
fied driver pressure level (P4 = 4) first. The tests then continued with the next
highest driver pressure level (P4, = 14). The operating driver pressure was 1.3 MPa
(13 bar) over atmospheric pressure, except for the lowest driver pressure ratio
where the driver pressure was 300 kPa (3 bars) over atmospheric pressure. The
actual initial test conditions are listed in Table II for all experiments. The experi-
mental driver pressure p4 given in the table is the fill pressure above atmospheric
pressure and is related to the absolute driver pressure by py = P4 — Py. The indivi-
dual letters B, C, and D indicate the window location at which the optical records
were taken (see Figure 6a). The combination of B/C and C/D indicates that the win-
dow was located halfway in between the positions shown in Figure 6a.

The test preparation was begun by installing the desired model configuration
and the diaphragm. The shock tube was then closed, the Cranz-Schardin camera
and the pressure recorders were readied, and all electrical connections were checked.
The recording film holder was opened in the darkened room and the firing and
recording controls were activated before the driver was pressurized. Once the
driver had reached the specified pressure, the driven section was evacuated as neces-
sary until the desired driver pressure ratio was established (see Table II). The rup-
turing of the diaphragm was initiated with an electric pulse of 10-20 kV to explode
the wire embedded between the two Ultraphan layers of the diaphragm. The same
pulse triggered the camera and the other recording equipment after some preset
delay time.




TABLE II. INITIAL TEST CONDITIONS
Config/P,;; | Shot# | Window Py To P4 P, P4y
Pos. mbar °C l bar mbar
90° Half-Nozzle (N90)
N90/004 | 13249 B 990 22.7 3.0 990 4.030
" 13254 B 989 23.5 " 989 +.033
N90/014 | 13258 B 988 22.6 13.0 988 14.16
N90/038 | 13310 B 996 23.2 13.0 368 38.03
N90/055 | 13301 B 992 24.2 13.0 254 55.09
" 13302 B 992 23.7 " ‘ 55.09
N90/080 | 13311 B 996 23.4 13.0 174 80.44
N90/110 | 13314 B 993 23.5 13.0 127 110.2
N90/188 | 13312 B 994 23.9 13.0 74 189.1
" 13313 B 993 23.2 " " 189.1
45° Half-Nozzle (N45)
N45/004 | 13244 B 990 24.6 3.0 990 4.030
" 13253 B 990 23.2 " " 4.030
N45/014 | 13259 B 088 23.3 13.0 988 14.16
" 13265 B/C 995 24.3 " 995 14.07
N45/038 | 13309 B 995 22.5 13.0 368 38.03
N45/055 | 13303 B 992 24.3 13.0 254 55.09
" 13321 B/C 993 23.8 " " 55.09
N45/080 | 13308 B 990 24.2 13.0 174 80.40
" 13319 B/C 994 22.3 " " 80.43
N45/110 | 13306 B 990 24.0 13.0 127 110.2
" 13320 B/C 993 23.5 " " 110.2
N45/188 | 13307 B 990 24.2 13.0 74 189.1
" 13318 B/C 990 24.8 " " 189.1

The principle of the electronic control circuit for the experimental process can
be seen in Figure 9. The preset delay time between the ignition pulse for bursting
the diaphragm and the first spark pulse of 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 pressure records were lost. A test log was kept
to record these events together with the initial test and ambient conditions for each




shot, the trigger times for the pressure recorders and for the Cranz-Schardin cam-
era, and the spark frequencies for the camera.

i

TABLE II. INITIAL TEST CONDITIONS (continued) |
Config/P4; | Shot # | Window Py Ty P4 P, P4y
Pos. mbar °C l bar mbar
16° Half-Nozzle (N16)
N16/004 | 13245 B 986 24.7 3.0 986 4.043
" 13246 C 990 23.6 " 990 4.030
N16/014 | 13260 B 088 23.5 13.0 988 14.16
" 13264 C 994 23.8 " 994 14.08
N16/038 13317 B 990 24.3 13.0 368 38.02
" 13322 C 993 22.2 " " 38.02
N16/055 | 13304 B 992 24.8 13.0 254 55.09
" 13323 C 993 22.8 " " 55.09
N16/080 | 13316 B 993 24.0 13.0 174 80.42
" 13324 C 993 23.0 " " 80.42
N16/110 | 13305 B 990 23.4 13.0 127 110.2
" 13325 C 993 23.7 " " 110.2
N16/188 13315 B 993 24.1 13.0 74 189.1
" 13326 C 993 24.0 " " 189.1
6° Half-Nozzle (N06)
N06/004 | 13247 B/C 987 24.0 3.0 987 4.040
" 13248 C/D 985 24.5 " 985 4 046
NO06/014 | 13261 B 990 23.6 13.0 990 14,13
" 13262 C/D 994 23.0 " 994 14.08
" 13263 C 994 23.4 " 994 14.08
N06/038 | 13327 C/D 993 23.0 13.0 368 38.02
NO06/055 | 13328 C/D 993 23.2 13.0 254 55.09
NO06/080 | 13329 C/D 992 24.5 13.0 174 80.41
NO06/110 | 13330 C/D 992 25.5 13.0 127 110.2
N06/188 13331 C/D 992 24.5 13.0 74 189.1




4. EVALUATION OF EXPERIMENTAL DATA

The nozzle flow start-up phenomena observed and the data reduction methods
used are described in this section. With each test shot, 24 shadow or schlieren pic-
tures were recorded on film by the Cranz-Schardin camera at constant time inter-
vals. A set of the optical records was forwarded by EMI to BRL for data reduction
and analysis. The complete set of X-t diagrams of the evaluated optical records is
presented in Appendix A.

The static pressure was recorded at three available gage locations in the tunnel
ceiling, 270mm, 760mm, and 889 mm downstream from the center of the test sec-
tion window. The pressure was recorded at all seven driver pressure ratios for the
90°, 45°, and 16° divergent half-nozzles in the window position B for which the
diaphragm is located at the upstream edge of the test section window, 100mm from
its center. A set of the pressure records was also forwarded by EMI to BRL for
evaluation.

4.1 Description of Typical Flow Phenomena. The 16° divergent half-nozzle
appears to be best suited for an explanation of the typical flow start-up phenomena
observed in this study because the available field of view (400mm) is the longest
among the four configurations under investigation. Two test runs were needed to
record the flow throughout the entire length of the 16° half-nozzle because the field
of view of the optical window was limited to 200mm. One test run covered the first
200mm of the 16° half-nozzle (window position B), and another test run covered the
range from 200-400mm behind the diaphragm location (window position C).
Therefore, each snapshot in time as, e.g., shown in Figure 10 is composed of two
separate photographic records. A heavy vertical line halfway through the nozzle of
some of the snapshots indicates that the fields of view of the two photographs did
not quite overlap.

A low-pressure case was chosen to illustrate the flow start-up phenomena
because all the phenomena of interest remain within the field of view until the start-
up process of the nozzle is completed. A sample sequence of shadowgraphs for the
16° divergent half-nozzle (N16) at the driver pressure ratio P4 = 14 (Code N16/014)
is presented in Figures 10a and 10c. The major nozzle flow phenomena were traced
from these photographs and are illustrated in Figures 10b and 10d. Figures 10a
and 10b show the early phase of the flow start-up process, and Figures 10c and 10d
show the late phase cf the flow start-up process. Flow phenomena like the incident
shock, the contact surface, boundary layer build-up, regions of flow separation, and
a system of multiple recompression shocks can be seen developing and moving
within and past the field of view. 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 asymmetrical and causes an uneven flow progress across the
height and depth of the throat. Initially, the shock consists of a system of two to
three curved compression waves which catch up with each other inside the throat
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channel (Figures 10a,b at 106 us after diaphragm break) and reflect from the ceiling
and the floor of the throat channel combining eventually iato one incident shock
(206 s). This formation period may take up to about 500us at the low end of the
driver pressure range, by which time the shock has progressed well into the diver-
gent section of the half nozzle (606s). A shock reflection is generated at the ceil-
ing of the half nozzle exit (Figures 10c,d at 821us) proceediiig across the flow area
and reflecting later on at the floor plate of e expansion chanael.

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 be easily detected because the associated flow turbulence, which it
brings with it, changes the texture of the background in the photographs (see
Figures 10a and 10c). Because of the turbulence, the contact front is very rugged.
Often, darker strings perpendicular to the flow direction can be detected in the tur-
bulent region behind the contact front (e.g., Figure 10a, 606ys). It is thought that
these strings are combustion products of the exploding wire that ruptures the
diaphragm, rather than compression waves which dissipate with time (Figure 10c,
1.321ms). Once the contact surface has entered the divergent section of the half-
nozzle, a variety of phenomena begin to occur simultaneously.

An expansion fan begins to develop at the exit of the throat channel, at the
corner with the divergent section of the half nozzle. It is best seen in Figure 10c; in
Figure 10a, the diaphragm fragments exiting the throat channel obscure the image of
the developing expansion fan. Inside the divergent section of the half-nozzle, a
recompression shock begins to form (606us). This shock develops into a bottle
shock spawning a second shock ahead of itself (Figure 10c, 1.322ms). The second
shock also develops into a bottle shock and may spawn a third shock ahead of itself
in the process (1.822ms). Extensive flow separation regions at both ceiling and
floor of the divergent half-nozzle develop during this process due to the boundary-
layer build-up in the flow channel. With the boundary layer well developed, the
system of bottle shocks changes into a system of multiple X-type recompression
shocks. The start-up process of the nozzle comes to completion when this system of
multiple X-type shocks becomes stationary either inside the nozzle, as in the present
case shown in Figures 10c and 10d (2.322ms), or downstream from the divergent
half-nozzle for high driver pressure ratios, as suggested in the photographs shown in
Figures 11b and 12.

Throat shocks appear inside the throat channel as a consequence of the
boundary-layer build-up (406us and later). As many as six shocks have been
observed at the lowest pressure level (P4 = 4). Two of these warrant special men-
tion because of their general presence at almost all test conditions. The narrowest
cross section exists at the diaphragm location. Once the flow reaches the sonic con-
dition in this cross section, it expands supersonically upon exiting into the throat
channel and a standing X-type recompression shock appears between 10-15mm
downstream from the diaphragm location (606 }is) at all pressure levels ex-ept the
lowest one. A second, bifurcated recompression shock appears in the throat channel
at about 50-60mm downstream from the diaphragm location and remains there
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throughout the start-up process of the nozzle (821us and later). A strong shock at
first, it separates into multiple bifurcated or multiple X-type shocks at later times.

Perhaps the biggest surprise in these photographs is the discovery of the asym-
metric flow through the divergent half-nozzle. It was the expectation 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 to the contact surface.
Behind the contact surface, however, the boundary-layer build-up along the floor
plate and the ceiling eventually causes the flow to separate. The flow then seeks its
own path by turning and more or less following the centerline of the half-nozzle.

4.2 Vortices, Fragments, and Other Curigsities. The 90° half-nozzle is a nozzle

without a divergent section. Two examples of the flow start-up process in the 90°
half-nozzle are presented in Figure 11. Figure 11a shows a sequence of selected sha-
dowgraphs for the lowest driver pressure ratio tested, Py = 4 (Code N90/004).
Recompression shocks can be seen in the throat and in the flow channel downstream
from the throat exit where the flow begins to turn, but the typical X-type shock near
the diaphragm is not seen at this pressure level. A system of five recompression
shocks develops in the throat of which one shock becomes stationary at the throat
exit and another one becomes stationary a short distance downstream from the
throat exit.

The interesting phenomenon of this case (N90/004) is the big vortex that fills
the corner downstream from and above the exit from the throat channel while the
flow continues straight ahead in a channel the height of the throat along the floor of
the expansion tunnel. The vortex can be seen beginning to develop in Figure 11a at
0.302ms and filling the entire dead-water region at about 1.302ms. This vortex
flow suggests that a sizable amount of internal energy is used up by the filling of the
dead-water region formed by the area discontinuity at the throat exit; and this
energy loss should have an influence on the downstream pressure recovery.

This pressure level is one of two at which such a big vortex was observed for
the 90° half-nozzle configuration. At the next higher pressure level, P4 = 14, the
vortex is equally big but fills the dead-water region faster and takes on a different
appearance because the structure of the turning flow is distinctly different from the
present case. The lack of observing such distinct vortices at higher pressure levels
(i.e., P4y = 38, and above) does not, however, imply that they do not exist. Rather
it is surmised that due to the turning of the flow and the faster equalization of the
static pressure in the corner, they may have been missed at the relatively coarse
sampling sequence employed in these tests.

The mainstream flow out of the throat in Figure 1la continues straight ahead
for the entire length of the test section without turning (see picture at 2.102ms) and
the schlieren picture at 1.702ms shows a very distinct slip stream commencing at the
throat exit and continuing through the range of observation. Unfortunately, the
flow further downstream from the throat exit could not be observed because it was
not possible to mount this configuration further upstream from the test section
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window. This proved a major handicap at the higher pressure ratios where the flow
phenomena of interest all moved past the field of view before the start-up process
was completed.

Figure 11b shows a sequence of selected shadowgraphs for the start-up process
at the highest driver pressure ratio investigated, P4y = 188 (Code N90/188). A bottle
shock can be seen to develop early in the start-up process (240-390ps) before the
recompression shock moves out of the field of view. From 240us on, the flow
appears to expand linearly at an increasing angle and steadying at 45° after 690 s.
The flow expansion appears to be disturbed by the strong reflection of the incident
shock from the ceiling at 540 us. By this time, the recompression shock has moved
beyouu ihe field of view, and the start-up process has escaped observation to its
completion.

The flow start-up process in the 45° half-nozzle is illustrated in Figure 12 for
the driver pressure ratio, P4; = 80 (Code N45/080). For this configuration, a field of
view of 300mm was available which allowed us to observe the start-up flow
phenomena for a longer distance downstream from the throat exit than for the 90°
half-nozzle. Still, the field of view is too limited to record all recompression shocks
up to the completion of the start-up period. The shadowgraph sequence in Figure
12a shows that a bottle shock has formed at 385 us, before the diaphragm fragments
enter the divergent part of the half-nozzle. At later times (Figure 12b), the expand-
ing flow and the bottle shock are disturbed by the reflected shock from the ceiling
of the expansion tunnel and by the diaphragm fragments.

The fragments of the ruptured diaphragms present an unavoidable disruption
of the flow field in all test cases. In the example shown (Figure 12b), the
diaphragm fragments are seen to disrupt the bottle shock from 803 us to 1.103 ms.
As the fragments leave the scene, the bottle shock recovers and bccome, stationary
within the field of view (1.463ms). However, the second recompression shock
which had already formed ahead of the bottle shock at 803 us has moved beyond it.
The throat shocks also are clearly visible in all the photographs of Figure 12.

The start-up process of the nozzle is also characterized by the flow separation
along the upper wall of the divergent nozzle. Initially, the flow separates at the
throat exit. A distinct slip stream can be seen at 385 s commencing at the throat
exit. As the start-up process continues, the separation point moves up along the
wall toward the nozzle exit at the ceiling of the expansion channel until a stable con-
dition is reached (1.103ms). The dead-water region near the corner is considerably
smaller than the one observed with the 90° half-nozzle and much of the flow vorti-
city is avoided with the addition of the 45° divergent nozzle. The significance of the
effect which the 45° divergence has on the flow will be discussed in the following
section.

4.3 Data Reduction Procedures. The shadow and schlieren pictures were
evaluated by measuring the distances of the various flow phenomena from a refer-
ence point in the photograph with the help of a digitizing pad that was controlled by
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a Zenith PC. The measured locations of these flow phenomena, e.g., incident
shock, contact surface, various recompression shocks, and some diaphragm frag-
ments, with reference to the diaphragm location (X = 0), were then recorded as
functions of time measured from the bursting ot the diaphragm (t = 0). From these
records, X-t diagrams were generated on an Alliant FX/1 computer using PVI (Pre-
cision Visuals, Inc. 1986) software. The data points for the window positions, B/C
(100-300mm), C (200-400mm), and C/D (300-500mm), downstream from the
diaphragm location were matched with the data points for the window position B
(0-200mm) by adding a time difference to the 24 recorded spark times so that the
data points for the incident shock recorded in the downstream window positions C
and D would continue on a straight line drawn through the last three data points for
the incident shock recorded in window position B. All X-t diagrams are shown in
Appendix A.

It was learned from the X-t diagrams that the data points for the incident shock
generally follow a cubic polynomial. From the X-t diagram for case N16/014, e.g.,
one can learn that the incident shock and the contact surface initially accelerate in
the throat of the nozzle, become constant for a short period of time, and, finally,
decelerate in the divergent section of the nozzle. Therefore, a least-sqares polyno-
mial of third degree was fitted to the data for the incident shock to determine the
intercept in time and this value was then used to correct the spark times so that the
data for the incident shock and the contact surface would pass through the origin of
the plot.

Measurements of the static pressure were taken at three available locations
along the ceiling of the expansion tunnel, 370mm, 860mm, and 989mm down-
stream from the diaphragm location. Examples are shown in Figures 13-15. Noise
caused by the high-voltage trigger signal can be detected at time zero. Most of the
pressure records show two, and sometimes three, shocks arriving at the gage posi-
tions in short succession of each other (about 10-50pus apart). In a first attempt at
evaluation, these pressure peaks were measured, scaled, and recorded with their
respective arrival times for each of the three gages. A comparison of the shock
recovery for the three half-nozzles using the pressure peaks of the pressure his-
tories, however, proved unsatisfactory and was discarded. Consequently, it was
decided to use a different approach.

In a second attempt at evaluation, the height of the pressure plateau behind the
incident shock(s) was determined from the pressure records averaging out the pres-
sure fluctuations by inspection. This judgement appeared somewhat subjective
because the fluctuations of the pressure traces are considerable indeed; however, this
approach was more successful than the first one. In one-third of the records, the
pressure plateau agreed with the first pressure peak (Figure 13), in another third it
coincided with the second pressure peak (Figure 14), and in the last third of the
records it fell in between the two pressure peaks (Figure 15). From the mcasure-
ments, the shock strength, Py, was determined and plotted versus the driver pres-
sure ratio, P4y, and the shock Mach number, M,. The results are discussed in the
following section.
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5. DISCUSSION OF RESULTS

The objective of this experimental investigation was to gather information on
the flow start-up phenomena in convergent-divergent nozzles such as are used in
large blast simulators. Of particular interest was the time required for the incident
shock to form, the influence of the divergent nozzle angle on the shock recovery,
the flow start-up period, and a comparison with computational predictions of the
flow start-up process. Subsequently, the shadowgraphs, X-t diagrams, and pressure
records were evaluated with this objective in mind. The flow start-up period, the
shock formation process, the flow expansion in the divergent nozzles, and the pres-
sure recovery for the 16°, 45° and 90° nozzles were summarized in graphs of the
defined nozzle characteristics versus driver pressure ratio or the shock Mach number
and are discussed in this section.

The 6° half-nozzle was excluded from the discussion because the available data
were too limited in scope. Except at driver pressure ratios Py = 4 and 14, optical
records were obtained only in window position C/D which afforded a view of the
area discontinuity at the nozzle exit. The area discontinuity, it turned out, had an
effect comparable to that of the 90° nozzle in that the nozzle acted like an extended
throat channel and, with the exception of the formation of the incident shock and
the throat shocks, the start-up phenomena of interest occured mostly downstream
from the nozzle exit. The field of view in this position proved to be too limited to
successfully record the flow start-up processes.

5.1 Flow Start-up Period. ~he start-up process of the nozzle was defined in Sec-
tion 2.3 as the time from the rupturing of the diaphragm to the establishment of a
‘quasisteady flow pattern in the nozzle. All flow phenomena observed during the
start-up process of the half-nozzles are well known from previous research of the
steady flow in ducts and nozzles at various exit pressure ratios of the nozzle
(Emmons 1958). The only difference for unsteady flow appears to be that all these
various phenomena appear together in the course of one flow sequence changing
from one into another with time. For example, a single, strong, bifurcated throat
shock changes with time into weaker, multiple bifurcated shocks and still later into
multiple X-type shocks in response to the changing back pressure ratio of the noz-
zle. This holds also true for the system of recompression shocks which developns in
the divergent nozzle and downstream from its exit, respectively.

The flow start-up period was determined from the X-t diagrams for three half-
nozzles. It is shown in Figure 16 as a function of the driver pressure ratio. The
data show that the flow start-up period decreases for all nozzles with increasing
divergent angle. The flow start-up period for the 16° half-nozzle could be deter-
mined for three pressure levels only (P4 = 14, 38, 55) because either the recording-
time periods, or the field of view for the other test cases were insufficient. These
data points are close above those for the 45° nozzle. The relatively large difference
in start-up time for the 90° half-nozzle as compared to the 45° half-nozzle can be
explained by the fact that the flow start-up period for this nozzle was determined
from the data for the throat shocks because the field of view behind the throat exit
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was too limited to observe the entire start-up process. It is surmised that if the
entire start-up process could have been observed, the differences in start-up time
between the 45° and 90° half-nozzles would have been found smaller, because in
those cases in which it could be observed (e.g., case N16/014 and N45/080), the X-t
diagrams reveal that the system of bottle shocks downstream from the nozzle exit
becomes stationary at somewhat later times than the throat shocks.

5.2 Shock Formation. In the general description of the flow phenomena in Sec-
tion 4.1, it was mentioned that the incident shock starts out as a series of compres-
sion waves which catch up with each other in the throat channel of the nozzle (e.g.,
Figure 12, 75us). The incident shock is further built-up by shock reflections from
the bottom or the ceiling of the throat channel (Figure 12, 135us) and appears to be
well-formed a short time after it has emerged from the throat channel (Figure 12,
255us). These observations could be made in all test cases and Figures 10-12
present typical examples of the formation of the incident shock. The approximate
period and distance of shock formation were determined by inspection from the opt-
ical records for each test case and the results are plotted in Figure 17.

Figure 17a shows the time it takes the incident shock to be well-formed as a
function of the driver pressure ratio for the three half-nozzles. The results indicate
that the incident shock forms fastest in the 16° half-nozzle and slowest in the 90°
half-nozzle. The time difference between the two configurarions appears to be
approximately 50 s over the whole range of driver pressure ratios. The shock for-
mation in the 45° half-nozzle presents a transition between the other two nozzles
starting out with periods even longer than in the 90° nozzle at the two lowest pres-
sure levels, and ending up with shock formation periods almost identical to the 16°
nozzle at pressure ratios above 40. Figure 17b presents the interesting result that
the shock formation distance is practically constant over the whole pressure range
tested.

The differences found in the shock formation periods for the three nozzle
angles may be significant for the LB/TS design if these times scale with the volume
of the facility. The statistical significance of the differences found is minimized
however by the tolerances involved in their determination. The tolerance associated
with each data value is proportionate to the time interval which was used for
sequencing the light sparks of the Cranz-Schardin camera. At the lower end of the
pressure range, the time interval between data points is 100us, and at the upper end
of the pressure range it narrows down to 40us. As a result, the differences in
shock formation period between the three nozzles may be insignificant altogether
because they are of the same magnitude as the tolerances involved in measuring
them.

5.3 Flow Expansion and Separation. The most significant flow feature of the 90°
half-nozzle is that the flow forms its own divergent nozzle. As the driver gas
behind the contact surface leaves the throat channel, the flow begins to expand at
some angle depending on the back pressure at the throat channel exit. This angle
can be identified by the slip stream visible in the shadowgraphs (e.g., Figure 11).
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The expansion angle approaches a quasi-steady value once the local disturbances
caused by the shock reflections from the ceiling and the floor have died down and
the diaphragm fragments have passed (e.g., Figure 11b, 915us). The flow expan-
sion angle was determined by reading and averaging the maximum and minimum
angles of the slip stream in the shadowgraphs and schlieren pictures at late times
close to the completion of the start-up process. It is plotted versus the driver pres-
sure ratio in Figure 18a and compared to the flow expansion angles in the 45° and
16° half-nozzles which were determined in the same manner. The results in
Figure 18a show that the flow stays attached in the 45° nozzle for driver pressure
ratios of 55 and above but seeks its own expansion angle at lower pressure ratios.
In the 16° half-nozzle, the flow stays attached for driver pressure ratios above 14.

The complimentary phenomenon to flow expansion is the separation of the
flow from the walls of the diverging duct that is formed by the nozzle configura-
tions. The flow separation angle for the three half-nozzles is plotted versus the
driver pressure ratio in Figure 18b. In the 90° half-nozzle, the flow has no choice
but to separate upon exiting at the exit of the throat channel. The flow separation
angle is defined in the same manner as the flow expansion angle and is therefore
equal to the latter. In the 16° nozzle, on the other hand, flow separation is almost
nonexistent. Only at the two lowest driver pressure ratios does the flow separate
halfway through the nozzle due to the boundary layer build-up. At pressure levels
above 14, the flow stays attached to the nozzle walls almost to the nozzle exit, where
it forms a small dead-water region to negotiate the corner at the ceiling of the
expansion tube.

In the 45° divergent half-nozzle, flow separation occurs at the three lowest
driver pressure levels tested, i.e., Py = 4, 14, and 38. At these pressures, the flow
separates at the exit corner of the throat channel for the entire flow start-up period.
At higher driver pressure levels, flow separation occurs early on in the start-up pro-
cess at the exit corner of the throat channel but as the start-up process continues, the
separation point moves downstream along the ceiling toward the exit of the diver-
gent nozzle. Toward the end of the start-up process, the separation point becomes
stationary at some point along the ceiling of the divergent nozzle. The flow then
stays attached to the ceiling of the divergent section of the half-nozzle.

The flow separates at a point near the corner of the nozzle exit, creating a
dead-water region to negotiate the corner formed by the divergent nozzle and the
expansion tube. The function of the flow separation angle for the 45° half nozzle in
Figure 18b shows a maximum about the driver pressure ratio, Py; = 40, and slightly
smaller separation angles for the higher pressure ratios. It is noted that this is not
the same angle as the flc'v expansion angle shown in Figure 18a. In comparison to
the 90° half-nozzle, however, the flow through the 45° half-nozzle showing separa-
tion angles of the same magnitude avoids much of the vorticity found in the flow
field at the area discontinuity of the 90° half-nozzle.
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5.4 Pressure Recovery. The static pressure history was recorded by pressure
gages mounted in three locations along the ceiling of the expansion tunnel, i.e.,
370mm (gage # 37), 860mm (gage # 86), and 989mm (gage #99) downstream
from the diaphragm location. The incremental shocks seen in these records follow-
ing the incident shock are most likely caused by reflections of the curved shock front
from the walls of the expansion tunnel as shown by Amann (1985). From the
records of the pressure histories at these gage locations, the plateau pressure behind
the incident shock was determined and plotted versus (a) the driver pressure ratio
and (b) the shock Mach number for all half-nozzles tested. An approximate smooth
curve or a linear least-squares regression was fitted through the data points for each
half-nozzle. The results are shown in Figures 19-21 for the three gage locations.

The results of shock strength, P,;, versus driver pressure ratio P4, at gage # 37
(Figure 19a), closest to the diaphragm location, do not present conclusive evidence
for a loss of shock overpressure as a function of the angle of divergence in the noz-
zles. Over the whole range of driver pressure ratios, both the 90° as well as the 16°
half-nozzles show nearly identical shock overpressures which are higher than the
corresponding values for the 45° half-nozzle. However, when plotted versus the
shock Mach number, M,, (Figure 19b), the shock strength in the 16° half-nozzle
appears to be higher than in the other two nozzles for the same shock Mach
number. Therefore, the results are apparently somewhat ambiguous at this gage
location because of the closeness to the nozzle exits. But, at distances further away
from the nozzle exits, at gages # 86 and # 99, the loss of shock overpressure with
increasing angle of divergence is defined clearly.

The approximate curve fits of the shock strength versus driver pressure at
gage # 86 in Figure 20a suggest that the 16° divergent half-nozzle produces an
enhanced shock strength compared t. that obtained without a divergence, i.e., the
90° half-nozzle. The difference in shock strength between the two nozzles amounts
to 7.8 percent at the highest driver pressure ratio (P4 = 188). The gain in shock
strength behind the 45° nozzle is 3.5 percent compared to the shock strength behind
the 90° half-nozzle at the maximum pressure ratio. The corresponding data at
gage # 99 seem to indicate an enhancement of 11 percent of the shock strength for
the 16° half-nozzle and of 7.8 percent for the 45° half-nozzle over the shock strength
for the 90° half-nozzle at the upper end of the pressure scale. These results agree
with those of small-scale LBS-model experiments carried out at the BRL (Coulter
1987; Gion, Private Communication) indicating a 10 percent enhancement in the
shock strength for drivers equipped with 6° divergent nozzles.

Plotting the shock pressure ratios against the shock Mach number
(Figures 19b-21b), and fitting them with a linear least-squares regression, reveals
the uncertainties involved in the measurements. Ideally, all data points would fall
on a straight line, but in reality there exis* inaccuracies in measurement. The corre-
lation is very good, however; all regressions have correlation factors above 0.9974
and the correlations improve with distance from the diaphragm location to better
than 0.9992 at the gage location furthest away from the diaphragm.
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An estimate of the uncertainties of the results was also attempted by comparing
the data points from gage # 86 with those from gage # 99. The records of the shock
overpressure of these gage positions indicate that the pressure loss between them is
negligible if existent at all. The distance between the two gages is only 129mm,
and, in many instances, a higher pressure was recorded at the more distant gage.
The relative differences in the measurements of the shock pressure at these gages,
O8Pgs_ g9 = (Pgs — Pgg)/Pg9, may therefore be used to determine the experimental
uncertainties. The uncertainties of the experimental measurements are defined by
the arithmetic mean, x, of the differences of all these pressure measurements and
their standard deviation, 6,_,. The arithmetic mean was determiined to x = 0.9175,
or 1.75 percent with a standard deviation of ¢,_; = 0.0136, or 1.36 percent of the
relative differences in the pressure measurements. This result implies that the loss
in shock strength between the 16° and the 90° half-nozzles of about 10 percent is sta-
tistically significant and therefore real.

5.5 Comparison of Experimental Data with Computational Results. A systematic

comparison of the experimental data of this study with BRL-Q1D code computa-
tional results was carried out and is presented in Appendix B. The BRL-Q1D code
(Opalka and Mark 1986) is a computer program written in FORTRAN 77 language
that uses quasi-one-dimensional, adiabatic, inviscid, numerical algorithms to solve
the Euler equations. The code incorporates two computational techniques. One is
an implicit finite-difference technique developed by Beam and Warming, the other is
an explicit finite-difference technique according to MacCormack. These techniques
are applied to the quasi-one-dimensional Euler equations in their weak conservation
form. The governing equations are derived for arbitrary geometries and
transformed into a uniform computational grid retaining the weak conservation
form. Linear and non-linear gridding options are available. The implicit technique
(Beam and Warming 1979) was used in this application. Central spatial differencing
casts the difference equations into a block-tridiagonal structure which is solved for
the increments in the dependent variables at each successive time step.

The BRL-Q1D code can provide only a rough, qualitative estimate of the com-
plex flow start-up process in convergent-divergent nozzles because it is limited to
one flow dimension and does not model viscous effects. Generally, the computa-
tional results are fair considering the inherent limitations of the code. The flow
phenomena observed in the experiment are generally reproduced by the computa-
tions as long as they are not strongly dependent upon viscous effects. With the
exception of the 90° half-nozzle, the experimental incident shock and contact surface
are matched by the computational data for low driver pressures. With increasing
driver pressure, however, the experimentally observed initial flow acceleration and
shock formation phase becomes more pronounced. Hence, an increasing
discrepancy between the experimental and the computational paths for the incident
shock and the contact surface is observed with increasing driver pressure.

The system of recompression shocks observed in the experiment coexists with,

and is functionally dependent upon, the boundary layer build-up during the start-up
period of the nozzles. The boundary layer and the recompression shock system
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cannot be modeled by the inviscid computational scheme. With the exception of the
6° half-nozzle, the computations predici only one recompression shock which gen-
erally does not coincide with the experimental system, and moves much slower than
the experimental shocks at low driver pressures, and much faster at high driver
pressures. In between, there exists one pressure level at which the computational
recompression shock happens to coincide with one of the experimental shocks. This
pressure level is different for each divergent nozzle angle.

The experimental evidence suggests that the system of multiple X-type
recompression shocks does not move nearly as far downstream into the expansion
tunnel as does the computational single recompression shock and decays faster than
the computation predicts. The computation also cannot predict the standing
recompression shocks in the throat channel. It predicts a moving shock instead
which weakens and dissipates as it approaches the exit of the throat channel. For
the 90° half-nozzle, the computation produces a standing recompression shock at the
exit of the throat channel at all pressure levels in addition to the aforementioned
shock.

6. CONCLUSIONS

Four convergent-divergent nozzle configurations were successfully tested at
seven driver pressure ratios to study their flow start-up processes. However, the
field of view for the 6° divergent 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 processes downstream from the exits of
the 90° and 6° half-nozzles. The results for the 6° divergent half-nozzle were not
discussed here because they were too incomplete to contribute to the discussion.

The pressure histories and the optical flow records reveal that the flow is very
sensitive to local disturbances, e.g., flow asymmetries caused by the breaking of the
diaphragm, the passage of the diaphragm fragments through the flow field, and the
boundary-layer build-up during the start-up period of the nozzles. Strong reflec-
tions of the incident shock at the exit corner of the 45° and 90° half-nozzles interfere
with the flow during the start-up process. A system of multiple recompression
shocks is generated by the flow in the throat channel and in the divergent section of
the half-nozzle in response to the boudary layer build-up along the walls of the flow
channel.

From the observations and the analysis of the available data, the following con-
clusions could be drawn.

a) The 90° nozzle effectively forms a divergent section by establishing its particular
flow expansion angle in response to the particular driver pressure ratio, but the
penalty to be paid is a loss in shock strength of about 10 percent compared to the
shock recovery in the 16° divergent half-nozzle at the highest driver pressure ratio.
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b) The shock formation period ranges from 440+ 50us at the low end of the pres-
sure scale to 250+ 25u s at full scale for all nozzles. The shock formation distance is
practically constant over the entire pressure range with a mean value of 157mm and
a standard deviation of the recorded values of 6,_; = 16 mm.

¢) The start-up period of the 45° nozzle ranges from 2.55ms at the lowest pressure
level (P4; = 4) to 1.12ms at the highest pressure level (P4 = 188). The information
on the start-up period for the other nozzles is incomplete.

d) No pressure spikes at the incident shock front of the pressure histories were
observed in these experiments such as were found in the experimental CEG-LBS
pressure histories or in the BRL-Q1D computations. This is thought to be due to
the low area expansion ratio (1:7.5) between the throat and the expansion tunnel.

e) The BRL-QID code proved to be an inappropriate tool for studying the detailed
flow phenomena of the start-up process in nozzles. It remains a useful engineering
tool for generating Oth-order estimates of such flow phenomena and for parametric
design studies in shock tubes and tunnels.

Based on the present findings, it is recommended that the experiment be
repeated for higher throat/test-section area expansion ratios of 1:15 and 1:30 with
redesigned divergent nozzle models of 16° 30° 45° and 90°. The influence of a
partial area discontinuity at the nozzle exit should be studied in this future phase of
the experiment. Since the half-nozzle configuration did not yield the desired one-
half symmetrical flow pattern above the center axis (p. 12), future tests should
include at least one full-nozzle configuration.

The 90° half-nozzle is of special interest to the project engineer because the
elimination of the divergent nozzles from the LB/TS design saves a great deal of
material cost in nozzle construction. It was found that the flow through the 90°
half-nozzle with its area discontinuity at the throat channel exit behaves like the flow
through the 45° half-nozzle but yields a lower shock pressure than the latter. The
money saved by not having an efficient nozzle design may be lost several times over
by requiring a higher design pressure for the drivers and, thereby, thicker walls and
a stronger pressure delivery system. Therefore, 45° divergent nozzles are recom-
mended for the full-scale LB/TS to avoid additional losses in shock pressure.
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