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INTRODUCTION

1. 1 General Introduction

There are three fundamental steady-flow regimes when a compressible gas is discharged
from a passage into a region having a given pressure, as follows: (1) adapted jets, where the
passage exit and ambient pressures are the same; (2) nonadapted underexpanded jets, where the
passage exit pressure is higher than the ambient pressure; and (3) nonadapted overexpanded
jets, where passage exit pressures are lower than the ambient pressure (Shapiro, 1954). The
nonadapted steady flows only occur when the Mach number at the passage exit is sonic or
supersonic, so that the pressure disturbances from the ambient region cannot propagate into the
passage to equalize the passage exit and ambient pressures. Instead, pressure equalization is -
achieved in a multidimensional external expansion or compression region near the passage exit,
which involves supersonic velocities and the appearance of shock and expansion waves. The
objective of this investigation was to complete an experimental study of the structure and
mixing properties of one class of turbulent nonadapted jets, namely: underexpanded free jets in
a still environment, where the flow is sonic at the passage exit. Underexpanded jets of this
type can be produced by compressible flows in converging nozzles or constant-area passages
(Shapiro, 1954). Predictions were also undertaken, both to assist interpretation of the
measurements and to initiate evaluation of methods for analyzing the process.

Sonic underexpanded free jets appear in a number of practical applications, e.g.,

combustion in SCRAMJET engines, gas-mixing systems in the process industries, oil-well
blowouts, and breaks in high-pressure systems, among others. In addition, sonic I
underexpanded jets are often used for processes involving the injection of gases into liquids, to
achieve stable injector operation (Chen and Faeth, 1982, 1983). Information concerning
underexpanded gas jets in gases is needed to gain a better understanding of the structure and
mixing properties of these important multiphase flows, and the mechanism by which
underexpansion stabilizes the flow.

The general behavior of sonic underexpanded free jets can be pictured as the flow

between two large reservoirs. This process is sketched in Fig. 1, following Shapiro (1954).
In order to simplify the discussion, the connecting passage is taken to be a converging,
frictionless nozzle. Static pressures along the axis of the flow are plotted for various pressures
in the upstream reservoir, Po' with a constant pressure p.*, in the downstream reservoir. In all : .
cases, the flow accelerates as the pressure drops in the passage, with the maximum velocity

and Mach number within the passage reached at its exit. When the pressure difference between
the two reservoirs is small, the velocity at the exit of the passage is subsonic and the pressure at
the passage exit is equal to the ambient pressure, yielding an adapted jet. As the upstream
pressure is increased, velocities and Mach numbers at the passage exit increase, eventually
reaching sonic velocity, yielding a sonic adapted jet (the upstream reservoir pressure at this
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condition is denoted po* in Fig. 1). When the upstream reservoir pressure is increased beyond
Po*, the flow remains sonic at the passage exit. However, pressure disturbances cannot

propagate upstream in a sonic flow; therefore, the pressure at the passage exit, PC, increases

above the pressure in the downstream reservoir, since the pressure ratio, ps/po, needed to

achieve sonic conditions for frictionless flow is a constant (Shapiro, 1954). This yields an
underexpanded sonic jet at the passage exit: the ambient pressure is finally reached through an
external expansion process which involves pressure fluctuations along the axis, roughly as
sketched in Fig. 1.

The nature of the external expansion process near the passage exit is illustrated in Fig. 2.
The external expansion region is sketched in the figure, assuming a slightly underexpanded
sonic jet with a uniform flow at the passage exit. Expansion to the ambient pressure is initiated
by a Prandtl-Meyer expansion fan, centered at the periphery of the passage exit. As the
pressure drops in the expansion fan, the flow accelerates and becomes supersonic. The
expansion waves reflect from the constant-pressure boundary of the flow as compression
waves (not shown in Fig. 2) which steepen and intersect to form an intercepting shock. The
intercepting shock propagates toward the centerline, where it is reflected as an oblique shock.
The pressure behind the oblique shock is higher than the ambient pressure, similar to
conditions at the jet exit; therefore, another expansion fan is formed when the reflected shock
reaches the edge of the flow, leading to additional shock structures (shock cells), qualitatively
similar to the first (Adamson and Nicholls, 1959). Near the edge of the flow, however, a jet
mixing layer develops, where the flow finally adjusts to the still ambient environment. Growth
of this viscous mixing layer constricts and weakens the shock-cell pattern, causing it to
disappear when the sonic line within the mixing layer reaches the axis. The alternate
intersection of expansion and shock waves at the axis, in conjunction with the growing mixing
layer, causes the decaying oscillatory pressure variation sketched in Fig. 1.

The features of slightly underexpanded sonic jets can be seen in the Schlieren
photographs appearing in Figs. 3 and 4. These photographs were obtained during the present K
investigation for sonic flow at the jet exit and an underexpansion ratio (defined as pe/p.) of

1.64. Figure 3 is a continuous Schlieren photograph which highlights the shock-wave
structure of the flow. The repetitive shock-cell pattern near the jet exit can be seen as well as
the progressive reduction in the dimensions of the shock cells with increasing distance from the
injector. Figure 4 is a short-duration (ca. 0.1 ts) spark Schlieren photograph, which
highlights the development of the mixing layer (the turbulent mixing layer appears as a mottled
area due to density fluctuations). The shock cell structure, however, can still be seen on the
photograph.

Figure 5 is a sketch of the entire flow field near the exit of a slightly underexpanded
sonic free jet. Similar to Fig. 2, the flow at the exit of the passage is assumed to be uniform,

o 0.3
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yielding a shock-containing inviscid region, where static pressures vary near the core of the
flow. This region is surrounded by the growing mixing layer which contains the sonic line.
Once the sonic line reaches the axis, the flow becomes a subsonic free jet having nearly
constant static pressures. The various processes in this flow can be broken dov n into three
regions (Dash and Wolf, 1984), as follows: the near-field region, where inviscid shock cells
dominate the flow; the transition region, where viscous processes become more important as
the flow at the axis passes through the sonic velocity; and the far-field region, which is a
conventional subsonic, constant-pressure mixing process. This evolution of the shock-wave
pattern can be seen in the continuous Schlieren photograph appearing in Fig. 6. This
photograph was obtained for the same conditions as Figs. 3 and 4, e.g., a sonic jet with an
underexpansion ratio of 1.64. In this case, several shock cells can be seen in the near-field
region.

When the underexpansion ratio increases, the strength of the shock waves in the
near-field region increase as well. Eventually, a condition is reached where normal shock
waves (called Mach disks) appear in the flow field as pictured in Fig. 7. The Mach disks
appear since they provide the only mechanism which can sustain the higher pressure ratios
needed to match the ambient pressure when the reflected shock reaches the edge of the flow
(Abbett, 1971; Adamson and Nicholls, 1959; Crist et al., 1966). The intercepting shock, the
Mach disk, and the reflected shock all meet at a triple point. The flow behind the Mach disk is
subsonic, while the flow behind the reflected shock is supersonic. Between these two regions
a second mixing layer forms (the Mach disk mixing layer) which originates from the triple
point (Dash and Wolf, 1984). Similar to conditions where Mach disks do not appear, the
reflected shock reaches the edge of the flow where it is reflected as an expansion fan to repeat
the process again. Viscous effects in the jet and Mach disk mixing layers cause the wave
pattern to weaken, passing through a regime where only oblique shocks are observed to finally
a subsonic constant-pressure jet, similar to the flow pictured in Fig. 5.

The structure and evolution of the flow for a highly underexpanded sonic jet can be seen
in the Schlieren photographs appearing in Figs. 8-10. These photographs were obtained
during the present investigation: Figs. 8 and 9 are continuous and spark Schlieren photographs
of the near-field region of a jet having an underexpansion ratio of 4.20; and Fig. 10 is a
continuous Schlieren photograph of the entire shock-containing region for an underexpansion
ratio of 2.58. In all these cases, a Mach disk is present in the first shock cell, while the
remaining shock cells only contain oblique shock waves. The spark Schlieren photograph of
Fig. 9 shows the development of the jet mixing layer, for highly underexpanded jets, similar to
Fig. 4 for slightly underexpanded jets. The Mach-disk shear layer, however, is obscured since
it is surrounded by the jet mixing layer for the present axisymmetric flows.

It is clear that sonic underexpanded free jets involve a rich variety of fluid flow
processes. Of particular interest is the interaction between turbulence in the mixing layers and
the shock wave pattern, since this interaction controls the extent of the shock-containing

S

"U



, -:'-.,:S t

* 45*
"

Fig. 6 Typical continuous Schlieren photograph of the whole
flow field of a slightly underexpanded jet (underex-
pansion ratio of 1.64)."

.,S .J.,

5%0

9

6ir



C) -

U- 0 U x

Wcrr

-i c

Z Z'

x (n

1.

-J 71-

LV))
"z~-

N1lt

uLlJz4t

-i <

CLs~
xN

Ir ALI ~ %~I( (%d ~ %4 ~ ~ '*



%J*

N

r, %

d0I d

Fig. 8 Tvpical continuous Schlieren photograph of near-field .~~region of a highly underexpanded jet (underexpansion ,'
ratio of 4.20).

SO%

, 'N

,a"': ,

,,_,-.,, ... .. . ,-.-, Fig-_,. S T,_,, ypical..... - .-. , ,... contin ousShijer n -pho ograp of ,- - ner- field.. . -. ., .. ,..,.-+,.:.,.,.,..,,,,



i 
I

wA

40,,

Fig. 9 Typical spark Schlieren photograph of near-field
region of a highly underexpanded jet (underex-pansion ratio of 4.20).

'12



Ie

1311

I
L.... A

B- ,

Fig 10 Typca cotinou Scijeen hoogrph f he hol i. -
flow feld o a hihly uderexpnded et;(uderex

pansin rato of .~8)

'.." ,..L



portion of the flow. The objective of the present investigation was to examine this shock-wave
containing near-field region of sonic underexpanded jets both theoretically and experimentally.
The near-field region of subsonic and sonic adapted jets was also examined, in order to provide
baselines for predictions and measurements of the underexpanded jets.

1.2 Related StudiesPast studies related to underexpanded turbulent jets will be briefly discussed in the

". following. Subsonic and supersonic jets will be considered in turn: the former since they 2
provide a baseline for studying effects of variable density phenomena in turbulent flows, while

minimizing effects of compressibility; the latter since they are directly related to the objectives
and methods of the present investigation.

Subsonic Jets. Numerous theoretical and experimental studies of subsonic jets have
been reported, see Hinze (1975), Schlichting (1979) and Wygnanski and Fiedler (1969) for
reviews of early work in the field.

Initial measurements of velocities in turbulent supersonic jets used pitot probes and hot .1
wires; for example, Corrsin and Uberoi (1951), Wygnanski and Fiedler (1969), Ribeiro and
Whitelaw (1974) and Antonia et al. (1975). These measurements demonstrated that velocity
distributions exhibit self-similarity a few diameters downstream of the jet exit. More recently,
the nonintrusive laser Doppler anemometer (LDA) has been used to measure velocities in
adapted jets; for example, Kotsovinos (1975), Shaughnessy and Morton (1977) and Lau et al.
(1979). Kotsovinos (1979) and Lau et al. (1979) showed that probability density functions of
velocity near the edge of jets in still environments exhibit negative velocities a significant
fraction of the time. This implies errors in earlier probe measurements, due to their inability to
resolve directional ambiguity.

The scalar field produced by adapted jets has also received attention. Initial
measurements used probes and have been reviewed by Long (1963) and Field et al. (1967). ,
Corrsin and Uberoi (1950, 1951) report early measurements of mean and fluctuating
temperatures in heated round jets, using hot-wire probes. One of the most comprehensive

studies of scalar mixing using hot wires is that of Antonia et al. (1975), where higher moments
of velocity and temperature fluctuations, and their cross-correlations, were measured.

Rosensweig et al. (1961) and Becker et al. (1967) completed early studies of scalar
mixing in turbulent jets, using Mie scattering from seeding particles in the jet flow. This
technique is easy to implement since Mie scattering signals are strong, allowing use of .1

incoherent light sources, but the method has deficiencies due to excessive shot noise resulting
from limitations in feasible levels of seeding densities. Once lasers became available, interest
shifted from particle (Mie) scattering to molecular scattering techniques, where the large -
number of molecules within even a very small optical measuring volume very much reduces 4.
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problems of shot noise. Popular laser scattering methods include: Rayleigh scattering (Graham 04
et al., 1974; Dyer, 1979; Yee et al. ,1983; Escoda and Long, 1983; Pitts and Kashiwagi ,1984;
and Schefer and Dibble, 1986); and Raman scattering (Smith and Giedt, 1974; Lapp, 1974;

Robben, 1975; Birch et al., 1978; and Drake et al., 1981).

There have also been numerous theoretical studies of subsonic jets. Early work

concentrated on similarity-type correlations, integral models and mixing-length models (Birch
et al., 1978, 1984; Forstall and Shapiro, 1950; and Hinze, 1975). Beginning with Rodi,,
(1972), Launder et al. (1971) and Lockwood and Naguib (1975), recent interest has turned to
the use of higher-order turbulence closures for the high-Reynolds number jets encountered in
most practical applications. Initially, difficulties were encountered in establishing empirical
aspects of these closures, since the important effects of initial conditions at the jet exit were not
immediately recognized. Effects of variable-density jets were also problematical, but later use
of mass-weighted Favre-averaged quantities has yielded methods which are reasonably
effective when Mach numbers are low and the Reynolds number is high (Bilger, 1976). In this
laboratory, numerous evaluations of predictions and measurements in low-speed, high
Reynolds number, round jets have been reported, which have established reasonably reliable
methods for finding mean properties in constant and variable density jets when initial
conditions are properly known (Chen and Faeth, 1982, 1983; Jeng and Faeth, 1984; Shuen et
al., 1984; and Sun and Faeth, 1986). Major uncertainties, at this time, relate to turbulence
quantities and improvements in the physical basis of higher-order turbulence closures - even
for simple free jet flows. Another limitation is that past work has not considered high-speed
supersonic flows, where effects of the kinetic energy of the flow must be considered. V

Suplrsonic Jets, Supersonic adapted and underexpanded jets have received far less I
attention than subsonic jets. The reason for this is that the varying static pressure field, the
high velocities, and the presence of shock waves cause significant measurement difficulties.
The absence of data needed to evaluate predictions has also limited the development of theory
for these flows. .. -

Early studies of underexpanded jets focussed on the properties of the Mach disk
(Adamson and Nicholls, 1959; Lewis and Carlson, 1964; Crist et al., 1966; and Davidor and
Penner, 1971). These studies generally used shadowgraph and Schlieren techniques to
measure Mach disk size and position and inviscid analysis to estimate these properties:
achieving some success for nozzle flows. More recently, Addy (1981) used shadowgraphs to
find the size and location of the Mach disks - observing significant effects of nozzle geometry
(all having small length-to-diameter ratios) which he attributes to variations in the position of
the sonic line at the jet exit.

Early measurements of the structure of underexpanded and supersonic jets are reviewed
by Eggers (1966) and Birch and Eggers (1973). This generally involved the use of probes, S
particularly for measurements of mean quantities along the axis of the flow. More recent probe
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measurements of static pressure distributions along the axis of underexpanded jets have been
reported in conjunction with shock noise studies by Seiner and Norum (1979, 1980). Most of
these measurements were limited to convergent/divergent nozzle configurations.

Several nonintrusive techniques have been applied for measurements of velocities in
supersonic gas jets; however, most studies reported thus far have concentrated on the
development of instruments and the current velocity data base for these flows is limited. .
Huffaker et al. (1969) discussed the selection of LDA tracers for supersonic flows, pointing ..

out potential problems of achieving good particle response and adequate signal-to-noise ratios
which have plagued most subsequent workers. For example, Flack and Thompson (1977),
Lau and coworkers (1979, 1980, 1981), Ewan and Moodie (1986) and Birch et al. (1987),
either avoided the supersonic portion of the flow entirely, or only reported a few points along
the flow axis as part of an empirical correlation scheme (Birch et al., 1987).

Use of laser scattering from molecules provides a means of eliminating problems of the
limited response of particles. Gustafson (1981) has showed that coherent anti-Stokes Raman
scattering (CARS) can be used to measure velocities in supersonic flows, by observing the
Doppler shift of the CARS spectra, similar to methods based on emission spectra which are
widely used in astronomy. The high cost of CARS systems, however, precludes widespread
use of this technique. Laser-induced fluorescence (LIF) offers a less expensive alternative
whose feasibility appears to be promising based on studies of subsonic gas flows (Hiller et al.,
1983) and supersonic jets (McDaniel et al., 1983; McDaniel, 1981a, Hiller et al., 1986).

Turning to scalar properties, density, pressure, temperature, and species concentrations

are of interest. McDaniel et al. (1982) proposed the use of off-resonance laser-induced z
fl uorescence (ORLI) for density measurements. However, ORLI is not very desirable for ]

measurements of compressible flows at atmospheric pressure, due to quenching effects, and
this approach has not been pursued.

The use of LIF for static pressure measurements in underexpanded jets was first
proposed by McDaniel (1983). Subsequently, Hiller et al. (1986) applied LIF to the pressure
field of an underexpanded round nitrogen jet, using image-intensified detection. These results .

were encouraging and demonstrated the feasibility of LIF for pressure measurements. -

Due to collisional quenching of the excited state, LIW is a function of temperature as well
as pressure. This has prompted the use of laser-induced iodine fluorescence for a number of
temperature measurements in compressible flows; for example, the flow field within a Laval , .,.

nozzle (Fletcher and McDaniel, 1987) and in a nonreacting scramjet combustor simulation ., ".
(Fletcher and McDaniel, 1987a). However, these measurements have been limited to mean
temperatures. Species other than iodine have been used for LI temperature measurements:
Gross and McKenzie (1985) reported that LIF from nitric oxide (NO) was sensitive to
temperatures in the range 150-295 K, with uncertainties using current technology of one
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percent for mean temperatures and six percent for temperature fluctuations. Traditional
techniques of infrared spectroscopy have also been used to measure mean stagnation
temperature ratios for supersonic jets (Robinson et al., 1979).

Concentration measurements needed to find the mixing properties of underexpanded jets
are very limited. Birch et al. (1984) measured the concentration decay of underexpanded
natural gas jets injected into still air using sampling and gas chromatography. These
measurements were limited to the flow axis, and emphasize conditions in the constant-pressure
portion of the flow.

Computations of underexpanded jet flows have also proved to be very challenging and -
are not well established due to uncertainties in numerical methods and lack of data concerning
turbulence properties to assess turbulence modeling approximations. Vatsa et al. (1981, 1982)
report calculations for slightly underexpanded jets, using a quasiparabolic algorithm and an
empirical algebraic turbulence model. The comparison between predicted and measured static
pressure distributions was encouraging. Mikhail et al. (1980) report some computations using
MacCormack's explicit scheme for a nozzle boat-tail configuration. During this investigation,
computations for a highly underexpanded jet, containing a Mach disk were attempted,
however, the solution converged to only the weak-shock mode. Therefore, further studies of
computation methods capable of the strong shock-capturing were suggested.

More recently, Dash and Wolf (1984a), Dash et al. (1985), Seiner et al. (1985), and
Dash et al. (1986) reported strong-shock-capturing computations of turbulent underexpanded
jets, using several contemporary turbulence models, where the stiffness difficulties were ,.

avoided. The parabolized Navier-Stokes approach was developed to calculate the fully-coupled
viscous/inviscid jet interaction flowfield. The code, which is called SCIPVIS, includes a
hyperbolic/parabolic method for treating the supersonic viscous portions of the flow, with a
partially-parabolic method for treating the subsonic nonconstant pressure mixing region. The
comparison between predictions and existing measurements for nozzle flows was encouraging,
especially for mean static pressure variations along the jet axis. These properties are largely
governed by inviscid effects, however, so that the effectiveness of turbulent mixing predictions
are still uncertain.

Analyses, or turbulent models, used for high-speed and underexpanded jet flows are
largely adopted directly from methods used for low-speed flows (Dash and Wolf, 1984a,
1984b). It has not been possible to adequately evaluate these methods, or extend them if
necessary, due to the unavailability of needed structure measurements. It is widely recognized
that turbulent mixing properties are influenced by compressible flow phenomena. In particular,
the growth of mixing layers in high-speed shear layers is known to be smaller than in
low-speed flows (Dash and Wolf, 1984a, 1984b; Bogdanoff, 1983; and Papamoschou and
Roshko, 1986). The importance of this effect can be represented by the convective Mach S
number of the mixing layer. Compressibility corrections for higher-order turbulence closures
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have been proposed (Dash et al., 1975), however, limited evaluation of these methods has not
been very encouraging (Dash and Wolf, 1984a, 1984b). 4i

Due to the difficulties of exact treatment of the external expansion region of
underexpanded jets, a number of approximate methods have been proposed (Kalghati, 1981,
1984; Birch et al., 1984, 1987; Hess et al., 1973; and Gore et al., 1986). This involves
avoiding detailed analysis of the near-field and transition regions, by seeking an equivalent
adapted-jet initial condition. Kalghati (1981, 1984) and Gore et al. (1986) assumed that the jet
exit flow can be approximated by an equivalent converging/diverging nozzle flow where the
flow at the exit of the nozzle has expanded to the ambient pressure. Several other equivalent
adapted exit conditions have been proposed, as follows: a "pseudo diameter" approximation
which only satisfies conservation of mass (Birch et al., 1984); a "pseudo source" method
where both the mass and momentum of the jet are satisfied (Birch et al., 1987); and a
"momentum/velocity" technique where all of the excess pressure at the jet exit is assumed to
effectively increase the momentum of the jet (Hess et al., 1973; Gore et al., 1986). All these
concepts were predated by theoretical ideas reported by Hess et al. (1973). The details of '

near-field cannot be found using these approximations; however, some success has been
achieved concerning the far-field mixing properties (Birch et al., 1987).

To summarize, past measurements of underexpanded jets are very limited, due to
difficulties in obtaining adequate instrument accuracy. However, laser-based nonintrusive tN,
techniques have been reported which appear to be promising for measurements of velocities
and scalar properties in the near-field of underexpanded jets. Recent predictions of these flows
have been reported by Dash and coworkers (1984, 1984a, 1985, 1986), using contemporary
turbulent mixing models. However, evaluation of these predictions has not been very

'" definitive due to the limited availability of measurements, and methods for treating reduced
turbulent mixing due to compressibility effects at high convective Mach numbers have not been
very encouraging. Several approximate methods, using effective initial conditions, have also
been proposed, to avoid direct treatment of the near-field shock-containing portion of the flow.
The relative merits of these methods, however, have not been established.

1.3 Specific Objectives .

The preceding discussion has indicated that subsonic jets have been extensively studied, '-

both theoretically and experimentally. Past studies of underexpanded jets, however, are quite
limited. Existing measurements of underexpanded jets consist of flow visualizations of shock
structure and static pressure measurements along the axis of the flow, which emphasize the -.,
inviscid portions of the flow; and structure measurements in the far-field, largely to test '-*. 

.

proposals for equivalent jet exit conditions which seek to avoid computations of flow
properties in the complex shock-containing flow near the jet exit. Evaluation of predictions for "

underexpanded jets has accordingly not proceeded very far, although effects of compressibility
are known at high convective Mach numbers.
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In order to help overcome some of the current limitations concerning understanding of
the properties of turbulent sonic underexpanded gas jets, the present investigation was
undertaken with the following specific objectives:

1. To complete new measurements of the structure and mixing
properties of the flow, as follows: the shock-cell structure, using
Schlieren photography; mean and fluctuating velocities, using LDA;
mixing properties, using LIF; and static pressure distributions, also
using LIF.

2. To employ the new measurements, as well as data already in the
literature, to evaluate methods for predicting the structure of
underexpanded jets: considering methods capable of treating the
shock-containing near-field region; and approximate methods,
based on equivalent jet exit conditions, for estimates of far-field
mixing levels.

Measurements were limited to steady injection of air into still air, from a round passage.
A long length-to-diameter ratio passage was used, yielding nearly fully-developed pipe flow at
the exit. This provides a well-defined initial condition for the flow, with numerous practical
applications, which has not been considered in the past. Measurements were also completed
for subsonic and sonic adapted jets, in order to provide baselines for experimental and
theoretical methods prior to treating underexpanded jets.

The following discussion is brief; more details and a complete tabulation of data are
provided by Chuech (1987). The report begins with a description of experimental and
theoretical methods. Results are then discussed beginning with subsonic jets and finally
considering related supersonic flows and underexpanded jets. The report ends with a summary
of the main conclusions drawn from the study.

2. EXPERIMENTAL METHODS -*.

2.1 Apparatus

The overall arrangement of the air-jet apparatus is illustrated in Fig. 11. The apparatus is
relatively simple, involving an air supply, a long length-to-diameter horizontal passage
exhausting to room conditions, and an exhaust system. Measurements included flow "
visualization, using Schlieren photography; mean and fluctuating velocities, using
laser-Doppler anemometry (LDA); mixing levels, or the mean and fluctuating concentrations of
a trace species, using laser-induced iodine fluorescence (LIF); and mean static pressures, using S

the collision quenching of LIF.
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'Me test apparatus was located in a room 6 m x 7.5 m x 4 m high. The air supply was -
provided by laboratory facilities, consisting of dried and filtered air drawn from a storage tank
(storage pressures in excess of 10 MPa with an air dewpoint less than 240 K). Air flow rates
were controlled with a dome regulator (Grove R94393) and metered with a standard critical
flow nozzle (Flow-Dyne Engineering, Inc., type NS16-7, Model No. N160200-SA)..

Calibration of the nozzle was provided by the manufacturer (0.75 percent accuracy, traceable to _"
the National Bureau of Standards). The inlet temperature of the critical-flow nozzle was,- ,.
monitored with a thermocouple. A relief valve (McMaster-Carr Supply Co., Pop Safety Valve,
Part No. 4673K53, set roughly at I MPa) was installed to avoid accidental overpressure which i.-

could damage the system.

LDA measurements used oil seeding particles in the flow, while LIF involved seeding

with iodine vapor. 'Me seeding-particle and iodine-vapor generators could be valved from the
system when not in use. The oil particles and iodine vapor are objectional in the test area;
therefore, the jet flow was passed outside the building through a vent having an inlet diameter
of 300 ram.

Except for LIF measurements of static pressures, the jet exhausted into the room before
leaving through a vent. For the static pressure measurements, the jet exhausted into an
enclosure, which was attached to the vent at its downstream end. The enclosure was
constructed from a polyethylene cylindrical tank (Matten and Lee Equipment, Inc., Model No.

82, 710 mm diameter x 810 mm long). The tank was modified so that its upstream end was

sealed to the injector, using a flexible bladder so that the jet could be traversed; therefore, the

enclosure was at atmospheric pressure. Whether thre was in place or not, the distance

between the jet exit and the inlet of the exhaust system was greater than 500 ram. 'Me passage ',

exit was 1300 mm above the floor. -.

Air was supplied to the nozzle through a flexible hose. The nozzle assembly was
constructed from plexiglass in order to avoid corrosion by iodine. The inlet of the nozzle was
fitted with a flow straightener, consisting of a 19 mm diameter array of plastic straws, each

having inside diameters of 6 mm and lengths of 75 m. The flow straightener was followed
by a circular profile contraction (2.8:1 area ratio) to the nozzle passage. The nozzle passage

had a constant diameter of 9.5 mm and was 50 passage diameters long, to provide nearly

fully-developed flow at the exit of the passage. Static pressure was monitored at the inlet of the

contraction using a Heise, Model CMM 26629 presreme gage (0-2.4 Ma for a total pointer

displacement of 1600 am). Pressure was also monitored with four 500 gm diameter static
pressure taps located 15, 45, 65 and 95 mm from the exit of the passage, which were read with
a bank of mercury manometers (each 1830 mm high). These measurements were extrapolated
to find the static pressure at the exit of the passage. e
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All optical components were mounted rigidly; therefore the nozzle was traversed to
measure profiles of flow properties at various points. The aluminum plates supporting the
nozzle assembly were mounted on two pairs of linear bearings (Thomson Co., Model SPB-12
and Model SPB-16) to provide traversing in the horizontal plane. The traverses were
controlled by a stepping motor (Velmex, Inc., Model 8300) and a computer (IBM 9000) using
two motor-driven Unislide assemblies (Velmex, Inc., Model B4018Q1J and Model
B4021QlJ) having positioning accuracies of 5 gm. The mounting stand had four screw
adjustments to control the height and angle of the flow.

• ' " Instrumentationl-

Measurements included flow visualization, mean and fluctuating velocities, mean and
fluctuating concentrations, and mean static pressures. Techniques used in each instance are
summarized in the following.

Flow Visualization. Continuous and spark Schlieren photography were used for flow
visualization. The Schlieren system was based on two 150 mm diameter parabolic reflectors
having focal lengths of 1220 mm. The continuous light source was provided by a 100 W,- "

mercury arc (PEK-109, Illumination Industries, 0.1 mm arc size), typically operating at 25 V . ,i

DC. The starter and adjustable resistor were used to trigger and control the arc, with the
intensity and the quality of the light adjusted using neutral-density and spatial optical filters. A
vertical knife edge was used, yielding response to the refractive index gradient in the
streamwise direction. Photographs were obtained using a 4 x 5 Graphlex camera. High-speed
black and white film (Polaroid, type 57, 4 x 5 film, ASA 3000) was used, with an exposure
time of 10 ms.

Except for the light source, the spark Schlieren system was identical to the continuous
Schlieren system. The spark light source was fabricated in this laboratory. The system
provided a 10 J discharge with a discharge duration of roughly 100 ns (20 kV and 5 nF ,N
capacitor discharge). The capacitor bank was loaded using a high-voltage DC power supply
(Sorenson and Co., Model No. 230-6) yielding up to 30 kV. The system was operated in a
darkened room with the camera shutter open during the period of spark discharge; therefore, % .
the exposure time was fixed by the flash duration.

Velocity Measurements. Velocity measurements were carried out using a single-channel
laser-Doppler anemometer (LDA), illustrated in Fig. 12. The components of the system are
summarized in Table 1. The LDA was operated in the dual-beam, forward-scatter mode with ..

off-axis light collection (250) in order to achieve reasonably good signal-to-noise ratios and
spatial resolution.

An argon-ion laser, yielding 1.7 W at 514.5 nm, was used for the LDA. A Bragg-cell -
frequency shifter eliminated directional bias and ambiguity. The optical arrangement yielded a
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Table 1. Summary of LDA Components

Component Manufacturer Model Specification/Function

Argon-ion Coherent INNOVA 90-4 Single-line mode 1.7W at 514.5

laser nm; 1.5 mm (e-2 points) beam
diameter.

Rotating mount TSI 9179 56 mm length.

Rotating mount TSI 9178-1 Length of optics module: 58 mm;
for beam splitter Beam cover length- 61 mm.

Beam splitter TSI 9115-1 50 mm beam spacing.

Receiving TSI 9140 X-Y adjustable focus: adjust-
assembly ment for photodetector.

Photomultiplier TSI 9160 200 MHz response; -"

system 0.20 mm aperture.

Transmitting TSI 9119 For sending and receiving optical
lens systems; 600 mm focal length;

60 mm clear aperture; V. .

25 mm length. ,,

Filter TSI 9158 514.5 central wavelength; ,: *t

6.3 nm bandwidth; .
80% peak transmittance; -a.

25 mm diameter.

a:



Table 1. Summary of LDA Components (Continued) ,,

Component Manufacturer Model Specification/Function '.

Frequency TSI 9180-12 Bragg cell, 2 -z to 40 MHz.

shifter shift frequency. .

RMS/DC/MS TSI 1076 True rms voltmeter.
voltmeter I

, Burst counter TSI 1990C Signal processor; 150 MHz
" maximum Doppler frequency.

AID converter LeCroy 8212A/9 12-bit and 2.5 mV resolution;_1
50 kHz bandwidth. 5_.
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6.1 4im fringe spacing; and a measuring volume diameter and length of 200 4im and 460 g~m.
Owing to tedual-beam configuration, the closest allowable approach of the measuring volume
to the plane of the nozzle exit was roughly 2 mm, since nearer positions caused the upstreamAl
beam to be interrupted by the nozzle assembly.

Smoke particles having average diameters of 500 nm were used to seed the flow for
LDA measurements. These particles had characteristic response frequencies of 30 kHz -

* which was adequate for measurements for the subsonic and sonic portions of the flow.
However, the particles could not respond to the rapid velocity changes encountered in passing
through shock waves in the supersonic region.

Seeding densities yielded less than 0.3 particles/measuring volume. In the subsonic
portions of the flow, seeding levels were high in comparison to flow length scales; therefore, aN
low burst-density, high data-density signal was obtained. This allowed data reduction as time
averages of the analog output of the burst-counter signal processor, without problems of
velocity bias. The output signal was acquired using a 12-bit A/D converter and stored on a 32
K fast memory, before transferring the data to a laboratory computer for processing and
storagze.

Bias errors and experimental uncertainties of the LDA measurements are discussed by
Chuech (1987). Effects of gradient broadening were small for present test conditions;
therefore, experimental uncertainties Were largely governed by sampling times. Estimated4
experimental uncertainties (95 percent confidence) are less than ten percent for both mean and

* fluctuating velocities, evaluated following Kline and McClintock (1953). Measurements were
* repeatable within the range of the uncertainties.

Concentration Measurements. Laser-induced fluorescence (LIF) was used to measure
mean and fluctuating concentrations. Figure 13 is a sketch of the LIF system, while the system
components are summarized in Table 2. The LIF signal originated from inelastic scattering of
light from a laser beam, due to the presence of trace amounts of iodine vapor in the jet flow.
The LIF signal was produced from the overlapping P13 and R15 rotation lines in the 43'- 0"
vibration band of the B-X electronic transition of iodine (McDaniel, 1983, 1983a) - which is

within the gain profile of the 514.5 nm line of an argon-ion laser (thle transition is located 2.0
* GHz to the high-frequency side of the line center). The intensity of the signal is proportional to

the concentration of iodine molecules in the measuring volume; therefore, the measurement .

indicates the extent of mixing of the flow with the :-urroundings (Lai and Faeth, 1987).

The LIF system is based on an arrangement developed by Lai and Faeth (1987). The ~ .~

laser was operated at a wavelength of 514.5 nm. A portion of the laser beam was split from
the main beam in order to provide continuous monitoring of beam power. Another portion was
split and directed across the exit of the jet: the transmitted power of this beam was measured,A
giving the concentration of iodine seeding gas at the jet exit by the degree of absorption.
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Finally, the intensity of the beam passing through the measuring volume was also measured,
so that effects of absorption on the beam power at the measuring station could be estimated.
However, this correction was small, as were effects of reabsorption of fluorescence, since
beam lengths through iodine-containing portions of the flow were relatively short. The other
two measurements allowed correction of raw data for laser power and seeding density
fluctuations when the measurements were processed.

The LIF signal was observed from an angle of 140 to the optical axis in the
forward-scatter direction. An F1.2 lens was used to collect scattered light to provide good
signal-to-noise ratios. The measuring volume was fixed by the waist diameter of the focussed
laser beam and the field stop of the detector optics - yielding a cylindrical measuring volume
with a diameter of 0.2 mm and a length of I mm. A current-to-voltage converter having
frequency response to 5 Miz was used with the photomultiplier tube of the detector, in order
to resolve concentration fluctuations in the high-speed flows.

Care was taken to reduce noise sources of the photomultipliers: magnetic shield cases
were used to eliminate unwanted ambient magnetic fields; the tubes were operated 200-300 V
lower than the maximum rating, to reduce anode dark current due to field emission; the average
anode current was kept below 1 .LA, to avoid current drift due to baseline drift; and the voltage
divider current was kept at least 20 times the anode output current, to prevent deviation from
linear response of the tube. t-.

The air flow was seeded with iodine by passing a portion through a bed of iodine
crystals (bed diameter and depth of 130 and 330 mm). The bed operated at room temperature '-"-.!

and the flow was saturated at the exit of the bed; therefore, the concentration of iodine vapor,
which is proportional to the iodine vapor pressure, varied with changes in room temperature.
These changes, however, are accounted for by the monitoring system described earlier. The
iodine crystals were reagent grade, having an initial flake shape of 2-8 mm diameter and 0.5
mm thickness. Iodine vapor is relatively corrosive even at low concentrations; therefore,
components downstream of the iodine seeder were plexiglass, plastic or brass - all of which
have reasonably good corrosion resistance to iodine.

The signal scattered to the detector includes a relatively strong Rayleigh-scattered signal
at the laser line (514.5 nm) along with the LIF signal at longer wavelengths. A spectrum of
this signal, at atmospheric pressure and room temperature, is illustrated in Fig. 14, based on
measurements reported by Lai and Faeth (1987). For the excited vibrational level of the 43'-0" 0
transition that is populated by absorption of the laser beam, a vibrational progression of
fluorescence Stokes bands results from transition to various ground vibrational levels. There
are actually four rotational transitions (R 11, P13, R15 and P17) that make up each Stokes band
while the P13 and R15 rotational transitions overlap together to form a triple rotational
structure. However, a low resolution (8 nm bandwidth) monochromator was used for these 0
measurements; therefore, the laser line appears as a strong band and the details of the spectra of
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the Stokes bands at longer wavelengths are lost. The laser line must be blocked to obtain a
signal proportional to iodine concentration, at a given static pressure and temperature. This
was done by installing a series of long-pass optical filters in front of the detector. The resulting
spectrum, after filtering, is also illustrated in Fig. 14. The filters clearly eliminate the signal at
the laser line.

The calibration curve of the optically filtered LF signal, as a function of mixture fraction
(the fraction of mass which originated from the jet), is illustrated in Fig. 15. These results
were obtained at room temperature and pressure, with unsaturated fluorescence, i.e., the signal
intensity was proportional to laser power. The calibration shows that the filtered signal is a
linear function of mixture fraction, which is directly proportional to iodine concentration.

Calibrations similar to Fig. 15 are sufficient to treat all points in the flow field where the
pressure and temperature are equal to ambient conditions, e.g., the adapted jets everywhere and
the far-field region of the underexpanded jets. The near-field region of the underexpanded jets,
however, involves local variations of mean static pressure and temperature that must be
considered (static pressure and temperature fluctuations are small for present flows and can be
neglected). These effects were examined using the analysis of McDaniel (1983b). For

excitation at 514.5 nm, the intensity of the LIF signal can be written as follows:

ILIF = K(T) NI /p (2.1)

where K(T) is a complex function of temperature which accounts for the relative proportion of ' .'

the various transitions, effects of collisional quenching, broadening, the finite width of the
laser line, the laser power, and the transmission properties of the long-pass optical filters.
Equation (2.1) is written for the high pressure limit, where quenching rates are fast in
comparison to the spontaneous decay causing fluorescence, since this limit is satisfied for
present test conditions. The pressure dependence of equation (2.1) results from collisional
quenching of excited iodine molecules before they can decay.

At a fixed static temperature and pressure, equation (2.1) indicates that the LIF signal is
proportional to iodine concentration, which is confirmed by the calibration illustrated in Fig. .
15. For measurements in underexpanded jets, however, static temperatures and pressures vary

in a complex manner, e.g., temperatures vary isentropically with pressure through expansion
waves and weak compression waves, but vary in a different manner through shock waves

where the process has irreversibilities. Fortuitously, however, K(T) is a rather weak function
of temperature for present test conditions, varying less than 7 percent for an underexpansion

* ratio of 1.2 and less than 11 percent for an underexpansion ratio of 1.37; therefore, the LIF
signal is approximately proportional to iodine concentration and inversely proportional to .'-.

pressure. This simplification arises since static temperatures vary to a lesser degree than static
pressures, and K(T) varies only in a small range due to the limited variation of static
temperatures for the present test conditions. As a result, concentrations were determined by
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correcting the raw data at each point, using the static pressure measurements described in the
next section, through equation (2.1). The intensity of laser-induced iodine fluorescence
signals, indicating mixing concentrations at the probe volume, were sampled and processed
using the same data acquisition system, A/D converter, and computer, as the LDA
measurements.

The power spectral densities of concentration fluctuations were measured at various
points using a spectral analyzer (Hewlett Packard, Model 3580A) and a variable electronic filter X4
with a 1 percent cutoff frequency accuracy (Ithaco, Model 4213). The power spectral density .'
measurements provided a means of monitoring signal-to-noise ratios, which are crucial for
accurate measurements of concentration fluctuations of high-speed flows. Some typical
examples, along the axis of the subsonic jet considered during the present investigation, are
illustrated in Fig. 16. The results at x/d = 5 and 10 are truncated due to the 50 kHz limit of the
spectrum analyzer. However, results of x/d = 20 reach the noise baseline at frequencies below
50 kHz, and exhibit reasonably good signal-to-noise ratios for these measurements.

Errors and experimental uncertainties for the LIF measurements are discussed in Chuech
(1987). Effects of gradient broadening were generally small for present test conditions, except
near the edge of the flow at the exit of the jet. Experimental uncertainties were largely 'e'

governed by corrections for static pressure changes (in the near-field region of underexpanded
jets), finite sampling times, drift in experimental operating conditions and iodine
concentrations, and absorption of the laser beam and scattered fluorescence by iodine. Due to

these factors, experimental uncertainties (95 percent confidence) of mean concentrations were
less than 10 percent, where the pressure was equal to the ambient pressure, increasing to less
than 20 percent at the highest pressures where measurements were made. Errors in
concentration fluctuations were generally higher, due to signal noise, particularly when large

signal~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~~~~~. baditswr eddi ihsedprioso h lw hsyeddeprmna

uncertainties (95 percent confidence) generally less than 20 percent for all static pressure a".

F conditions. Measurements were repeatable within these ranges over the period of testing.

Static Pressure Measurements. Collisional quenching effects were used to measure
mean static pressures, through equation (2.1). The optical arrangement for these
measurements was the same as for the concentration measurements. However, effects of

varying iodine concentration were removed by exhausting the jet into a vented enclosure, so

becomes inversely proportional to pressure.

The effect of pressure on the LIF signal was verified by calibration measurements.
These tests involved a modified vacuum cell (MDC Mfg., Inc.) having four windows, to allow
LIIF measurements at the center of the cell. Iodine crystals were placed in the cell and allowed
to come to equilibrium, yielding a constant concentration (number density) of iodine molecules
within the cell. The pressure was then varied by admitting air to the cell, or venting it, insuring

%0
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sufficient time for equilibration of the iodine concentration before new measurements were ",
made. The temperature of the cell was monitored, to allow for variations of iodine vapor -,

pressure with temperature.

The calibration measurements for the effect of pressure are illustrated in Fig. 17. LIF
intensity is plotted as a function of pressure with both variables normalized by results at
atmospheric pressure. The pressure range of the tests extended from 1.0-2.2 atm. The
predicted results, according to equation (2.1), are also illustrated on the figure. The agreement -%

between predictions and measurements is clearly quite satisfactory. McDaniel (1983b)
completed similar measurements at subatmospheric pressures, showing that LIF intensity
remains inversely proportional to pressure for pressures as low as 0.5 atm, which is lower than
the lowest pressure encountered during present tests.

Errors and experimental uncertainties for the static pressure measurements are discussed
by Chuech (1987). The pressure measurements were significantly gradient broadened across
shock waves, due to the finite size (0.2 mm diameter and 1 mm long) of the LIF measuring
volume. However, gradient-broadening effects were small elsewhere. Experimental
uncertainties of the mean static pressure measurements were largely due to potential effects of
temperature variations on K(T), and discretization and calibration accuracies. Exclusive of
gradient broadening, experimental uncertainties (95 percent confidence) of the mean static
pressure measurements are estimated to be less than 13 percent of the difference between the
static and ambient pressures.

2.3 Test Conditions

Present Measurements. Test conditions for the flow visualization tests are summarized
in Table 3. Subsonic, sonic, and underexpanded air jets in still air were considered, with
underexpansion ratios up to 4.2. Addy (1981) finds that Mach disks appear for
underexpansion ratios of 2-3; therefore, this range was considered during the tests.

Test conditions for structure measurements are summarized in Table 4. Flow
visualization, velocity, concentration and mean static pressure measurements were completed
for the first three test conditions. Measurements for the fourth condition were limited to flow %
visualization and mean static pressures. All the flows were highly turbulent, with. Reynolds
numbers at the jet exit in the range 57,300 - 367,200. This minimizes effects of laminar
transport, which are not very important for practical applications. The measurements
emphasize near--injector conditions where underexpansion effects are important, extending
from the jet exit to roughly 20 injector diameters downstream. Convective Mach numbers for
these tests were less than 0.6; therefore, effects of compressibility were small (Bogdanoff,
1983; Papamoschou and Roshko, 1986).
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Table 3. Test Conditions for Flow Visualizationa

Parameter Range N,

Mass flow rate (kg/s) 0.006 - 0.113

Exit plane Mach number 0.2 - 1.0

Underexpansion ratio 1.0 - 4.2

Reynolds numberb 44,000 - 1,125,600

aHorizontal air jets injected into still room air: injector diameter 9.53 mm, injector
length-to-diameter ratio 50, ambient pressure 99 ± 0.5 kPa, and ambient temperature
297 3 K.

bRe = ued/ve.
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Table 4. Test Conditions for Structure Measurementsa

Test Condition 1 2 3 4

Jet type Subsonic Sonic Underexpanded Underexpanded

Mass flow rate 0.008 0.027 0.032 0.037
(kg/s)

Exit plane Mach 0.30 1.00 1.00 1.00
number

Convective Mach 0.16 0.48 0.54 0.58
numberb

Underexpansion 1.00 1.00 1.20 1.37
ratio

Reynolds 57,300 268,000 321,600 367,200
numberc

S.Froude 11.5 1.04 1.04 1.04
number x 106 d

alorizontal air jets into still room air: injector diameter 9.53 mm; injector length-to- .. ~'
diameter ratio 50, ambient pressure 99 ± 0.5 kPa, and ambient temperature 297 ± 3 K.

* bMaximum convective Mach number in flow as defined by Papamnoschou and Roshko
(1986).

CRe =ued/ve. :
dFr ad/ue2
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Related Measurements. Measurements from earlier studies were also compared with
present predictions and measurements. These sources are summarized in Table 5. Subsonic
jets include measurements of Becker et al. (1967) and Wygnanski and Fiedler (1969) for slug
flows; and Birch et al. (1978) and Shuen et al. (1984) for fully-developed pipe flows.
Underexpanded jets include measurements of Addy (1981), Birch et al. (1984, 1987), and
Ewan and Moody (1986) for convergent nozzles; and Seiner and Norum (1980) and Eggers
(1966) for convergent/divergent nozzles. All the underexpanded jet measurements in Table 5
approximate slug flow at the jet exit. All the flows in Table 5 have Reynolds numbers greater
than 104 and are reasonably turbulent. The measurements of Birch et al. (1984, 1987, Eggers ]52
(1966) and Seiner and Norum (1980) all involve convective Mach numbers greater than 0.6, so ,,
that significant reductions of turbulent mixing rates in these flows due to compressibility is
expected (Bogdanoff, 1983; Papamoschou and Roshko, 1986).

3. THEORETICAL METHODS: ADAPTED JETS

3. 1 Description of the Analysis 'S..
The analysis used for adapted jets is described in this chapter; similar considerations for

underexpanded jets are discussed in the next chapter. The approach used is based on methods
developed earlier in this laboratory for low-speed variable-density flows (Jeng and Faeth,
1984). This involves estimating turbulence properties using a k-E-g turbulence model which
has been effective for a variety of constant- and variable-density single-phase round jets (Faeth,
1983; Jeng and Faeth, 1984; Shuen et al., 1984; Sun and Faeth, 1986). The main changes ,N
needed for present work involve treating effects of relatively high flow Mach numbers,
initial conditions (denoted effective adapted jets). This extension is made following Dash and 4.
Wolf (1984, 1984a, 1984b) and Dash et al. (1978, 1985, 1986), yielding a unified turbulence
model for all the flows considered here.

In addition to the present flows (Table 4), measurements reported by Becker et al.

(1967), Birch et al. (1978), Shuen et al. (1984) and Wygnanski and Fiedler (1969), see Table
5, were considered during the calculations. All these flows involve steady injection of a gas
from a round passage, with no swirl, into a still gaseous environment. The flows generally
involve variable-density phenomena, due to static temperature changes caused by changes of
velocity or differences in scalar properties (temperature or composition) from injector exit to
ambient conditions.

swirl, from a round passage into a still gaseous environment; the boundary-layer ,

approximations apply; either constant-pressure flow with negligible effects of buoyancy (for
present test conditions) or buoyancy forces aligned in the streamwise direction (for the test
conditions of others); axisymmetric flow; ideal gas mixture with constant specific heats for
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each species; negligible effects of radiation; equal exchange coefficients of all species and heat;
in cases where buoyancy is important, effects of buoyancy are only considered in the
governing equations for mean quantities; and negligible effects of density fluctuations. The qO
first assumption is a condition of all the experiments to be considered. Justification of the
remaining assumptions is discussed in the following.

The boundary-layer approximations are well established for forced and buoyant jets and
can be adopted with little error. This approach vastly reduces computational requirements so
that acceptable numerical accuracy can be achieved with modest computer costs. Another -

advantage of the boundary-layer flows considered here is that they provide conditions where -. ,

the simplest and most well1-es tabli shed turbulence models were developed, and where they
exhibit their best performance.

P' ~
Effects of buoyancy must be treated differently for the present experiments and for the

other flows considered during the computations. The present flows have relatively-low initial
Froud numbers (less than 10.6, see Table 4) and only the near-injector region (x/d:5 20) is of
interest; therefore, buoyancy effects can be ignored with little error. This is an important
assumption since injection was horizontal so that effects of buoyancy would destroy
axisymmetry - vastly increasing the complexity of the flows and the computational
requirements needed to predict their properties. Some of the other flows have significant
effects of buoyancy, since regions far from the jet exit are considered at times. In these cases,
however, buoyancy forces are aligned with the streamnwise direction - preserving axisymmetry I
as well.

Compressibility factors in the equation of state are very close to unity for all conditions
encountered during the computations; thus the ideal-gas approximation is appropriate. Test
conditions for the present adapted jets involve static temperature variations less than 20 percent,
at levels near room temperature, and negligible concentration changes, justifying the use of
constant specific heats. Larger temperature variations are encountered when the analysis is -

used for effective adapted jet conditions; however, assumning constant specific heats is still
appropriate in view of the other approximations implied by the effective exit conditions.

For present test conditions, static temperature variations are small and the gas midxture is
a very weak radiator so that neglecting radiation is appropriate. Effective adapted jet
calculations for other experiments involve more strongly radiating gases and greater static
temperature changes, however, these conditions also imply large velocities so that radiative
transfer numbers are small and radiation can still be neglected.

The assumption of equal exchange coefficients of all species and heat is widely accepted
for the high Reynolds number flows (Re generally greater than 104) encountered during
present computations (Lockwood and Naguib, 1975; Dash et al., 1978; Faeth, 1983). In fact,
laminar transport is negligible in comparison to turbulent transport for all the flows. Since

-. ~~~~r- .% *- 710",*V~~,P



laminar transport was not important, no attempt was made to treat variations of molecular %
viscosity, thermal conductivity, etc., due to variations of static temperatures and composition.
Room temperature values for a representative mixture were used instead - although the choice
had essentially no influence on the results.

In cases where buoyancy is important, effects of buoyancy are ignored in the governing
equations for turbulence quantities. This approach has been shown to be effective for
predictions of mean properties in strongly buoyant flows, and only results in a slight
underestimation of turbulence quantities for local Froude numbers typical of the present flows
(Jeng and Faeth, 1984; Lai et al., 1985). ','

Neglecting effects of density fluctuations is probably the most questionable assumption, S
although the use of this approximation is widespread for noncombusting jets, even when Mach
numbers are high (Dash and Wolf, 1984, 1984a; Dash et al., 1978, 1985, 1986; Sinder and
Harsha, 1984; Vatsa et al., 1981, 1982). For the present adapted jets, static temperature
changes are less than 20 percent with comparable levels of density changes, while regions
where density changes are largest also have relatively low turbulence levels; therefore, density
fluctuations are small throughout the flow field and the approximation introduces little error.
Potential density fluctuations are greater for computations treating effective adapted jets, but
neglecting density fluctuations in these cases seems appropriate in view of the other
approximations of this approach. Under this assumption, time (Reynolds) averages and
mass-weighted (Favre) averages are the same (Bilger, 1976) and the formulation can be stated
in terms of time averages, for consistency with the approach to be used for the underexpanded
jets.

3.2 Governing Equations

Under the present assumptions, governing equations must be written for conservation of ' -
mass, mean momentum, mean mixture fraction (the fraction of mass which originated at the jet %,

exit), mean stagnation enthalpy, turbulence kinetic energy, the rate of dissipation of turbulence -..-.

kinetic energy, and the mean-squared mixture fraction fluctuations. Knowledge of the mixture
fraction and mixture fraction fluctuations provides a means of finding species concentrations
and their fluctuations, through the assumption of equal exchange coefficients of all species and
the equation of state of the mixture.

The analysis is formulated in an axisymmetric coordinate system, with x,u and r,v
denoting streamwise and radial directions and velocities. In terms of time-averaged quantities,
the governing equations can be written in the following general form:

' rD/Dx(p u _) + a/r(r p v ) = a/ar(r 4eff,0DO/ar) + r So  (3.1)

where I = 1 (for conservation of mass), u, f, H, k, E or g. The governing equation for v 
was not used for the adapted jets, but will be needed later for the underexpanded jets. ['X

%



Expressions for f and S in equation (3.1) are summarized inTable 6, along with the'"

appropriate empirical constants. Aside from the expressions for RI, the approach used for '.
these quantities follows Lockwood and Naguib (1975), as modified by Jeng and Faeth
(1984), after allowing for the fact that time and mass-weighted (Favre) averages are identi- '"

cal under present approximations. The treatment of the HI equations was drawn from Dash
and Wolf (1984, 1984a) and Dash et al. (1978, 1985, 1986), with empirical constants -_9

selected to satisfy the assumption of equal ex"change coefficients of all species and heat. Terms ."
involving the laminar viscosity, 4t, are considered when evaluating g.Lft, however, the effect
of these terms was negligible as noted earlier. For present flows, Su= 0, but this term was ' ,

considered in the form shown for other flows (with the coordinate system aligned along the
direction of gravitational acceleration).

The expression for the turbulent viscosity, gtt, was provisionally extended from earlier rR

work, to treat effects of compressibility at high convective Mach numbers. It is well known
that turbulent mixing rates are reduced for supersonic compressible flows in comparison to ,
subsonic flows (Eggers, 1966). As noted earlier, Dash et al. (1975) proposed a ,
compressibility correction to deal with this phenomenon, however, evaluation of this approach
was not very encouraging (Dash and Wolf, 1984, 1984a). A somewhat different approach V

was examined during the present investigation. This involved correcting the expression for the ,.
turbulent viscosity, similar to Dash et al. (1975), however, the correction was correlated in
terms of the convective Mach number of the turbulent mixing layer as a whole. This choice¢t
was motivated by the recent findings of Bogdanoff (1983) and Papamoschou and Roshko
(1986), which suggest the importance of the convective Mach number for describing themixing properties of high-speed turbulent flows. Since the effect follows from the growth rate xk
of large eddies in the mixing layer, it also appears to be appropriate to apply the correction .- ]
globally across the mixing layer (rather than locally) similar to distortion corrections that have "
been proposed for axisymmetric flows (Launder et al., 1972). "

I.. ..

P

The compressibility-corrected version of the k-E turbulence model (denoted c.c. in the
following) used the following modified expression for the turbulent viscosity"

t t q P Ci K(Mc) k2 / b (3.2) Faeth

where K(M )  is the compressibility correction which is taken to be a function of the convective f
Mach number, M , of the mixing layer. The following correlation was used for K(M:Da

K(M18 1.00, M < 0.55

K(M c )  2.03 - 1.87 MC,  0.55 !9 Mc <0.95 (3.3) " '
K(Ms 0.25, 0.95 e f

cosierdinth fr sow oroterfow (it hecorintesytm line log0h



Table 6. Summary of Parameters in Governing Equations a

0 eff,0  
S 0  

.

0

_ 'V

u t + Lt  a(p. -p)

v (g + tt)/oYv  -r- '/ar(r(p+2pk/3))

f 
(g/Sc) + ( gt/ f) 

0

FI (4. / Pr) + (g.tt/CH ) r-1 /ar(rLt(1-oH " 1)a/ar(u2/2))

k p + (9t /k) /.t(6-u/ar)2 --PE

C p .+ ( tt a/p ) (C ,1gtt( u / r)2 -C 2 P S ' e/kA

(tSc + (Pt/Gg) Cg l.t(f/r)2 - Cg2P g elk

C CE1 Cg I CE2 =Cg2  av ak (Y f = H  ag Sc =Pr -

0.09 1.44 2.8 1.87 3/4 1.0 1.3 0.7 0.7

as = 0 for present adapted jets; S = a(p,.-p) for constant-pressure portions of the flow when

buoyancy is important; and assumes the form shown in the table for underexpanded jets under the
parabolized Navier-Stokes approximation.

The small contribution of laminar transport to S was neglected, and has been omitted from the '

table.
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where MC was computed as described by Papamoschou and Roshko (1986).

The form of equation (3.3) was established by plotting measurements of the ratio of %
compressibile to incompressible mixing-layer growth rates as a function of the convective
Mach number, similar to Papamoschou and Roshko (1986). This plot appears in Fig. 18.
Measurements of constant-pressure mixing layers, with low turbulence levels in the
undisturbed streams, due to Papamoschou and Roshko (1986), Maydew and Reed (1963),
Sirieux and Solignac (1966), Birch and Eggers (1973), Brown and Roshko (1974) and Ikawa %
and Kubota (1975) are shown along with the correlation of equation (3.3).

In agreement with a similar plot presented by Papamoschou and Roshko (1986), all the
measurements correlate reasonably well as a function of M e.There is relatively little effect of

compressibility on turbulent mixing rates for MC < ca. 0.5; a sharp reduction of mixing rates
for ca. 0.5 < M C < ca. 1.0; while for M e > ca. 1.0, mixing rates remain constant at levels

roughly 25 percent of their incompressible values. As shown in Fig. 18, the correlation of
equation (3.3) generally reflects these trends. The effect of the proposed compressibility
correction will be evaluated in the following, by comparing predictions with and without the
correction with available measurements.

3.3 Scalar Properties _ ..a ",.

Under the assumption of equal exchange coefficients of all species, at the limit where
time and mass-weighted averages are the same, the local time-averaged mass fraction of each
species is related to the mixture fraction, as follows:

i = Yi + f(Yie" Yi00) (3.4)

The mixture molecular weight is then taken to be

W = ( I Yi / Wi)l1 (3.5)

Taking the ambient temperature as the reference condition for enthalpies, the local static ,
temperature, under the boundary layer approximations, becomes:

T = T. + ( - u" 2)/Cp (3.6)

where

Cp I S i Cpi (3.7) I
The time-averaged density is then given by the ideal gas equation of state, as follows:
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p = p0 W /(RT) (3.8)

where absolute pressures and temperatures are used in equation (3.8). .

3.4 Boundary and Initial Conditions

The boundary conditions for equations (3. 1) are that u, f, H, k, e and g are all zero at a

,he edge of the flow, since the surroundings are still and represent the datum states for mixture 6wfraction and enthalpy. Gradients of these quantities are zero along the axis, due to symmetry.V-

This yields

r = 0, DO / Dr = 0; r -4oo, =0 (3.9)

If there is a potential core in the flow, the conditions at r = 0 in equations (3.9) are only applied q
beyond its downstream end. When a potential core is present, properties in the potential core
provide the boundary conditions at the inner edge of the surrounding shear layer when
equations (3.1) are integrated.

For the present measurements of adapted jets, initial conditions were specified at the jet
exit, noting that the passage length was sufficient to provide nearly fully-developed pipe flow
at the exit. The approximation of fully-developed pipe flow was confirmed by measurements

to be described later. The distribution of u was obtained from Schlichting (1979) and the dis-

tributions of k- and e were obtained from Hinze (1975), all at the Reynolds number range of

the present experiments, while ve =0. The stagnation temperature of the injected gas was es- %

sentially equal to the ambient temperature due to the poor heat transfer properties of the injector Ot

passage; therefore, He =0 based on the chosen enthalpy reference state. By definition, f = 1
and ge = 0.

Initial conditions for calculations involving effective adapted jets will be discussed in
Section 4. The adapted jet measurements of Shuen et al. (1984) also involved fully-
developed pipe flow at the injector exit; therefore, initial conditions were prescribed similar to

the present experiments.

The measurements of Becker et al. (1967) and Wygnanski and Fiedler (1969) involved
short converging nozzles. This was approximated as slug flow with relatively low turbulence
intensities at the jet exit. Initial conditions were prescribed similar to Shuen et al. (1983a), as "'
follows:
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r < 0.495d; 5

Ue = const., Ve = He ge = fe= 1 (3.10) .p **

ke = (0.02 ue) 2 , e= 2.84 x 10-5 Ue3 / d

Equations (3.10) provides the inner boundary conditions of the shear layer until it reaches the
jet axis. The initial variation of u and f are taken to be linear in the shear layer, while the

other the other properties are found by solving the transport equations under the Couette flow
approximation.

3.5 Numerical Computations

The equations were solved using a modified version of the GENMIX algorithm
(Spalding, 1977). The computational grid was similar to past work (Jeng and Faeth, 1984)
with 33-99 cross-stream grid nodes. Streamwise step sizes were limited to six percent of the
current flow width or an entrainment increase of five percent - whichever was smaller. The .
accuracy of the numerical solution was assessed by comparing the mean mixture fraction fluxbetween the jet exit and the downstream positions. If the differences were greater than I :%,%

percent, the calculation was redone using a finer grid. Overall numerical accuracy was finally
assessed by halving all grid sizes for some typical conditions: changes in dependent variables
for these checks were also less than 1 percent.

4. THEORETICAL METHODS: UNDEREXPANDED JETS

4.1 Parabolized Navier-Stokes Method

Description of Analysis. Underexpanded jets are far more complicated than adapted
jets, since effects of compressibility (shock waves, expansion waves, etc.) must be considered
along with the usual problems of treating turbulent mixing. Developing a computer algorithm
to deal with these difficulties is a substantial task which was beyond the scope of the present
investigation; therefore, only existing methods were considered, as a baseline, in order to "- rN-%
highlight needs for additional development of analysis by comparing predictions with the
present measurements. Two general approaches were examined, as follows: the parabolized
Navier-Stokes approach, embodied by the SCIPVIS computer program of Dash and Wolf
(1984, 1984a); and use of effective adapted-jet exit conditions, in conjunction with
computations for adapted jets discussed in the previous section.

Compressible flows are an active area of computational fluid dynamics and several
methods have recently been reported which could be used to treat underexpanded jets, for

%% %'.



example: Vatsa et al. (1981, 1982), Dahand Wof(1984,194)anMihletl.(80
report computations of underexpanded jets in coflow. Mikhail et al. (1980) treat the full
Navier-Stokes equations (allowing for streamnwise diffusion, recirculation and pressure
gradients in all directions), providing a potentially complete treatment of the problem.
However, the solution of the full Navier-Stokes equations is computationally intensive, andr
numerical difficulties have been encountered when turbulence models are used, due to the .

stiffness of the governing equations for turbulence quantities (Sindir and Harsha, 1984). In
contrast, the parabolized Navier-Stokes approach of Dash and Wolf (1984, 1 984a) has modest
computational requirements, has been stable using a variety of turbulence models, and is
available as a well-documented computer code; therefore, this approach was used during the '

present investigation.

The flows to be considered include the present measurements, as well as several
experiments reported by others, e.g., Addy (1981), Birch et al. (1984, 1987), Ewan and
Moody (1986), Eggers (1966) and Seiner and Norum (1980), see Table 5. All these flows
involve steady injection of air (with trace concentrations of other species, at most) from a round
passage, with no swirl, into still air. Since the jets were underexpanded and only the
near-injector region was of interest, Froude numbers are low and effects of buoyancy can be
neglected with little error. These conditions imply axisymmetric flow and the formulation is

* posed accordingly.

Several other assumptions are the same as for the analysis of adapted jets: ideal gas
* mixture with constant specific heats, negligible effects of radiation, equal exchange coefficients

of all species and heat, and negligible effects of density fluctuations. As before, present
- conditions imply no difficulties with the ideal gas approximation. Static temperature variations

are greater for underexpanded jets than for adapted jets; however, specific heat variations are
still relatively small, as is the radiation number, justifying- the assumptions of constant specific

* heats and negligible effects of radiation. Due to the high Reynolds numbers of the flows,
assuming equal exchange coefficients of all species and heat is justified based on past practice

* (Lockwood and Naguib, 1975; Dash et al., 1978; Faeth, 1983). Neglecting density
fluctuations is more questionable since static temperature and pressure variations can be quite
large for underexpanded jets. However, the greatest departures of density from ambient values
occur in regions where turbulence intensities are relatively small, helping to justify this
approximation. Allowing for density fluctuations in compressible flow would also involve a
more complex turbulence model, with many parameters poorly defined at this time; therefore, ~
use of the approximation, which is tantamount to extending concepts of incompressible flows
directly to compressible flows, will be adopted following Dash and Wolf (1984, 1984a).

Referring to Fig. 5, the SCIPVIS algorithm separates the flow field into a predominantly -

* inviscid shock-cell structure along the axis near the injector (treated as inviscid flow) with
viscous shear (mixing) layers growing along the side of the jet and downs trcarin of the tri pie .0
point (if present). The mixing layers finally merge to the axis in the transitional region. The
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treatment of wave and shock processes in the inviscid regions follows the shock-capturing
algorithm of Dash and Thorpe (1980). Flows within the mixing layers and the transitional
region are quasi-parabolic and are assumed to be approximated by the parabolized .

Navier-Stokes equations. Somewhat different computational procedures are used in the
viscous supersonic and viscous subsonic portions of the flow. The details of the numerical
procedures for each region, and methods used to match regions at their boundaries, are
discussed by Dash and Wolf (1984, 1984a).

The main limitation of the SCIPVIS algorithm, for present purposes, is that the presence
of an inviscid shock-cell region is a key aspect of the organization of the numerical
calculations. In contrast, present experiments begin as fully-developed pipe flows and viscous
effects are important throughout the shock cell region. It was beyond the scope of the present S

study to modify SCIPVIS to account for these differences; nevertheless, it is still of interest to
exercise the SCIPVIS algorithm for the present flows in order to highlight potential effects of a 4"

strongly turbulent flow at the jet exit.

Governing Equations. Under the present assumptions, in conjunction with the
quasi-parabolic approximation, governing equations for the viscous regions must be written for %.
conservation of mass, mean momentum in the streamwise direction, mean momentum in the
radial direction, mean mixture fraction, mean stagnation enthalpy, turbulence kinetic energy,
and the rate of dissipation of turbulence kinetic energy. Concentration fluctuations were not
considered, since few mixing measurements in compressible flows have been reported so that
the formulation of this equation is not very well established at high Mach numbers.

The governing equations can be placed in the same general form as equation (3.1),
where I = 1 (for conservation of mass), u, v, f, H, k and c. The expressions for ,0

and S. appearing in equation (3.1) are summarized in Table 6. The main differences between

the formulations for adapted and underexpanded jets are that underexpanded jets involve the

pressure gradient as a source term in the equation for u; and the presence of a governing equa- % I

tion for v, to allow for effects of finite pressure gradients in the r-direction, which is a feature
of the quasiparabolic approach.

Methods used to find scalar properties for the underexpanded jets were the same as for
the adapted jets. The details of this aspect of the calculations are reported in Section 3.3. The
boundary conditions are also the same as for the adapted jets, and are treated in the same
manner as slug flows, discussed in Section 3.4. Initial conditions for mean velocity
distributions were prescribed at the jet exit, similar to the adapted jets; however, since the

, near-injector region is assumed to be inviscid in SCIPVIS, turbulence properties are of no
consequence at the jet exit, as noted earlier. 5
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Numerical Solution. Specification of the numerical grid, and assessment of numerical
accuracy, followed the procedures outlined in Section 3.5. As before, halving the grid size, ,,,
from the grid used for the results reported here, resulted in less than a one percent change in
mixture-fraction distributions.

As noted by Dash and Wolf (1984, 1984a) SCIPVIS cannot handle the formal limit of a
still ambient environment: a coflow must be imposed to stabilize the solution algorithm. "7
During initial calculations, it became evident that even the lowest level of co-flow that could be
used still influence predictions for the underexpanded jets. This effect is illustrated by the .
mean mixture fraction predictions for an underexpanded jet (underexpansion ratio of 1.2) P
illustrated in Fig. 19. Clearly, progressively increasing the coflow velocity causes the mixture
fraction profile to be stretched downstream, retarding the rate of mixing.

In order to deal with the coflow problem, all solutions of the parabolized Navier-Stokes
equations were carried out for a range of coflow velocities, including the lowest coflow
velocity that would still yield a stable solution. This series of results was then extended to zero
coflow velocity (a still ambient environment) using Richardson extrapolation. The result of
this process is also illustrated in Fig. 19. Fortunately, the results show that the effect of
coflow is regular; therefore, errors introduced by the extrapolation are not felt to be large in
comparison to other uncertainties of the analysis. Use of results at the lowest coflow where a
solution can be obtained, however, can lead to significant underestimation of the rate of flow ..

development near the jet exit.

4.2 Aporoximate Methods

Divergent-Nozzle Approximation. In order to avoid the complexities of the near-injector
region, particularly when properties far from the injector are of interest, several approximate
methods involving computations for adapted jets having equivalent initial conditions have been .,., e-
proposed (Kalghati, 1981, 1984; Birch et al., 1984, 1987; Hess et al., 1973; and Gore and
Faeth, 1986). Three methods were considered during the present work, as follows: the
divergent-nozzle approximation, the pseudo-diameter approximation, and the momentum-
velocity approximation.

Kalghati (1981, 1984) and Gore et al. (1986) assumed that the flow at the exit of an ..

underexpanded jet can be approximated by a one-dimensional isentropic divergent nozzle
which expands the flow to the ambient pressure. In other words, the underexpanded jet
becomes an adapted jet by using the flow conditions at the exit of the hypothetical diverging
nozzle as the initial conditions.
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•. Figure 20 is an illustration of the hypothetical expansion for the divergent-nozzle
method. Properties at the new initial condition, Teq, req' etc., can be found in terms of the

equivalent exit Mach number, M , as follows (Zucrow and Hoffman, 1976): S

po/Peq = (1 + (I1Meq2 - 1) (4.1) deeq

To/Teq = + (y-1)M 2 /2 (4.2)
eq

PO/Peq = (I + (yI-1)M /2) ) (4.3) '.oeq eq

d/ d eq M 1 2 ((2/(7+1),(1 + (y-1)v /2))(Y+ l)/(4 ( 1-Y)) (4.4)
eq eq eq

Stagnation conditions (p., T., etc.) in equations (4.1) - (4.4) refer to stagnation

cunditions at the passage exit, where the flow is assumed to be sonic, while peq P . Given
, and Pcq' equation (4.1) is solved to find M . Then all other average properties at the

p andp eqeq-

cu:valent initial condition can be found. -a

In using this approximation, the character of the flow at the equivalent exit condition was - ,

,aisumed to be the same as at the actual passage exit, e.g., either slug flow or fully-developed
pipe flow. The equivalent initial conditions were applied at the actual passage exit position, .,
ignoring any displacement to a virtual region. In spite of the crudeness of this approximation,
it at least conserves the mass, momentum and energy of the jet as a whole.

Pseudo-Diameter Approximation. The "pseudo-diameter" approximation for under-

expanded jets was proposed by Birch et al. (1984). In this method, the equivalent exit area is .. 4

fixed bv the mass flow rate of the flow, while the flow is assumed to have static properties at
!he ambient temperature and pressure, and has a uniform sonic velocity. In other words, the
Mach number of the equivalent flow is unity with static scalar properties fixed at the ambient
temperature and pressure.

Under these approximations, the equivalent velocity and density are:

uq R (RT /W)1 1  (4.5)

Peq = Wp./(R T.) (4.6)

while actual exit conditions are given by

_. . . ,... ... o
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Ue = (YRTe/W)I/ 2 = (2yRTo/(W(70-1)))1 /2  (4.7)

Pe po(2/(t- 1))1/(-- = (2/(y4-l)) 1/(y- 1)poW/(R T0 ) (4.8)

The ratio of the pseudo-diameter to the actual diameter is as follows:

(deq/de)2 PeUe/(PeqUeq) (2/ ))(Y+)/(2y-2)pop (4.9) "

where the last expression is only true if To = T., which was the case for present calculations. |

%

The character of the flow was also preserved when using this approximation. This
approach only satisfies conservation of mass of the original flow.

Momentum-Velocity Approximation. In underexpanded jets, the flow parameters
change rapidly near the jet exit. Initially, there is an increase in the diameter of the flow, but
this is followed by a shock cell and consequent density increase, leading to a reduction of the
flow diameter. This process can be repeated a number of times, see Figs. 5 and 6. S
Furthermore, entrainment rates for supersonic flows are lower than for subsonic flows,
tending to inhibit the growth of the jet diameter in the region where shock cells are present
(Dash et al., 1975). These observations prompted use of equivalent exit conditions having the Il

same diameter as the passage exit, denoted momentum-velocity approximations (Hess et al.,
1973; Gore and Faeth, 1986).

For the momentum-velocity approach, all the excess pressure at the jet exit is applied to
increase the momentum of the jet. This yields

Ueq =Ue+ (P e P) /(Pe ue) (4.10)

The static temperature is taken to be equal to the ambient temperature, and dcq d. By these ,

choices, the method does not actually preserve any conserved property of the flow - mass,
momentum, or energy.

5. RESULTS AND DISCUSSION

5.1 Subsonic Jets -

The present experiments included the range of subsonic and underexpanded jets

, ,'NN
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summarized in Tables 3 and 4. This information was supplemented by the measurements of
others which are summarized in Table 5, in order to evaluate methods of predicting these
flows. In the following, measured and predicted results for subsonic, sonic and
underexpanded jets will be considered in turn.

Initial Conditions. Initial conditions for the subsonic jet, Me = 0.3, are illustrated in Fig.

21. Time-averaged mean and fluctuating concentrations and streamwise velocity fluctuations
are plotted in the figure, as a function of radial distance normalized by the nozzle-exit radius.
In addition to present measurements, streamwise mean and fluctuating velocities from Shuen et

-0 al. (1984) are illustrated on the figure, since they also pertain to exit conditions from a
relatively-long constant-diameter passage. In both cases, optical limitations of the LDA
prevented measurements exactly at the exit of the nozzle. Present measurements were obtained
at x/d = 0.2, while those of Shuen et al. (1984) were obtained at x/d = 1.0. These nozzle exit
conditions should approximate fully-developed pipe flow; therefore, correlations of
time-averaged streamwise mean and fluctuating velocities, from Hinze (1975), are also shown
on Fig. 21. Furthermore, the mixture fraction is unity, and there are no mixture fraction
fluctuations, within the nozzle fluid, by definition: lines representing these definitions have also

d been drawn on Fig. 2 1.

In general, the measurements illustrated in Fig. 21 approximate the correlations for
fully-developed pipe flow. Exceptions are observed near the edge of the flow, where profiles
are broadened due to the development of the shear layer between the passage exit and the
streamwise position where the measurements were made. The present measurements of
streamwise mean and fluctuating velocities also agree reasonably well with those of Shuen et
al. (1984), except that the latter are more broadened near the edge of the flow, since they were
obtained somewhat farther from the exit of the passage, i.e., x/d = 1.0 as opposed to 0.2 for
the present measurements. The uniformity of concentrations near the core of the present flow
(2r/d < 0.8), and the absence of concentration fluctuations in this region, indicate that mixing

* %," of the tracer iodine vapor with the jet flow upstream of the passage exit was adequate.

Properties Along Axis. Predicted and measured mean and fluctuating properties along
the axis of the subsonic jet are illustrated in Fig. 22. The results include mean and fluctuating
concentrations and streamwise velocities. In addition to the present data, measurements of
streamwise mean and fluctuating velocities due to Shuen et al. (1984), for fully-developed pipe
flow at the passage exit, are shown on the figures. The predictions pertain only to present test
conditions and were found using initial conditions for fully-developed pipe flow, as discussed

S".earlier. In keeping with the isotropic turbulence approximation used in the present turbu-

lence model, the assumption of isotropy was used to estimate u' from k, i.e., u2 = 2k/3.
If the usual levels of anisotropy observed near the axis of fully-developed jets, u2 = k

(Wygnanski and Fiedler, 1969) were used instead, predictions would be roughly 20 percent
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higher. Present measurements are in the near-injector region, where the flow is still

developing; therefore, it is likely that actual levels of anisotropy in the flow are between these
limits.

Present measurements of streamwise mean and fluctuating velocities generally agree with
the findings of Shuen et al. (1984) within experimental uncertainties. Similar to the findings of
Shuen et al. (1984), using the same turbulence model, predictions are in reasonably good
agreement with measurements of streamwise mean and fluctuating velocities. Although
predictions were obtained for present test conditions, predictions based on the initial conditions
of Shuen et al. (1984) are virtually the same, as are the measurements for the two subsonic jet ,.
experiments. This agrees with the well-known independence of flow properties on Reynolds .
number for a particular initial condition, when normalized in the manner of Fig. 22.

Present results extend past findings to also consider predictions and measurements of -

fluctuating concentrations in Fig. 22. The agreement between predictions and measurements is
reasonably good; however, there are significant discrepancies between predictions and ' '

measurements of concentration fluctuations for 8 < x/d < 16, which follows the region where
concentration fluctuations rapidly increase, just downstream of the potential-core. This could .,

be due to a defect of the model, since boundary-layer approximations become questionable
when flow properties change rapidly in the streamwise direction. Even this discrepancy,
however, is not large in view of experimental uncertainties. In general, the results provide a
reasonable baseline for the analysis, consistent with past evaluations of the present approach -.

for constant and variable-density round jets (Jeng and Faeth, 1984).

The results illustrated in Fig. 22 demonstrate the importance of conditions at the passage
exit in determining the properties of the near-field region of jets. For fully-developed pipe
flow, the flow near the axis is always turbulent and a potential core is not present in the usual
sense. However, transition from pipe flow to more jet-like properties does result in a region
where properties don't vary very much along the axis and have a potential-core character. This .',

region extends to x/d - 4 for the results illustrated in Fig. 22. In contrast, measurements of jet
properties for slug-flow initial conditions indicate potential core lengths of roughly x/d - 8
(Wygnanski and Fiedler, 1969). Similarly, measurements downstream of the potential core
exhibit lower degrees of overall mixing (higher mixture fractions) at particular streamwise
positions for slug flows (Becker et al., 1967), than the present results for fully-developed pipe
flow at the passage exit. This behavior results from the shorter potential core in the present -
case, which increases the relative degree of mixing at every axial station. Another effect of jet
exit conditions is that concentration fluctuation intensities increase at a faster rate than velocity
fluctuation intensities downstream of the potential-core-like region. This is caused by the fact "..that concentration fluctuations are formally zero at the jet exit, while velocity fluctuations are

rather large at the jet exit (representative of fully-developed pipe flows). It is encouraging that
predictions represent these differences reasonably well.
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Radial Profiles. The radial variations of flow properties for the subsonic jet, at x/d = 5,
10 and 20, are illustrated in Figs. 23-25. Mean and fluctuating concentrations and streamwise
velocities, normalized by the mean concentration and the mean velocity at the axis,
respectively, are plotted as a function of r/x, which is the similarity variable for fully-developed
turbulent jets. The predictions are based on fully-developed pipe flow at the passage exit, as
noted earlier.

Predictions and measurements of mean concentrations and streamwise velocities,
illustrated in Figs. 23-25, are in reasonably good agreement. Flow near the passage exit, x/d =

5, is still developing, since radial profiles extend to r/x - 0.25, rather than r/x - 0.15-0.20
which is associated with fully-developed jets (Wygnanski and Fiedler, 1969). However, flow
widths at x/d = 10 and 20, particularly the latter, have already approached widths in terms of
r/x which are representative of similarity conditions far from the injector (Wygnanski and
Fiedler, 1969). This relatively rapid development of the flow is due to the fully-developed pipe
flow initial condition, which provides a reasonably strong turbulent flow, and a potential for
rapid mixing, right at the jet exit. In contrast, slug flow initial conditions, with low turbulence
levels, defers much of the development of the flow to the end of the potential core, ca. x/d = 8.
The fact that the end of the potential core-like region is reached near x/d - 4, see Fig. 22 is also
indicated by the rounded shape of the mean concentration and streamwise profiles near the
axis, with no evidence of a constant-property unmixed region at the core of the flow, at x/d =

5.

The comparison between the predicted and measured velocity fluctuations illustrated in
Figs. 23-25 is reasonably good, well within theoretical uncertainties due to the varying
anisotropy of the flow, and experimental uncertainties. This level of performance is typical of
past experience with the present analysis for a variety of low Mach number jets (Jeng and
Faeth, 1984; Shuen et al., 1984). However, the comparison between predicted and measured
concentration fluctuations is not as good, particularly at x/d = 5 and 10 where predictions
overestimate the measurements significantly. This difficulty may be related to the strong
streamwise variation of concentration fluctuations along the axis in this region, discussed in
connection with Fig. 22. Such rapid streamwise changes, which exceed those observed for
velocity fluctuations, raise questions concerning the appropriateness of the boundary-layerapproximations in this region. This view is supported by the improved comparison between

predicted and measured concentration fluctuations at x/d = 20, seen in Fig. 25, which
corresponds to a region where the streamwise variation of concentration fluctuations is much
smaller than for x/d in the range 5-10, see Fig. 22.

Shuen et al. (1984) also report measurements at x/d = 20, for fully-developed pipe flow
initial conditions, which are plotted in Fig. 25 for comparison with present results.
Furthermore, radial plots of properties at x/d = 20, when normalized in the manner of Figs.
23-25, become relatively independent of initial conditions (whether slug or fully-developed
flow), the initial density variations of the flow, and the value of x/d, i.e., similarity conditions
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are approached. Thus, several other sets of measurements are plotted in Fig. 25 as well. This
I includes results of Becker et al. (1967) for an air jet at x/d = 40, with a slug flow initial

condition; results of Birch et al. (1978) for a methane jet injected into still air for a
fully-developed pipe flow initial condition; and results of Wygnanski and Fiedler (1969) for an

S air jet with a slug flow initial condition. Mean properties of all these measurements agree
reasonably well with the present measurements, and the predictions. The velocity fluctuation
measurements of Shuen et al. (1984), also made with an LDA, similarly agree quite well with

present measurements and predictions. However, the velocity fluctuation measurements of
Wygnanski and Fiedler (1969) are higher than present results and those of Shuen et al. (1984)
near the edge of the flow. This behavior is probably due to difficulties encountered with the
interpretation of hot wire measurements, the approach used by Wygnanski and Fiedler (1969),
in the edge region of jets where turbulence intensities are high. The concentration fluctuation

'S measurements of Becker et al. (1967) and Birch et al. (1978) are also higher than present
measurements near the edge of the flow. This is expected for the particle-scattering approach
used by Becker et al. (1967), since shot noise is difficult to control in regions where particle
concentrations are low and this effect tends to increase apparent concentration fluctuationlevels. Birch et al. (1978) use Raman scattering for their measurements and shot noise should

not be a problem. Present signal-to-noise ratios in this region are quite good, as discussed
earlier. Information on signal-to-noise ratios was not provided by Birch et al. (1978), and low
signal-to-noise ratios for their measurements might explain the discrepancy; however, further
study will be needed to resolve the differences between the findings of Birch et al. (1978) and

u the present investigation. L

5.2 Sonic Jet

Initial Conditions, Initial conditions for the adapted sonic jet are illustrated in Fig. 26.
This condition has not been considered by others; therefore, only present measurements are
compared with the correlations for fully-developed pipe flow. The results are qualitatively the
same as for the subsonic jet, illustrated in Fig. 21. One curious aspect of the results is that

< .normalized velocity fluctuations are somewhat higher in the shear layer for sonic flow than for
subsonic flow. It will be shown subsequently that this trend will continue with additional
exit-plane pressure increases for underexpanded jets, suggesting that the present sonic flow

, might be slightly underexpanded (since properties across the exit are not uniform, defining the

sonic state is somewhat subjective).

Properties Along Axis. Predictions and measurements of mean and fluctuating
concentrations and streamwise velocities along the axis of the sonic jet are illustrated in Fig.

S.. 27. The comparison between predictions and measurements is similar to the subsonic jet
illustrated in Fig. 22. The analysis correctly represents the increase in the length of the

: ,,: potential core and slower mixing rates of the sonic jet, in comparison to the subsonic jet. This
is an effect of the increased initial density of the sonic jet since it has a lower temperature due to
a greater degree of expansion in the passage. This requires additional mixing with the
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surrounding gas in order to achieve the same scalar and dynamical state. Past comparison of
measurements and predictions for variable density round jets exhibit this behavior to a greater-
degree, when jets having large density variations are considered (Faeth, 1983). The present
analysis was also able to treat these larger density variations successfully; thus, the agreement
seen in Fig. 27 is perhaps not surprising. The additional feature examined here, however,
involves use of the stagnation enthalpy equation and consideration of kinetic energy in the
mean: the results illustrated in Fig. 27 suggest that these aspects of the analysis are performing
sari sfactrorily. -

Radial Profiles. Predictions and measurements of the variation of flow properties in the
radial direction for the sonic jet are illustrated in Figs. 28-30. The coordinates of these plots,
and the spatial locations considered, are the same as for the subsonic jet, illustrated in Figs.
23-25. The comparison between predicted and measured mean properties is similar to findings
for the subsonic jet, suggesting little deterioration of the analysis as the density variation and ''

Mach numbers increase, for subsonic flow. Predictions of streamnwise velocity fluctuations areP
* also reasonably good, in view of uncertainties in the degree of anisotropy of the flow and

experimental uncertainties. Predictions of streamnwise velocity fluctuations are somewhat
worse at xld = 5 than at other locations. This position, however, is just downstream of the

* potential core where fluctuating velocities vary rapidly in the streamnwise direction, and .

* predictions become rather sensitive to streamnwise location. This also corresponds to the
position where predicted fluctuating velocities at the axis are in worst agreement with O
measurements, see Fig. 27.

Predicted and measured concentration fluctuations are in poorest agreement for the sonic
jet, for the results illustrated in Figs. 28-30. Predicted profiles of concentration fluctuations are
narrower for t.e sonic than for the subsonic jet, reflecting the somewhat larger jet exit density
of the former flow, which reduces relative rates of turbulent mixing in the radial direction.
However, the measurements indicate a larger reduction of width in going from subsonic to
sonic flow, contributing to the relatively large discrepancies seen between predictions and
measurements near the edge of the flow. One possible reason for this behavior is that the sonic .

flow may in fact be slightly underexpanded, as noted earlier, so that the compressible wave
field could modify mixing properties in ways that are not considered in the present analysis.
Another problem might be the relatively crude treatment of scalar properties, represented by
equations (3.4)-(3.8), which ignores the correlation between H and f. This type of difficulty
will become more problematical as Mach numbers of the flow increase, and represents an area
of the analysis which should be given more study. Finally, the somewhat poorer results at x/d

-5 and 10 could be due to the rapid changes of concentration fluctuations in this region, -i

raising questions concerning use of the boundary-layer approximations, as noted earlier. The ,*i

* fact that predictions of all properties improve at x/d = 20, where effects of compressibility,
* variable densities, and rapid streamwise development of the flow become small, suggests that

all these factors contribute to discrepancies between predictions and measurements in the
near-field portion of the flow.
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5.3 Supersonic Jets: Slug Flow

Both underexpanded and adapted supersonic jets, having slug flow exit conditions, will
be considered first, prior to dealing with the additional problems of fully-developed flow at the

jet exit for the present measurements. Results to be considered include the measurements of
Birch et al. (1984, 1987), Seiner and Norum (1979, 1980) and Eggers (1966).

Predictions and measurements for the results of Birch et al. (1984, 1987) are illustrated '

in Fig. 3 1. Two jets were studied by Birch et al. (1984, 1987): natural gas injected into still

air, to study mixing; and air injected into still air, to study velocities. The flows were produced :

using a converging nozzle, with a sonic velocity slug flow and an underexpansion ratio of 1.9
at the nozzle exit. Convective Mach numbers for these flows were 0.77 and 0.65, while the
measurements were limited to x/d > 20; therefore, effects of compressibility were not large in
the region where measurements were made.

Predictions based on the divergent- nozzle approximation, with (denoted c.c.) and
without the compressibility correction, are illustrated for both jets in Fig. 3 1. The other two I
approximate methods, the pseudo-diameter and the momentum-velocity methods, gave nearly ,

the same results as the divergent-nozzle approximation for all calculations considered during.*
this investigation; therefore, only the latter approach will be illustrated in this report. .

Parabolized Navier-Stokes predictions, using the SCIPVIS algorithm and with (denoted c.c.)
and without the compressibility correction, are limited to the air jet in Fig. 3 1. The SCIPVIS
calculations give rapid mean velocity fluctuations in the shock-wave-containing region near the
jet exit, which cannot be resolved on the scale of Fig. 31; therefore, only averages of these
mean velocity fluctuations along the axis are shown. Velocities computed using the
divergent-nozzle approximation do not fluctuate and are plotted directly on the figure: these

velocities are higher than the jet exit velocity due to the effective expansion process between the
jet exit and ambient pressures. i-

All the mean velocity predictions illustrated in Fig. 31 agree reasonably well with each
other and with the measurements. However, this evaluation is not very definitive since the
measurements correspond to the slug flow exit conditions, which aire appropriate for SCIPVIS; S

the convective Mach numbers are low so that compressibility should not have a large effect on
mixing; and the measurements are far from the jet exit, reducing effects of errors in the
near-field region. Use of the divergent-nozzle approximation is similarly successful for mean
concentrations along the axis, but with the same limitations. While effects of compressibility
are not large for the results illustrated in Fig. 31, they can still be seen in the predictions. The .-

lower values of K for M C> 0.55 cause the compressibility -corrected predictions to trail the

baseline predictions, extending the length of the potential core region slightly.
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The mean static pressure measurements along the axis of an underexpanded supersonic
jet, due to Seiner and Norum (1980), are illustrated in Fig. 32. Test conditions involved a cold
(Te = 164 K) Mach 2 jet injected into still air with an underexpansion ratio of 1.45. Predictions

using the SCIPVIS algorithm, both with and without the compressibility correction, are also ION
shown on the figure. Both predictions and measurements exhibit the decaying oscillatory static
pressure variation in the near-field region, caused by the interaction between the shock cells
and the growing mixing layers near the edge of the flow. All predictions and the measurements
agree quite well for the first few shock cells, where the flow is largely inviscid: similar . ,
behavior was observed by Dash et al. (1985) using slightly different turbulence models.
Farther downstream, however, predictions using the baseline turbulence model underestimate Ob %%

the wavelength of the pressure oscillations, and overestimate their rate of decay in the "
streamwise direction. This is caused by overestimation of the rate of growth of the shear layers I
near the edge of the flow, which is reduced due to the high convective Mach number of this
flow, 0.94. This is shown by the improved predictions of the compressibility-corrected
version of the turbulent model, both with respect to the wavelength and amplitudes of the N
pressure oscillations far from the injector. These results suggest that the reduced rates of
mixing for the Seiner and Norum (1980) measurements are consistent with the measurements
of constant-pressure high convective Mach number measurements used to develop the V,
correlation of equations (3.2) and (3.3). ,'

Results for the measurements of Eggers (1966) are illustrated in Fig. 33. Mcan

velocities were measured along the axis of an adapted jet produced by a convergent/divergent
nozzle injected into still air with slug flow exit conditions and an exit Mach number of 2.2. ,.

Predictions include the divergent-nozzle and parabolized Navier-Stokes methods, both with
and without the compressibility correction. The convective Mach number of this flow is 0.92;
therefore, effects of compressibility should be important according to the results illustrated in
Fig. 18 and correlated by equations (3.2) and (3.3). This is reflected by the longer length of
the potential core for predictions using the compressibility correction (nearly a 2:1 increase in
the predicted length of the potential core). Since the flow is adapted, predictions using the
parabolized Navier-Stokes and divergent-nozzle methods should be the same, since they both
use the same turbulence models. Small differences between the predictions are due to 7T
differences in the numerical solutions using the GENMIX and SCIPVIS algorithms:
particularly the need to extrapolate to zero coflow when using the latter method.

Comparing predictions and measurements in Fig. 33 indicates that use of the compressi-

bility correction yields the best results for the subsonic portion of the flow, i-c/ue < 0.5, where .,
uncertainties in the measurements are relatively small. The comparison between predictions
using the compressibility correction and the measurements is less satisfactory nearer to the jet
exit. We suspect that the measurements are largely at fault in this region, due to problems of
probes in supersonic flows. In particular, it is difficult to see how the potential core could only
extend to x/d ca. 10 for Egger's (1966) measurements, while the jet studied by Seiner and " l
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V)
Norum (1980), which has somewhat similar exit conditions, has a potential core greater than
x/d = 20, see Fig. 32. These measurements should be repeated before drawing definitive
conclusions concerning the value of the present compressibility correction for high-speed
compressible mixing processes.

Considered together, these three evaluations suggest that both the diverging-nozzle and
the parabolized Navier-Stokes methods, using the compressibility-corrected turbulence model,
provide reasonably good predictions of flow properties for jets approximating slug-flow exit
conditions. The baseline turbulence model without the compressibility correction, however,
tends to overestimate mixing rates for convective Mach numbers greater than 0.6. These
findings are in general agreement with Bogdanoff (1983) and Papamoschou and Roshko
(1986), as exemplified by results appearing in Fig. 18.

5.4 Underexpanded Jets: Fully-Developed Flow

Initial Conditions. Measured initial conditions for the underexpanded jet
(underexpansion ratio of 1.2) are illustrated in Fig. 34, along with the correlations for

71 fully-developed pipe flow. Pressure variations begin quite close to the passage exit for the
underexpanded jet, which complicates the interpretation of measured mean and fluctuating
concentrations at x/d = 0.2; therefore, these measurements were not made since results for the
adapted jets had already shown that concentrations were uniform at the passage exit. Similar to
the adapted jets, mean and fluctuating streamwise velocities are similar to the correlation for
fully-developed pipe flow within the core of the flow, but are broadened within the shear layer
near the edge of the flow. For the underexpanded jet, however, the expansion wave emanating
from the exit of the passage wall accelerates the gas near the edge of the flow, before mixing
begins. This makes the streamwise velocity profile somewhat blunter than the fully-developed
pipe flow correlation, and probably also plays a role in causing somewhat higher velocity
fluctuations in the shear layer of the underexpanded jet than for the subsonic jet. Based on the
measurements illustrated in Fig. 34, it was concluded that the flow at the passage exit was a
reasonable approximation of fully-developed pipe flow with negligible concentration
variations. These conditions were used to establish initial conditions for computations of flow
properties for both underexpanded jets studied during this investigation. Profiles of mean

S-" velocities, turbulence kinetic energy, and the rate of dissipation of turbulence kinetic energy

were obtained from Hinze (1975), while f= 1 and g = 0, by definition.

Flow Visualization. Flow visualization for the weakly underexpanded jets was limited ;,
to Schlieren photographs, using a continuous light source. A continuous Schlieren
photograph of the underexpanded jet having an underexpansion ratio of 1.2 appears in Fig. 35.
The region near the jet exit is considered. Within this region, several oblique shock cells can
be seen, similar to the pattern sketched in Fig. 2. With increasing distance from the jet exit, the
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growth of the shear layer near the edge of the flow causes the shock cells to be increasingly
restricted in the radial direction. This action of viscous effects eventually destroys the shock
cell pattern, roughly 6-8 passage diameters from the jet exit. Viscous effects also cause the
spacing between shock cells to decrease with increasing distance from the injector.

A Schlieren photograph of the underexpanded jet, having an underexpansion ratio of
1.4, is illustrated in Fig. 36. An oblique shock-cell pattern is seen, similar to the jet having a
lower expansion ratio illustrated in Fig. 35. The main difference between the two flows in that %
the spacing of the shock cells increases as the underexpansion ratio increases. It is also clear
that the spacing of the cells is not constant, but decreases gradually with increasing distance
from the jet exit, until the flow becomes subsonic due to effects of viscosity and the shock-cell
pattern disappears entirely.

Properties Along Axis. Predictions, using the SCIPVIS algorithm, and measurements
of time-averaged mean static pressures along the axis for the sonic adapted jet (as a baseline)
and for the two underexpanded jets, having underexpansion ratios of 1.20 and 1.37, are illu- V
strated in Fig. 37. Normalized mean static pressure, pc/p* is plotted as a function of nor- . ,
malized distance from the injector, x/d, considering the near-injector region, x/d < 8, where
shock cells are present for the underexpanded jets. ,

Measurements for the adapted jet, illustrated in Fig. 37, should indicate a uniform static
pressure field. Instead, there is a slight fluctuation of pressure, particularly near the passage )

exit. Although the pressure variation in this region is comparable to experimental uncertainties L'
and cannot be used as a reliable measure of flow properties, the variation was reproducible and
provides some additional evidence that the sonic adapted jet was actually somewhat
underexpanded, ca., a few percent. '-

Static pressure measurements for the two underexpanded jets, illustrated in Fig. 37,
clearly show an oscillatory pattern, which is expected based on the Schlieren photographs of
the near-field regions of these jets, illustrated in Figs. 35 and 36. With increasing distance
from the injector, the amplitude of the pressure oscillations decreases, and the wavelength
decreases, until the shock cell structure is completely washed away by the growth of the shear .1
layer near the edge of the jet. This process is completed by x/d in the range 6-7 for an
underexpansion ratio of 1.20. The pressure field for an underexpansion ratio of 1.40 appears
to be decaying in a similar manner; however, the full region of decay could not be measured.
For x/d > 4.5, strong Mie scattering signals were observed along the axis and the
measurements yielded anomalous results. This was felt to be due to condensation of either
water or iodine vapor in the shear layer region, due to the lower static temperature levels of this
flow.
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Similar to the static pressure results for slug flow, illustrated in Fig. 32, predictions for
fully-developed flow, illustrated in Fig. 37, are in reasonably good agreement with
measurements for the first few shock cells, where effects of turbulent mixing are small.
Farther downstream, however, predictions overestimate the amplitude and wavelength of the
pressure oscillations, yielding a longer shock-wave-containing region than measured. This
behavior is opposite to the findings for slug-flow jet exit conditions where the length of the
shock-containing region was underestimated using the baseline turbulence model, cf. Figs. 32
and 37. The convective Mach numbers of the underexpanded fully-developed flows are less
than 0.6; therefore, compressibility effects are small, so that both baseline and
compressibility-corrected predictions are the same in Fig. 37. Thus, the presence of a fully
turbulent core flow, as opposed to the inviscid flow prescribed by the SCIPVIS algorithm, is
mainly responsible for this behavior, e.g., with an adjacent turbulent flow, the strong mixing
layer near the edge of the flow grows more rapidly, causing faster decay of the shock-cell
pattern. The same effect is responsible for the shorter length of the potential-core-like region
for fully-developed jet exit conditions, than for slug flow, for low-speed jets.

Measured mean and fluctuating concentrations and streamwise velocities along the axis
of the jet having an underexpansion ratio of 1.2 are illustrated in Fig. 38. Predictions using
both SCIPVIS and the divergent-nozzle approximation are also illustrated on the figure. The
length of the potential-core-like region for the underexpanded jet is similar to the sonic jet (cf.
Figs. 27 and 38), which is somewhat surprising due to the vastly different core flow when
shock cells are present. Measured mean velocities in the shock-containing region could not
resolve the velocity changes across shock-cells due to deficiencies in particle response. Thus,
only values beyond the potential-core-like region are reliable.

As expected from the static pressure results, predictions using SCIPVIS overestimate the
length of the potential-core-like region. This behavior is not due to an inviscid effect, e.g., the
shift in position of the sonic line between slug flow and fully-developed pipe flow jet exit
conditions, since the SCIPVIS algorithm allows use of the actual initial mean velocity
distribution at the jet exit. As noted earlier, faster growth of the strong mixing layer near the
edge of the flow, due to the presence of the turbulent core, appears to be the most probable
explanation for the differences between SCIPVIS predictions and measurements.

The predictions using the divergent-nozzle approximation are in best agreement with
measurements in Fig. 38. Although the divergent-nozzle approach is somewhat ad hoc, it can
account for effects of degree of flow development at jet exit and gave reasonably good results
for other adapted and underexpanded jets. Thus, the improved agreement between the
divergent-nozzle predictions and the measurements is supportive of the importance of
turbulence at the jet exit on the near-field properties of underexpanded jets. More exact
treatment of this process is very challenging, since the interaction between the strong mixing
layer and the turbulent core, which have different turbulence properties, must be considered in
the presence of shock waves and effects of compressibility.
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RadiaL. Profil The predicted and measured radial variation of flow properties in the
underexpanded jet, having an underexpansion ratio of 1.2, are illustrated in Figs. 39-41, for
x/d = 5, 10 and 20. As in the case of the adapted jets, mean and fluctuating concentrations and
streamwise velocity fluctuations are plotted as a function of r/x, which is the similarity variable
for fully-developed turbulent jets. An exception for the measurements involves concentration
measurements at x/d = 5: this profile was not measured since it is in the shock-cell region
where static pressures vary, but static pressures were only found along the axis. Predictions
shown on the figures include results from the SCIPVIS algorithm and use of the
divergent-nozzle approximation. Similar to results along the axis, the divergent-nozzle,
pseudo-diameter and momentum-velocity approximations gave nearly identical results for
present test conditions. Results with and without the compressibility correction were
essentially the same, due to the low convective Mach number of this flow.

In general, conclusions concerning the comparison between predictions and
measurements for the radial profiles illustrated in Figs. 39-41, are similar to findings for
properties along the axis, discussed in connection with Fig. 37. The SCIPVIS algorithm
generally underestimates the rate of development of the flow, since this approach does not
account for the presence of a turbulent core flow. In contrast, the approximate method, using
equivalent jet exit conditions, yields surprisingly good results. This suggests that these
methods might be helpful for analyzing some phenomena concerning the near-field region -
particularly the region near the edge of the flow - where pressures are nearly equal to the
ambient pressure. This would involve turbulent mixing processes with underexpanded jets,
like condensing and reacting flows (Chen and Faeth, 1982, 1983; Birch et al., 1978, 1984,~1987).

Shock-Cell Parameters. Several shock-cell parameters were obtained from the
continuous Schlieren photographs, over the range of conditions summarized in Table 3. This
includes the standoff distance and diameter of the Mach disk and the average length of the
shock cells. These measurements, and their comparison with predictions (where possible) are
discussed in the following.

Predictions and measurements of Mach disk standoff distance and diameter are plotted as
a function of underexpansion ratio in Fig. 42. In addition to present measurements, which
pertain to fully-developed pipe flow at the passage exit, measurements of Addy (1981) and
Ewan and Moodie (1986), which pertain to slug flow at the passage exit, are shown. Several
predictions are also shown on the figure, as follows: estimates of Mach disk standoff distance
and diameter from SCIPVIS, predictions of shock standoff distance due to Adamson and
Nicholls (1959), an empirical correlation of Mach disk diameter due to Antsupov (1974), and a
correlation of shock standoff distance due to Lamkin et al. (1980). All these predictions and

'correlations refer to slug flows having low levels of turbulence at the passage exit.
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The measurements illustrated in Fig. 42 show that the Mach disk is only present for
underexpansion ratios greater than roughly two. This is indicated by the point where the Mach
disk diameter becomes greater than zero, with all lower expansion ratios involving the
intersection of oblique shocks. For a given underexpansion ratio, measurements show that the
Mach disk standoff distance and diameter are somewhat smaller for fully-developed flow than
for slug flow. From consideration of various nozzle geometries, but all for short nozzle
passages, Addy (1981) has shown that shifts in the position and diameter of the Mach disk can
partly be attributed to shifts in the position of the sonic line due to changes in the distribution of
mean velocities at the passage exit. The present structure measurements, discussed in the last
section, show that viscous effects and a turbulent core flow also contribute to shifts in the
structure of the shock cells; therefore, these effects probably also play a role in the changes
seen in Fig. 42. In particular, the more rapid growth of the shear layer near the edge of the jet
constricts the shock-containing region, tending to reduce all the dimensions of the shock
waves.

Predictions based on the SCIPVIS algorithm are based on the mean velocity distribution
for fully-developed flow. Clearly, these predictions overestimate both the standoff distance
and diameter of the Mach disk. Such behavior is expected, since SCIPVIS predictions do not
properly represent the growth of the shear layer for turbulent flow at the exit of the passage.
The predictions and correlations of Adamson and Nicholls (1959), Antsupov (1974) and
Lamkin et al. (1980) provide qualitative estimates of the standoff distance and diameter, but do
not consider effects of varying mean velocity distributions and turbulence properties at the
passage exit; therefore, these methods do not provide very accurate estimates of any of the
measured properties illustrated in Fig. 42.

The spacing of the shock cells in the near-field region varies with distance along the axis.
However, an average spacing, S, was defined in order to quantify the effect of the
underexpansion ratio on the overall appearance of the shock cell pattern. These measurements
are illustrated in Fig. 43, along with predictions obtained using the SCIPVIS algorithm.

At underexpansion ratios near unity, the shock waves are oblique and cross the field
nearly perpendicular to the axis; therefore, the shock-cell spacing becomes small. As the
underexpansion ratio increases, the spacing increases but tends to approach a finite limit, since
the shock cells are confined by the rapidly growing shear layer which constricts their
dimensions, as noted earlier. The appearance of the Mach disk, at underexpansion ratios near
two, has a dramatic influence on the appearance of the flow field; however, this event does not
cause an appreciable change in the rate of growth of the shock cell spacing illustrated in Fig.
43. Nevertheless, the general growth of the average spacing tends to parallel the growth of the
Mach disk diameter and standoff distances, pictured in Fig. 42, for underexpansion ratios
greater than two. Similar to the behavior of the SCIPVIS predictions for Mach disk diameter
and standoff distance, the SCIPVIS algorithm tends to overestimate the shock cell spacing.
This behavior follows since the growth of the shear layer is underestimated, which provides
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more room for the shock cells than is actually observed when the core flow is turbulent.

"K

6. CONCLUSIONS

The major conclusions of the present study are as follows:

1. The shock-wave-containing near-field region of underexpanded turbulent jets is .',
influenced by effects of both compressibility, and turbulence levels at the jet
exit. Large convective Mach numbers (greater than 0.5) tend to reduce mixing
rates due to compressibility effects, as described by Bogdanoff (1983) and
Papamoschou and Roshko (1986), which increases the extent of the shock
containing region. Conversely, high turbulence levels at the jet exit tend to
increase mixing rates, similar to subsonic jets, which reduces the extent of the
shock-containing region. The interaction between the multiplicity of turbulence
scales in the turbulent core and the shear layer, and their relationship to the large
eddies which are responsible for mixing in shear layers, presents a formidable
problem which must be resolved to obtain a better understanding of R
underexpanded turbulent jets.

2. Use of the divergent-nozzle approximation, in conjunction with the
compressibility-corrected k-e turbulence model, was reasonably successful for .
estimating the structure of adapted jets and the constant-pressure portions of
underexpanded jets (for both fully-developed and slug flow jet exit conditions).
Unfortunately, this approach provides no information concerning the near-field
shock-wave-containing region of the flow.

3. The parabolized Navier-Stokes approach, using the SCIPVIS algorithm and the
compressibility-corrected turbulence model, was reasonably successful for slug
flows at the jet exit. Additional development of this approach is needed so that
effects of turbulence at the jet exit, which are important for some applications,
can be accommodated. *:

4. The present compressibility-correction yielded encouraging results; however, it
is provisional and only limited data were available to calibrate the approach.
Additional measurements, involving high convective Mach numbers, are needed
for a more definitive evaluation.

5. Present LIF methods provide a convenient means of measuring mean and
fluctuating concentrations and mean static pressures for supersonic flows near
atmospheric pressure, complementing earlier proposals for the use of LIF for .
pressure measurements at low pressures due to McDaniel (1983). The main
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problem encountered during the present work was evidence of condensation of
water vapor or iodine vapor at high underexpansion ratios. In agreement with
earlier studies, it was found that conventional LDA, using seeding particles, is
not satisfactory in the supersonic portions of underexpanded jets, due to the
inability of particles to respond to the rapid gas velocity changes across shock
waves.

Present measurements were limited to modest underexpansion ratios and fully-
developed jet exit conditions. Additional measurements are needed, as follows: slug flows
should be considered, to provide direct experimental evidence concerning effects of flow
development; higher underexpansion ratios (greater than two) should be considered, to find the
effect of the appearance of a Mach disk on flow structure and mixing properties; and
high-speed adapted jets, having various turbulence levels at the jet exit, should be considered,
to highlight the combined effects of compressibility and adjacent turbulent flows on near-field
mixing properties. Such results would be most helpful for developing methods for predicting
the structure of turbulent underexpanded jets. Work along these lines is currently in progress
in this laboratory.
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