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PREFACE
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The author of the report was Roy J. Schulz, ARO, Inc. The manuscript
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1.0 INTRODUCTION

1.1 DESCRIPTION OF THE PROBLEM

The results of an experimental and theoretical investigation of the
recirculating flow fields induced by ducted, variable~density, turbulent
jet mixing are presented. Recirculating flow fields established by
turbulent jet mixing of two coaxial streams in a constant-area, axisym-
metric duct occur in many industrial and aserospace burner, furnace,
or combustor configurations. The so-called "sudden-expansion” or
"dump" combustors used in ramjet-rocket propulsion systems are designed
on the principle of establishing and maintaining combustion in regions

of recirculating flow within the combustors.

Figure 1 shows the essential features of the type of recirculating
flow field studied herein. For a certain range of fluid influx condi-
tions, ducted jet mixing of coaxial streams leads to the creation of
an eddy of recirculating fluid, existing on a time-averaged baais as
a toroidal, highly vortical region with high levels of turbulent in-
tensities and relatively low average velocities. The eddy of the
recirculating region is generated when the “entrainment capacity" of
the higher velocity primary jet stream is not satisfied by the
weight flow of the outer,'lower veloclity secondary stream. For
those conditions, the primary jet "establishes" the recirculation
eddy which serves to feed mass into the jet thus dissipating the

jet mechanical energy.

In all essential time-averaged features, this recirculating {low
is a statlonary, separated, turbulent, toroidally shaped region with
and eddy-like structure wherein back-flowing currents carry mass,
energy, and momentum from downstream toward the inlet station. The
recirculation eddy can exist with or without gsecondary flow. How-

ever, at a secondary flow rate equal to or greater than a critical
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"blow-off" value, the recirculation eddy structure cannot form, and
the duct flow will be characterized everywhere by positive axial
velocity components. The pertinent features of the flow field with

recirculation are:

1. The axial location of the two points on the duct
wall, denoted XFS and st in Fig. 1, which are
characteristic time-averaged stagnation points of

the flow,
2. The time-averaged axial velocity field,

3. The time-averaged distribution of mass, energy
or temperature of the fluid from the primary flow
which characterizes the qualitative and quantitative
nature of the mixing that has occurred between the two

streams, and

4. The time-averaged axial distribution of wall static

pressure.

All of these gross features of the flow, their spatial distribu-
tions and magnitudes, appear from experimental evidence to be depend-
ent upon the ratios (uso/up, pslpp, RSIRP), the Reynolds number
based on the primary flow at the nozzle exit station (Ngp. }, and upon
chemical reactions, 1if any, occurring in the Flow. However, it
is alsc an empirical observation that, for values of the primary
jet Reynolds number defined by
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greater than about 1.5 x 104, the time-averaged velocity, species
concentration, and static-pressure fields become independent of the
jet Reynolds number (NRep); this condition is satisfied in the
present study, In the present investigation, the flow flelds studied
were nonreactive, hence of uniform total temperature. However,
density variations were created througheut the flow fields by the
mixing of jets of different molecular weight.

The principal objective of the present study was to obtain
time-average flow field data in sufficient detail to define the
recirculating flow fields that develop from ducted, non-reactive
but variable-density, axisymmetric, turbulent jet mixing. The
density variations were achieved by utilizing air as the primary
stream fluld and hydrogen as the secondary stream fluid., The data
obtained were spatial distributions of time—average velccity, hydro-
gen mass fraction, and wall static pressure for three sets of pri-
mary and secondary stream influx conditions. The data may be used
for preliminary design estimates for combustors, or cembustor pro-
cesses, and to develop and evaluate theoretical models or predictive

techniques for such flows and processes.

In the present study, the data cbtained were compared with
theoretical predictions made by using a slightly modified version
of the theoretical model and numetrical solution procedure developed by
Gosman, et al., (Ref. 1), The theoretical solutions were calculated
based on a simple Prandtl-type eddy viscosity model of the turbu-

lent transport processes.

1.2 SURVEY OF THE LITERATURE

Thring and Newby (Ref. 2) were concerned with analyzing the
operating cenditions within an oil-fired, recirculating-flow burner.

1)

The principal objective of thedir analysils was '"... to emplcy an
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isothermal constant density mixing model to predict approximately the
position of a stoichiometric contour in a hot flame burning fluid
atomized oil." The importance of the paper by Thring and Newby was
that it presented evidence that, when R.B/Rp > 10, the jet mixing
processes in combustors could be interpreted qualitatively like free
turbulent jet mixing and that they identified a parameter that
"correlated” combustor mixing processes with variations in the ratios
of the weight flows and radii of the primary etream to the secondary

stream.

Curtet (Ref. 3) presented an analysis of ducted, turbulent jet
mixing processes which was developed by himself and A. Craya based on
solving the boundary layer forms of the Navier-Stokes equations using
an integral technique. 1In order to obtain solutions, Curtet assumed
that the confined jet mixing processes could be based on empiricisms
developed by analysis of free turbulent jet mixing processes, {urtet
showed that this type of analysis, an integral analysis, could predict
certain features of the process of confined jet mixing with recircula-
tion, for example, the amount of material in the recirculation eddy,
over appropriate ranges of characteristic parameters of the system,
such as, uso, up, RS, and Rp' The analysis by Craya and Curtet was
developed specifically for constant density, isothermal, confined,
turbulent jet mixing. Curtet, like Thring and Newby, reported a
mixing similitude parameter that would serve to correlate the gross
structural features of the flow fields as they varied with changing

primary and secondary stream influx conditions.

To supplement the theoretical study, Curtet presented the results
of an experimental investigation of recirculating floew in a combustor
configuration. The experimental investigation covered recirculating
flows in both planar and axisymmetric combustor configurations. The
data were obtained from experiments based on isothermal, constant

density, confined, turbulent jet mixing but unfortunately, the data

10
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may be dependent on the exit geometry of the combustor that was used

in the experiments and thus may lack generality.

On the other hand, papers providing detailed data on confined jet
mixing with recirculation that do not depend on downstream or exit
conditions were prepared and presented by Becker, Hottel, and Williams
(Refs. 4, 5, and 6). The papers presented data which define the wall
static pressure, concentration, and velocity fields which result from
constant density, isothermal, confined jet mixing processes with re-
circulation. The data also serve to define the intermittent, or

“turbulent,"

nature of this class of flows because Becker, Hottel, and
Williams presented spatial distribution of intermittency and concen-
tration fluctuation intensities that existed in thelr recirculating
combustor flows. Becker, Hottel, and Williams proposed yet another
parameter (CT) to serve as a parameter for the correlation of the
gross flow field properties with variations in primary-to-secondary
stream velocity and radius ratios. Their definition of CT, which they

named the Craya-Curtet parameter {(Ref. 4), is

u
c, = = (2)
u
o}
where
_ 1 2 2 _ L2
T F[up% + uSQ(RS R0)] (3)
S
and ) 1
R 272
1 2,2, 2 5 2.4. 1 u
uD* = [E-z-[upRP"'U.SO [—2—' Rp)] -Z k] (4)
]

The form of CT glven above is based on uniform parallel influx or
entrance conditions of the primary and secondary streams when they are
separated by a thin nozzle lip. Details and analysis of the Becker,
Hottel, and Williams experiments are provided in Ref, 7.

11
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Barchilon and Curtet (Ref. B) also presented experimental data
defining the flow fields developing from isothermal, constant density,
confined, axisymmetric, turbulent jet mixing with recirculation., Their
data defined time-averaged axial velocity fields, wall static pressure
distributions, and turbulent velocity fluctuation intemsity distributions.
Barchilon and Curtet alse compared and correlated the spatial wvariaticns
of the gross flow field characteristics, such as the structure of the
recirculating eddy, with the values of the Craya-Curtet parameter (CT).
Their study was carried out with both gaseous and liquid streams as

the experimental fluids.

Other papers have been written about recirculating combustor flows,
but these papers are not sufficlently useful teo warrant discussion in
the present study. At present, it is more important to censider the
differences and similarities in the data presented by Becker, Hottel,
and Williams and by Barchilon and Curtet since their papers contain the
principal data which define ducted jet mixing with recirculation under
isothermal, constant density conditions. 1In both cases, experiments
were conducted in duct geometries where the duct-to-primary jet
radius was relatively large (RS/Rp > 10) so that, to a falr approxi-
mation, the jet mixing processes exhibit qualitative and quantitative
features similar to free turbulent jet mixing processes. Both set of
experiments were concerned with the investigation of constant density,
isothermal, axisymmetric, ducted turbulent jet mixing with recirculation
wherein both primary and secondary streams enter the mixing region
with uniform velocity profiles. Both sets of experiments provided
data defining the time-averaged axial velocity fields, wall static
pressure distributions, and distributions of quantities that characterize
the fluctuations of properties of the flow fields in an attempt to
characterize the "turbulent" nature of the flows. In both cases, the
characteristic features of the flow filelds, such as the axial locations
of the forward and rear stagnation points, were correlated with C_.

T
The similitude parameter was varied over a wide range, including conditions

12
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resulting in blow-off of the recirculation zone. Barchilon and Curtet
showed that the instantaneous structure of recireculating Flows is not
regular, that 1s, not characterized by a single eddy. Rather the
recirculation reglon is characterized by ¢ne or more short-lived
eddies and extremely high fluctuating velocities (relative to local
or mean velocities), such that large-scale turbulent motions exist
over random time scales. Becker, Hottel, and Williams showed that
integral length scales or standard deviations of turbulent fluctuations
of flow properties in jet mixing flows with recirculation vary both
radially and longitudinally throughcut the flows, MWoreover, it was
shown that these measures of turbulent fluctuation, such as the
standard deviation of the axial Intermitting profiles, could be the

same order of magnitude as the duct radius.

On the other hand, an analysis and evaluation of the sets of data
presented by Becker, Hottel, and Williams and by Barchilon and Curtet
(Ref. 7) demonstrated both qualitative and quantitative differences
between sets of data for conditions that were supposedly equivalent,
based on correlations with CT' For example, while the upstream edge
of the recirculation eddy (XFS) appeared to correlate with CT’
behaving approximately the same in both sets of experiments, the data
defining the behavior or correlatien of the downstream stagnation
point locaticn (XRS) with CT was substantially different in the two
sets of experiments. Also, the rates of decay of axial veloclity on
the centerline of the ducts differs qualitatively between the two sets
of experiments for turbulent mixing conditions that are supposedly
equlvalent, based on correlations with CT. Therefore, it is clear
that additional experiments are required to determine if mixing
similitude parameters such as the Craya-Curtet parameter, are suiltable
for expressing the equivalency of confined, turbulent flows. Also, the
data presented by Becker, Hottel, and Williams and by Barchilon and
Curtet which illustrate the "turbulent” nature ¢f recirculating flow

fields must be verified and extended by future research on such flows.

13
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In practical applications, the flows in most recirculating flow
combustors are established by variable denaity turbulent jet mixing.
The density variations usually result from the mixing ¢f primary and
secondary streams of different temperatures, molecular weights, or
from exothermic chemical reactions occurring in the mixing process.
There are, apparently, no experimental data defining variable density,
confined, turbulent jet mixing with recirculation which exist in
sufficient detall to be useful for engineering design purposes or for
the development and evaluation of theoretical predictive techniques for
combustor design. Of immediate interest is the mean velocity, con-
centration, and wall static pressure field-definition for recirculating
combustor flows wherein large density gradiente initially exist across
the jet mixing layers. Experiments may be either reactive or nonre-
active, but the relative simplicity of nonreactive to reactive experi-
ments strongly implied that honreactive experiments be conducted first.
Therefore, a primary purpose of the present study was to provide a
"first-cut” set of data defining the flow fields of variable density, .
nonreactive, ducted, axisymmetric turbulent jet mixing with recirculation
where the density variations were caused by the mixing of two streams

of greatly different molecular weight.

2.0 THEORETICAL ANALYSIS

2.1 INTRODUCTION

The special code for combustor problems developed and reported by
Gosman, et al. (Ref. 1), was designed to predict the flow fields within
general axisymmetric combustor configurations. The code, called
hereafter simply the special code, was applied in the present invegti-
gation together with an assumed model for the turbulent or effective
viscosity to make theoretical predictions of the variable-density,
combustor-type, tecirculating flow fields experimentally investigated
in the present study,

14
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A set of governing equations of motion for viscous, axisymmetric,

recirculating flows was derived from the Navier-Stokes equations, the

species conservatlon equation, and an identity relating stream function

and vorticity by Gosman, et al.

o llo - 2w F)- L

~

3

The equations are, respectively,

()]

3 .3
- ﬁ.[r

g“(caw)' ;1(E%¥J¥ g%(pDEErBC) F_{ pD r ) + 18 = 0

9
ax

1 3y

(pr X

3r(pr ar

. (L Bw) + rw = 0

d
g;(uEw)] +rd =0

(5)

(8)

N

The variable (J) is the stream function, defined by the set of equations

and

The varlable (w) is the vorticity

w

pvr

= pur

divided by the radius, that is,

= Qfr

15

(8)

(9

(10)
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where vorticity was written, as

n = Ey.. - Bu
ax  or (1

The variable (E) represents any scalar, "transportable, conserved"
quantity. For example, in the present investigation, it represents
the mass fraction of the secondary stream fluid which is gaseous hy-

drogen.

The governing equations are a set of coupled, elliptic, partial
differential equations. Therefore, solution can be obtained only if
boundary conditions for ¥, w, and € are prescribed over the entire

boundary enveloping the flow field.
2.2 NUMERICAL SOLUTION TECHNIQUE

A method of selving the set of governing equations was developed

and presented by Gosman, et al, (Ref. 1). They cast the set of governing

equations into a common format, specifically, writing each equation in

the form

a,lx(6 34 Z6 &)
P ] 3 : ] -
E[b¢r'ﬁ'(c¢¢)] - ﬁ[b¢r'a-;(c¢¢')] + Td¢ =0

where ¢ represents §, w, or C. The necesgary and corresponding set

of coefficients (a¢, b¢, and c¢} are thoge shown in Table 1 opposite
their appropriate functions (¢). The terms (d¢) are the corresponding
source terms for the ¢ and are given in Table 2 opposite their

corresponding functions (4).

(12)
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The source term for w contains a function (Sm) given by

= ..2_ g o+ . .
Sw = r[gradflx V) 1so(1x grad uE)

~ [ad >
+ grad(ir-ﬁj-iso(ir’grad uE)- iso(div V)-grad uE] (13)

where ix and ir are unit vectors In the x and r direction, respectively,
and where, given the dummy variables (A and K)

grad A = % {x + % ir (14)
isoA=-%§x+%ir (13)

and
div A = i[r ;:—" + a=(rA )] (16)

in cylindrical polar ccordinates for axisymmetric systems.

Therefore, Sw in an expanded format becomes

2 2 2
s -2 By s PPEouw 2 ME v
w T '3xar ‘a1 3x Z or Zz X
X ar
au H
E, 3 .3u v av E, 3 ,3u v oV
*wEarlx trtap) T w G vt o)) (17

17
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Gosman, et al., argue that Sw contributes negligibly to the total vorticity
source term (dm) and may be neglected. Certainty, this is true for con-
stant viscosity flows. 1In the present study, Sm was presumed t¢ be neg-
ligible despite the fact that considerable viscosity gradients existed

in the fields of the numerical solution because of the turbulence transport

model used in the present study.

Gosman, et al., presented a technique for obtaining a set of finite-
difference equations analogous to and derived from Eq. (12). The ultimate
result of their analysis is a set of coupled, algebraic equations called
successive substitution equations or formulas. One such equation exists
for each dependent variable (¢). The method of solving for the values of
¢ in the interior of the computational region is to apply the successive
substitution formula alternately, in complete sweeps of the computational
field, in a point by point manner for each ¢. The stability of the com-
putational procedure igs obtained for flows characterized by large (greater
than twoe) Reynolds numbers that are based on computational cell spacing,
by (1) the use of an "up-wind" differencing technique for establishing
finite difference expressions of convective flux terms of Eq. (12), (2)
by requiring that certain coefficients in the successive substitution
formula be bounded in their individual and collective numerical values;
and, finally (3) by an appropriate use of under- or over-relaxation
techniques. In the present study, no systematic investigation or use
of under- or over-relaxation factors was attempted, The under— or

over-relaxation factors that were used ranged from 0.9 to 1.1.

In addition, in the course of the present study, the numerical
sclutions of the flow field were accepted as being converged when the
maximum variations in the axial distribution of centerline axial
veleocity ceased to change by more than ome percent with successive

iterations of the flow field.

I8
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2.3 BOUNDARY CONDITIONS

Techniques for the establishment of boundary conditions for the
dependent variables (¢, w, and T) are provided by Gosman, et al., 1In
general, at the solid walls, the value of w and the gradieats of w are
prescribed such that axial and radial velocity components are zero. At
the plane of the primary jet nozzle exit, the boundary conditions on
$ and w are such that they define unifcrm, parallel primary and secondary
flow influx conditions everywhere except at the nozzle lip. Along the
axis of symmetry, the speclal code establishes the axis value of w as a
linear extrapolation of the values of w at one and two radially adjacent
nodes. At the outlet planme, the axial gradients of ¥ and w are set to
zero. For the conserved, transportable scalar quantity (@) the boundary

condition on the wall and on the axls of symmetry is

aC/3r = 0 (18)

At the plane of the primary nozzle exit, C is constant across the primary
and secondary stream, equal to 0.0 and 1.0, respectively. Finally at

the outlet plane, the boundary conditions are such that

3C/3x = 0 (19}

2.4 PRACTICAL DIFFICULTIES ARISING IN THE APPLICATION OF THE
SPECIAL CODE

Four major problems arose in the application of the special code
to predict the turbulent, recirculating flows considered in the present

study:

1. The specification of vorticity at a nozzle lip,
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2, The prediction of static pressure fields,

3. The numerical problems that arise when making
computations by utilizing highly stretched or

nonuniform mesh configurations, and

4, The problem of obtaining converged solutions
for flows with large density gradients in the
fields,

Specific approaches have been taken to resolve the difficulties,
The approaches which are summarized below are presented in detail in
Ref. 7.

2.4.1 Boundary Condition for Vorticity at a Protruding Corner

Gosman, et al., gave techniques and methodology for establishing or
defining boundary values for the dependent variables, However, it was
found (Ref. 7) that the vorticity at the lip of the primary nozzle was
one of the principal parameters that determined the development of the
theoretical solution, that is, of the development of the downstream flow
field. Gosman, et al., incorporated a special procedure to specify w at
the edges of the nozzle because, as they noted, this point is a point

of flow separation from a "protruding corner.”

Figure 2 shows the geometry of the boundary of the flows under
investigation, and as noted, the peints CA and.CB, at the edges of
the nozzle lip, define the points of flow separation. Many techniques
exist for the specification of vorticity at such corners. For axample,
Roache (Ref. 9) lists seven schemes for assigning values to w at such

corners. Gosman, et al., sets the value of the stream function at the
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points CA + 1 and CB + 1 equal to the values of stream function at CA

and CB, respectively:

Yearl T ¥Yea (20)

and

Yepe1 = YeB 21

Then, the value of the corner vorticity at CA and CB is establighed
through a boundary function that represents the condition

Ucp " Ucp = Vea = Vep = O (22)

However, the points (CA + 1 and CB + 1) now become effective cormer
pointa. The value of the vorticity at these polnts is established
through the following special routine. In principle, Eq. (7) applies,
but in reverse,

v o= - [ e 3y, 3,138
r-w = [Bx(pr ax)+3r or %)] (23)

Therefore, Gosman et al., evaluate this equation numerically and

approximately, for example, at CA + 1, by

1
[Cp Wp*Cy Yy*Cq wg*ly ¥y

w —
CA+1 Tea By v v "

(Cr +Cp +Co +Cy )"V, ]
Ew Ww Sw NW CA (24)

where Cg refers to the coefficient of the contribution to the stream
functionwequation (Eq. (7)) from the eastern node (which in the present

special routine is CA). The other ccefficients have corresponding
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meanings. Thus, the "corner" vorticity has been transferred to the
first node point downstream at the same radial position. As a result,
the jet must issue from the nozzle without expanding or contracting up
to the first node point directly downstream of the nozzle lip. But, the
mathematical relations thus established by Eqs, (20), (21), and (23) make
corner or nozzle lip vorticity dependent on the computaticnal mesh
configuration used to simulate the nozzle geometry, the thickness of

the simulated nozzle lip, and the x—wise mesh spacing separating such
pointa as CA and CA + 1. Such difficulties have also been noted by
other investigators, for example, by Saccia and Kennedy (Ref. 10),
without being resolved. TInvestigation (Ref. 7) has showm, however,

that the establishment of a representative cormer or lip vorticity is

very important and, at present, must be established by trial and error.

Therefore, in the present study, an approach was taken which
attempted to relate corner vorticity to the slope of the primary

nozzle velocity profile, that is, at the nozzle lip,

Ju

T = £ = A u /R Y = ——
CA CA PP ar nozzle lip (23)

Hopefully, therefore, the constant (A) can be obtained by inspection
of the primary flow nozzle exit velocity profiles, which are experimentally

determined.
2.4.2 Computation of Static Pressure Fialds

The method used in the present study to compute static pressaure
fields has been applied to both constant density and variable density
ducted jet mixing flows with recirculation (Ref. 7). This nmethod is
different from the method incorporated in the special code wherein the
static pressure field is obtained by integrating the Navier-Stokes

equations once the veloeity, density, and effective viscosity fields
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have been established. Instead, the method used in the present study
for constant-area ducted flows was found to be much simpler in procedure
and at least as accurate as the method of Gosman, et al. The method is

based on two assumptions:

1. Static pressure 1s constant across the duct, and,

hence is a function only of axial distance, and

2. Wall shear stresses contribute negligibly to the
sum of pressure area forces énd momentum flux in
an application of Newton's Second Law to the duct
flow.

Under these conditions, the impulse function can be evaluated at any
station of the duct, and set equal to its value at the inlet station,
that is,

F(x) = F(o) (26)
where F is the impulse function defined as

F(x) = f (p + puz) dA (27)
Afx)

Applying Eq. (6) at the inlet station (x = 0} and any other axial
station (x = L) and equating the expressions yield

2
2 p U _"A
A S5 5 s
(L) + —o f puldA = p(o) + "p’ . 0 (28)
P A(LY q A(L A(D)

A(L)
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or
2
2,2 o_u R
p u-R 5 S s
p(L) = p(o) + 2 BB+ 2 [Rg - Rz) - puzrdr (29)
2 ; p 2
R R R
5 5 3 o)

Thus, the pressure at any station of the duct can be found by integration

of the profile of pu2 at that station in the duct.
2.4.3 Computations Using Nonuniform Mesh Networks

The flow fields to be predicted are formed by turbulent jet mixing
between a relatively small diameter, axisymmetric jet and a relatively
much larger diameter ducted secondary stream. It was necessary, in
order to have reasonable computation times, to carry out the numerical
solution in computational mesh networks that were of nonuniform node
spacing (Ref. 7}. The region near the primary jet nozzle exit plane,
called the near field of the jet mixing reglon, was defined by a mesh
network with node spacings which were relatively small compared to the
node spacings out near the duct wall and downstream in zomnes wherg
recirculation was expected to occur. Unfortunately, computations made
utilizing highly nonuniform networks of arbitrary construction may result
in poor quality solutiocns (Ref. 7). For example, in computations of
nonreactive, multispecies flows, it has been observed (Ref. 7) that the
conservation of species criterion may be violated by the solution pro-
cedure; the species concentrations at the nodes converge to values which
fail to satisfy requirements of global conservation. However, such
errors can be lessened by trial-and-error manipulation of the mesh
network configuration in which the solution 1s obtained. The errors
can be lessened to the extent that approximate specles conservation can
be obtained using the solution procedure. For example, mesh configura-
tions were developed (Ref. 7) for the computation of the flows Teported
by Becker, Hottel, and Williams and for the variable~denaity flows

reported herein.,
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2.4.4 Obtaining Converged Variable Density Solutions

When attempts were made to compute the hydrogen-air recirculating
flows, it was found that the numerical solution procedure would not
converge. The difficulty was attributed to numerical instabilities
that arose because of the arbitrary initial distributions of the stream
function and mixture fraction (or density) that were used to start the
calculation procedure. In order to circumvent this problem, the "density
dependence" of the stream function was eliminated in the beginning of
the iteration process (Ref. 7). To implement this procedure, the stream
function variable was modified so that it was explicity independent of
density in the first several hundred iterations of the solution procedure,
The net result of the modification was to impose, initially, an incorrect
global continuity equation which linked the density field to the field
of the modified stream function in a very indirect or weak relationship.
This resulted in initlally stable numerical solution procedures, albeit
with improper governing equations. After 400, or so, iterations an
approximately realistic density and velocity field was cbtained, and
at this point in the solution procedure, integration of the pu field
yielded an initial stream function field. This field of density-dependent
stream function was sufficiently well posed to allow continued convergence
of the solution procedure with the correct governing equations, Details
of this method for securing convergence of the solution procedure in

variable density computations are outlined in Ref. 7.

2.5 TURBULENCE TRANSPORT MODEL

The closure problem which underlies the overall problem of pre-
dicting turbulent flows 1s that the turbulent transport of momentum,
energy, and chemical specles must be related to time-averaged flow field
quantities or to their gradients. There are several valuable references
which present work dome to model turbulence transport phenomena for a

wide variety of flows, (Refs. 11 through 18). However, comparatively

25



AEDC-TR-76-152

little work has been performed on turbulence transport modeling in
recirculating combustor flows other than the simple observations that

the mixing is somewhat like the mixing of free turbulent jets., Therefore,
the approach taken in the present study was similar to that proposed in
Refs. 3 and 19 and was developed in Ref. 7. Two models for effective
viscosity were defined that were based on a Prandtl-type eddy viscosity
model for free turbulent jet mixing processes. One model, called the

model without potential core, is defined such that

- - x
ug(x,7) = 0.0285 p(x,7) u, Ry X o X< Xcore (30)

ug(x,7) = 0.0285 p(x,T)u R (1 + 0.0036(x-xcore)/np), x > X

core
31
Here, Xcore tepresents a length characteristic of a potential core of a
free turbulent jet, namely, X = 12 R_. Note that u_ is constant
core P E

across the flow at a given axial station in constant density flow. The

second medel, called the model with potential core, is defined such that

X

uE(x,r) = 0.0285 p(x,r) up RP Ty s X £ Xcore (32)
core
uE(x,r) = 0,0285 p(x,r)upRp(l+U.UUSé(X-XCDrelpr), X > xcore
(33)
in the "turbulent" regions of the flow field, and
I-IE(X,T) = ULAM(LI‘) (34

in the "laminar" regions of the flowfield. The "laminar" and "turbulent"
reglons of the flow field are defined in Fig. 3. The purpose of the
model with potential core was to investigate the importance of accounting

for the non-turbulent regions of the recirculating flow (Ref. 7).
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Unfortunately, the model with potential core requires more empirical
information in its formulation than the model without potential core
since the spatlal variation of the laminar regions of recirculating

flows must be specified.
3.0 APPARATUS

3.1 TEST CELL

To cobtain data on variable density mixing with recirculation,
specifically the hydrogen-air mixing flows, a combustor gimulator was
designed and constructed. The combustor design, shown in Fig. 4,
consists of a 5-ft steel duct with an inside diameter of 5.24 in. A
mechanically driven, axially traversing nozzle assembly, shaped like
a cylindrical piston, was mounted inside the duct. The nozzle assembly
(Fig. 4) was traversed in discrete steps during the testing tc vary the
distance (L} between the primary jet nozzle exit plane and the radially
positionable pitot pressure and gas sampling probe. An O-ring seal
system isclates the flow in the, duct from the atmosphere.

The nozzle asgsembly includes a circular, 0.524-in.-diam central
nozzle, which introduces the high subsonic velocity, primary air jet,
and an annular secondary injector assembly through which the outer
hydrogen stream enters the duct. The duct-to-jet radius ratio {REIRP)
is 10. Details of the primary flow nozzle are shown in Fig. 5. 1In
Fig. 4, it 1s seen that the secondary flow must pass through two porous
plates and a screen. The two porous plates were installed to reduce
the total pressure of the gecondary stream to appropriate levels. The
screen with 57-percent porosity was Installed to distribute the

secondary mass flow uniformly at the primary nozzle exit station.
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3.2 INSTRUMENTATION

3.2.1 Pressure and Temperature Msasurament

A pitot pressure and gas sampling probe having both upstream and
downstream facing probe tips was installed in the duct at a fixed
axial position. The probe can be traversed radially across the duct
by a geared drive mechanism. The probe dimensions are shown in
Fig., 6. By combining the motion of the axial-traversing nozzle
assembly and the radially traversing probe, axial and radial surveys
were made of the jet mixing and reclrculating flow fields. 1In
addition to the pitot probe assembly, a total of 50 static pressutre
orifices were installed along the duct wall, the majority of which
were spaced about one inch apart, in a helical pattern that completes
one revolution of the duct in a distance of 45.5 in. Orifices are
spaced closer than one inch in the vicinity of the probes. Both static
pressure and gas samples were obtained through the wall orifices. The
static pressure orifices were connected to a water-filled manometer
board which was photographed during the tests. When gas composition
measurements were required at the wall, a scanner valve system connected
the wall orifices to the gas concentration measurement system. Additional
wall orifices were in the planes of the tips of the pitot probes, and
measurements from these were utilized in the calculation of average axial

velocity.

Probe pitot (total) pressures were measured using a system composed
of two transducers. In the pressure differential range from 0 to 10 mm
of mercury, the pitot pressures were sensed with a variable capacitance
transducer, while in the range from 10 to 215 mm of mercury the pitot
pressures were sensed by a 0- to 4-psi strain-gage transducer. BRecause
of the sensitivity of the transducer used to measure the lower range of
the pitot pressure, axlal velocities lower than 100 ft/sec in pure hydrogen
or velocities less than 25 ft/sec in pure air could not be accurately

measurad.
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Temperatures were measured using copper—constantan thermocouples.
The temperatures recorded during testing were the total temperature of
the gaseous supplies af primary and secondary fluid, and they were
measured upstream of critical~flow venturis, which were used to meter
the primary and secondary mass fiows. The venturis were calibrated so
that their discharge coefficients were known over the ranges of metered

mass flow encountered during the test program.

3.2.2 Gas Concentration Measurements

Concentrations of hydrogen in pas samples were measured using a
system of gas-sample-driven, fluidiec oseillators. The theory and use
of fluidic oscillator systems to measure gas concentrations is described
in Refs, 20, 21, and 22, The output frequency of a fluidiec oscillator
depends on the temperature and molecular welght of the gas sample passing
through the oscillator, the specific construction of the oscillator, and
the pressure drop across the oscillator. However, through calibration,
the osclllator output frequency can be established as only a funetion of
the molecular weight of the gas sample passing through the oscillator.
Calibration of the fluidic cscillator system was accomplished using gas
samples of air, hydrogen, and mixtures of nitrogen and hydrogen having

molecular weights of 20 and 10.

3.3 TEST PROCEDURE

The pressure and concentration instrumentation was calibrated befeore
each test by applying to each system a set of known pressures and con-
centrations and recording the corresponding instrumentation output values
from each system. The sensitivity of each measurement system was cbtained

over ranges of values expected during testing.

The calibration data and the data taken during each test were

recorded on seven-track, incremental, magnetic tape by a programmable
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Hewlert-Packard 2010 data acquisition system (Ref. 23). 1In special
instances, In order to obtain strictly qualitative information, probe
pitot pressures and selected wall static pressures {sensed by 0 to 10 mm
of mercury variable capacitance tranaducers) were displayed on an X-Y

recorder.

At the beginning of a test, the desired primary and secondary mass
flow rates were established by setting and monitoring appropriate air
and hydrogen gas supply pressures and temperatures upstream of the
critical-flow venturis. The piston-like nozzle assembly was positioned
at a desired distance from the probe. Data were recorded as the probe
assembly was traversed across the flow in a2 series of discrete steps.
The nozzle assembly was then moved 1.38 in. toward the probe, which
corresponds to the distance separating the forward and reverse facing
pitot probes (Fig., 6), and another radial survey was conducted. Thus,
forward and aft facing probes surveyed a radial path at the same axial
location relative to the nozzle assembly. Gas concentrations were
sampled with the forward facing probe, and pitot pressures were taken
with both forward and aft facing probes. The complete pitot pressure
and gas concentration profiles at a given axial station, relative to the
nozzle, were constructed from the surveys of the forward and aft facing

probe tips at this atation.

At the initiation of the hydrogen-air mixing experiments, radial
surveys of pitot pressure and gas concentration were made across the
duct from wall to wall to ensure that buoyancy forces would have a
neglipgible effect on the mixing processes. The initial Surveys con-
firmed that the flow fields were symmetrical about the centerline,
and, for the tests reported herein, radial surveys of the flow fields
were limited to -0.15 _<__r/RB < 0.85. This procedure minimize hydrogen

consumption and test time.
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3.4 DETERMINATION OF THE PRIMARY JET NOZZLE FLOW CHARACTERISTICS

Before experimentation was initiated, a pitot pressure survey of
the jet issuing from the primary nozzle was made to establisgh the velocity
field at the inlet of the combustor, hence, to emsure that the primary
jet wvelocity proflile was symmetrical, Typlcal velocity proflles obtained
in orthogonal surveys are shown in Fig. 7 and compared with a fully

developed turbulent pipe flow profile at an equivalent Reynolds number.
3.5 PRECISION OF MEASUREMENTS

The uncertainty of a measured parameter was determined from the
bias limits and precision Indices of the instrumentation by the proce-
dures developed in Ref, 24, Given the bias limits and precision indices
associated with the measurement necessary to define any parameter (§) the

total uncertainty in ¢ 1s defined as
U =+(B, + t S
o = X8y 95 Sg) (35)

where

'V[N st 2
5 = 2% B, ) (36)
¢ §=i ik

is the bias limit for ¢, and

(37)
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is the precision index for ¢, and where Ei are the measured parameters

which define ¢; that is,

6 = 0(£;), 1= 1,...,N (38)

N is the number of measured parameters that define 4. The parameter
tgs is the "95 percentile point for the two-tailed students "t"
distribution."

The bias limits and precision indices of instruments vary with
variations in the values of measured quantities. Therefore, represen-
tative test conditions were selected upon which to base the precision -
indices and bias limits. Typical bias limits, precision indices, and
unceértainties in the fundamental, measured parameters and the axial
velocity and hydrogen gas concentrations, which are calculated from the

fundamental, measured parameters, are presented in Table 3.

4.0 RESULTS AND DISCUSSION
4.1 INTRODUCTION

The range of test conditions established in the hydrogen-air
experiments 1is presented in Table 4. The conditions are taken as
defining three sets of flows of approximately the same velocity ratio
(u = usofup). For the three sets of experiments, the data defining
the axial veloclty, hydrogen concentration, and wall static pressure
fields are presented in Appendix A. The data have been shown (Ref. 7)
tc possess both differences from, and similarities to, the constant
density, recirculating flow mixing data of Becker, Hottel, and Williams,
and Barchilon and Curtet. In the present gtudy, experimental profiles
of axial veloeity, hydrogen mass fraction, wall static pressure, and
the stagnation points on the wall are compared with corresponding

theoretical calculations, The theoretical calculations were made by
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using the theoretical approach summarized in Section 2.0, after applying
both viscosity models; that i1s, calculations were made with and without

potential core simulation.

4.2 COMPARISON OF EXPERIMENTAL AND THEORETICAL PROFILES
OF AXIAL VELOCITY

The comparisons between experimental and theoretical radial profiles
of axial veloclty are shown in Fig. 8 for the three sets of experiments.
In general, the shapes of the calculated velocity profiles are in agree-
ment with experiment and show a jet-like nature, as would be expected.
The larpgest differences between calculated and experimental velocity
profiles occur near the centerline of the duct. The comparisons between
calculated and experimental velocity profiles do not demonstrate superi-
ority of one viscosity medel over the other. At some axial stations,
the predictions made by using the viscosity model without potential core
appear to be in closer agreement with experiment than the calculations
made with potential core simulaticn. Conversely, at other axial stations,
the reverse trends are observed. This behavior is noted in all three

sets of comparisons.

To obtain the calculations made using the viscosity model with the
potential core simulation, a considerable sacrifice was incurred in
the rigor of the solution procedure. To obtain convergent solutions, the
complete source term in the vorticity transport equation (Eq. (12)) had

to be set to zero, i.e.,

d =20 (39)

Moreover, the value of A in the formulation of the corner vorticity

(Eq. (25)) was reduced by approximately 3 percent from the value used to
make the calculations with a viscosity model without potential core
gimulation. Thus, X changed from A = 3.23 to A = 3.15 when the viscosity

models were changed from no potential core simulation to potential core

33



AEDC-TR-76-152

simulation. It was also determined that the values of X required to
make the theoretical calculations could not be determined by inspection
of the primary jet exhaust velocity profile as proposed in Section 2.0.
Instead, values of A were obtained by trial-and-error calculation and
comparison with experiment. The theoretical velocity profiles shown

in Fig. 8 are, therefore, correlations of experiment rather than pre-
dictions since the values of ) necessary to make the computations could
not be established beforehand.

4.3 COMPARISON OF EXPERIMENTAL AND THEORETICAL RADIAL PROFILES
OF HYDROGEN MASS FRACTION

Radial distributions of hydrogen mass fraction obtained experimentally
are compared with theoretical calculations in Fig. 9. The corresponding
experimental hydrogen mass fractions obtained at the wall have been
added to this figure. The experimental and rheoretical distributions
are not in satisfactory agreement, quantitatively, but do exhibit similar
trends., For example, both the experimental and theoretical profiles
indicate that the hydrogen mass fraction tends to reach a maximum in the
interior of the field, not at the wall.

Where a comparison of data from tests C and D exists (Fig. 9b), a
consistent difference is indicated by experimental data. The difference
in the experimental data was determined to be caused by a calibration
error in pre- and posttest calibrations of the pitot-gas sampling
system for test D. The calibration error was accounted for in a
consistent manner in reducing data from test D, but despite the correc-

tion procedure, the difference between tests C and D persists.

The radial profiles of hydrogen mass fraction decay smoothly
into flat, uniform profiles for all veloclity ratios. The theoretical
concentration profiles show greater rates of decay, diffusion, and

spreading than experiment. The calculaticns made using the viscosity
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model with potential core simulation appear to agree somewhat closer
with experiment in the near field, but are in worse agreement with
experiment in the far field, when compared with the calculations made
without potential core simulation. For both viscosity models, the
theoretical calculations shown in Fig. 9 were made with a numerical,
effective Schmidt number (Table 1) of

N = pE/pDCE = 0.7

SCC (40)
However, numerical experimentation (Ref. 7) showed that the theoretical
predictions are not sensitive to variations of up to 42 percent in the
value of the turbulent Schmidt number, NSc~f

c

4.4 COMPARISON OF EXPERIMENTAL AND THEORETICAL AXIAL
DISTRIBUTIONS OF AXIAL VELOCITY ON THE CENTERLINE

Axial distributions of time-averaged axial velocity on the eenterlina
of the combustor simulator are presented in Fig. 10 for each of the
characteristic velocity ratios (u). The experimental data exhibit an
unusual feature, namely, the existence of regions in the velocity field
where relatively little change occurs in the centerline axial velocity,
for u = 0.036 and 0.07. This feature appears as 'bumps" in experimental
centerline axial velocity decay curves. The constant density data
reported by Becker, Hottel, and Williams (Ref, 4) exhibit centerline
axilal velocity decay characteristics somewhat similar to those in
Fig. 10 cbtained in the variable-density mixing experiments., On the
other hand, the theoretical predictions show smooth decay for both
viscosity models for all velocity ratics. The reasons for this nature
of the experimental velocity fields are not known although it was
shown in Ref. 7 that the distributions of dynamic pressure along the
axlis of the duct also decay smoothly for all velocity ratios. One
satisfactory feature of the theoretical solutions is that they appear to
decay to values in c.use agreement with experiment at large axial dis-

tances from the primary nozzle exit plane, for example, at x!RP > 120.
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4.5 COMPARISON OF EXPERIMENTAL AND THEORETICAL AXIAL DISTRIBUTIONS
OF HYDROGEN MASS FRACTION ON THE WALL AND ON THE CENTERLINE

Comparisons of theoretical and experimental axial distributions of
hydrogen mass fraction on the wall and on the centerline are presented
in Fig. 11. The experimental data from tests E and F show considerable
scatter at the wall near the primary jet exit plane. The reason for
this scatter is not known but experimental investigation {Ref. 7)
eliminated the possibility of air leaks around the nozzle asgembly. An
interesting feature of the experimental data is that the concentration
potential core extends further downstream than the velocity potential
core. The concentration potentlal core is defined as the length from
the exit plane of the primary jJet nozzle to the point on the axis
of the system where hydrogen concentrations are first sensed. The
concentration potential core appeared to be about 20 primary jet
radii in length (Fig. 11}, whereas the velocity potential core appeared
to be about 10 to 12 primary jet radii in length (Fig. 10).

The theoretical calculations of the wall and centerline hydrogen
massg fraction are in poor agreement with the experimental data for both
viscosity models in the near field. Again, as in the compatisons
between experimental and theoretical interior flow field hydrogen dis-
tributiona, the theoretical computations of wall concentration show
much greater spreading and diffusion of hydrogen than is observed ex-
perimentally. Note, however, that the theoretical calculations of wall
concentration made using the viscosity model without potential core
show good agreement with the experimental data in the far field, where
the radial concentration profiles have flattened out. However, the
calculated wall concentrations from the viscoslity model that simulated
the potential core regions clearly shows evidence of nonconservation
of hydrogen mags fraction. Therefore, further use of this viscosity
model will require additional development of computational mesh net-
works as outlined in Section 2.4.3.
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4.6 COMPARISON OF EXPERIMENTAL AND THEORETICAL AXIAL DISTRIBUTIONS
OF STATIC PRESSURE ALONG THE WALL

The experimentally determined static pressure distributions are
comparad with theoretical calculations, made using both wviscosity
models, In Fig. 12. Alsc ghown in this figure are the maximum static
pressures, or recovery pressures, that correspond to one-dimensional
flow theory, neglecting, however, wall shear stresses. The maximum
wall gtatic pressures were calculated based on the experimental pres-

sure and momentum flux conditions for each characteristic u.

The pressute distributions computed with the two viscosity models
do not compare well with one another nor with the experimental data in
the near field. The calculated minimum pressures in near field pressure
distributions increase as u decreases in the computations made using a
vigcosity model without potential core modeling. But, the calculated
minimum pressures in the near field static pressure distributions increase
with increasing u in the computations made with the viscosity model that
attempts to account for laminar flow regicns. The reason for this be-
havior is unknown. 1In the far field, however, where the static pressure
approaches its maximum value, both sets of computatiens are in reasonable

agreement with experimental data.

4.7 COMPARISON OF EXPERIMENTAL AND THEQRETICAL AXIAL LOCATIONS
OF STAGNATION POINTS ON THE WALL

Experimental data defining the axial velocity fields were inter-
prelated to determine points of zero velocity in the three gets of flow
fields. The locations of the zero velocity points in the flow fields
are shown In Fig. 13. Because the points of zero velocity are difficult
to determine experimentally, these data are the least accurate of all
the experimental data presented herein, However, by using the data in

Fig. 13, stagnation points on the wall were defined and are shown as
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functions of u in Fig. 14. Also shown in Fig. 14 are theoretical pre-~
dictions of the atagnation point locations made using both viscosity
models. The predictions of the forward stagnation points are in poor
agreement with the data, quantitatively, but show the same qualitative
trends, namely, the stagnation point location moves downstream as u
increases. The predicted rear stagnation point locations are in fair
agreement with the data; however, the inaccuracy of the experimental
data defining the rear stagnation peint locations is too large to
confirm whether or not rear stagnation point varies with u as pre-
dicted by the theory.

Investigations (Refs. 4, 5, and B) of constant density mixing flows
have shown that the location of the forward stagnation point varies
with the parameter CT as ghown in Fig. 15. On the other hand, the
data (Refs, 4, 5, and 8) have not demonstrated the variation of the
rear stagnation point location with CT concilusively (see Fig. 15). To
be consistent with the published results of the constant-density experi-
ments, a variable~density Craya-Curtet parameter {C%) was defined,
consistent with the definition provided by Becker, Hottel, and Williams,

as
2k k%
CT = uk/uo
where
2 u 2z
x p u R Pg 5 R
= 0 S
uk-—P-;LZB 1""0-—“—(—2"1) (42)
PrRg P Rp
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and
2
2,2 u 2
* % p. u_R Ps %, Rs
Pos l;.IJ' P
u2 ) 1
1 Ps 5o Rs 1 *Zlf 43
TR T 7|7 W (43)
pup Rp \

In this formulation, pﬁ and pg represent mass and momentum averaged

densities based on inlet conditions, In particular,

2 u 2
1.0 ol
* ;Zu R2
pp = o L p_p “p
ko "p = n - (44)
p s R
1 +-—>_9°9_P
2
R
- p Y Tp-
and
2
— Z u 2
p s R_l
1+-2-9.5
2 2 2
R
% L pPuP P
p. =P (45)
P 2
o Us RZT
1 + s _9 3
2 2
R
L PpUp Rpd
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However, it should be pointed out that alternate definitions for pﬁ

and p: have been proposed (Ref. 25), Nevertheless, by using the above
definitions of pﬁ and pg, values of C% were determined and are listed
for all of the present experimental conditiens in Table 4, The varilation
of the forward and rear stagnation pocint locations with C% are compared
with the results from the constant density experiments in Fig. 15. The
data show that there are considerable qualitative differences between
the constant density and variable density correlations. It could be
argued that proper definitions of pi and pg were not provided by Egs.
(43) and (44}, However,-a recent study (Ref. 25) which has attempted

to correlate constant density and variable density combustor flows using
the C% parameter but with different definitions for pt and pg had
inconclusive results. Therefore, at present, sultable definitions for
oﬁ and pg ta correlate comstant-density and variable-density combustor
flows do not exist. Hence, additional understanding appears necessary
in order to formulate a useful variable-density confined mixing simili-

tude parameter such as C%.

5.0 CONCLUSIONS

An analysis of the literature revealed that before confident
design of combustor processes based on recirculating flows can be pro-
vided, much more experimental and theoretical study of ducted, axisym—
metric, turbulent jet mixing with recirculation is required. Detailled
recommendations for future study and research of such flows are pre-
sented in Ref. 7. The present invegtigation obtained a set of detailed
experimental data defining ducted, coaxiazl, variable-density turbulent
jet mixing with recirculation. The primary or central jet was air, and
the annular, secondary stream was hydrogen. The study provided the
axial velocity, hydrogen concentration, and wall static pressure fields
for three sets of recirculating flows for the hydrogen-to-air wvelocity
ratios (0.02, 0.036, and 0.07). For these experiments, the density
ratio eof the hydrogen to the air was 0.069, and the mixing duct to

jet radius ratio was 10.
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The conclusions from the present investigation are:

11

The veloelty fields obtained are, in general, similar

to constant-density recirculating £low experiments with
the exception that, at the veleocity ratios of 0.036 and
0.07, "bumps" appeared in the centerline axial velocity

decay curves.

The locations of the points of zero velocity in the

flow field are difficult te measure, and for this reason,
the characteristic flow stagnation point locations on the
wall could only be tentatively defined., In the main,
however, axial velocity, hydrogen concentration, and

wall static pressure fields are sufficiently well defined
that the data can serve for design of recirculating flow
combustors or for the evaluation and development of

predictive techniques for such flows.

The theoretical study of the variable-density,
recirculating combuster flows showed that care must be
taken and considerable effort expended to obtain reasonable
calculations of such flows. Problems that remain tc be
overcome include the computation of the static pressure
fields, construction of nonuniform mesh configurations
within which routine calculations can be made with
conservation of species assured, specification of
vorticity at a protruding corner from which flow
separates, such as at z nozzle lip, and, finally, the
development of more accurate models for effective,
turbulent or eddy, viscosity for variable-density

flows. 1In general, the numerical solution procedure
studied herein could not be considered a satisfactory
predictive technique for engineering design calculations

asscociated with such flows,
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4. A variable-density correlation parameter (C%),
analogous to the Craya-Curtet parameter, was
defined. The wall stagnation point locations
were correlated with CX for the three u cases
investigated. The correlatiecn appeared quantitatively
different than that for constant-density flows, and
hence the utility of such a parameter for correlation
of ducted, recirculating flows could not be

determined.
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ZS1-9L-H1-0Q3V



AEDC-TR-76-152

Forward Rear
Stagnation Stagnation
Point Point
0 - 9 Theory without Potential Core
.10 ~— O = Theory with Potential Core
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Figure 14. Camparison of theoretical and experimental wall stagnation
point |location.
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Nondimensional Axial Distance, x/Rg

[ L Present Study
f————-—t Refs, 4 and 5

} -- { Ref. 8

- ————— Estimated Variations
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1 1 ] il
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Craya-Curtet Number, Cj or CT*

Figure 15. Axial locations of forward and rear stagnation points in
recirculating combustor flows for constant and variable
density jet mixing as functions of the Craya-Curtet number.
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Table 1. Coefficients of the Conservation Equation {Eq. (12)}

Function, ¢ a¢ bcb c¢
" 0 2 1
pT
2 2
w T T Vg
~ M
¢ 1 . E 1
SCC

Table 2. Source Terms of the Conservation Equations

Function dcp

P -

w -r[..:?‘_(uz""z). p _ 3 u2+V2)- 301 . ¢ s
ax ) ar ar ax w

oy

RE = 0 (in the present study, flows are
nonreactive)
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Uncertainties in Measured and Calculated Parametars {3}

Parameter
Name and
Symbol, ¢

Percigion
Index, Sy,
Percent of éR

Biae

ILimit, B,
Percent o‘PéH

Uncertanty
Uy = =(By 1t,.58;)
L ¢ LA
Percent of E;.{

Charecterisiic
Varae of ¢ for
Establiahing the
Uncertmnty, ¢H

Anr Supply Total
Pressure

Hydrogea Supply
Texal Pressure

Air Sepply Tota
Temperatiure

Hydeogen Supply
‘Tetna] Termperature

Primary Nozzle
Flenum Pressure

Secondary Nozzle
Plenum Preasure

Primary Nozzle
Throat Static
Presaure

Exhaust Duct
Static Preasure

Wal Stetic
Pregaure

Probe Fitot
Pressure,
High Range

Probe Pitot
Fressure,
Low Range

Wa.] Static
FPreasure for
Velociy Calculo-
tiong

Hydrogen Gas
Concentrat.cne,
High Range

Hydrogen Gas
Concentrations,
Low Range

Velocity, u
High Range at
Co=0.1

Velocity, v
Low Hange at
Ce =0.90

A Supply
Mage Flowm

Hydrogen Supply
Maga Flow

Probe Radial
Pogition

Axial Distance
between Probe
Tip and Nozzle
Agsembly

=1,0

+i 0

2.0

11,0

42,0

23, 8

+1 0

4.0

1.0

'gl

+ 3.0

+14, 1

ES b

+il. ¢

W
m
o

+10,0

227,49

H
@
-1

250 peig

100 powg

530°R

530°R

5 paig

1 p:g

3 psig

1 psig

0,47 peig

J psig

0 025 psig

01.025 psig

55D fifsec

20 f+/emc

0,07 1bm/ Bec

0,035 1bm/ sec

& n

50 an
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Table 4. Hydrogen-Air Mixing Experimental Test Conditions

Typical Test Cell and Supply Conditions:

Primary Jet Total Temperature = 530°R

Primary Jet Total Pressure = 17, 31 psia
Secondary Jet Total Temperature = 530°R
Secondary Jet Total Pressure = 13.80 to 13, 84 psia
Static Pressure Level at Probe Station = 13. 8 psia

Specific Condations for Each Test:

Primary Jet Secondary Stream Fully Mixed .
. - Velocity Craya-Curtet
Test Velocity, up Entra?c)e Velocity Hydrogen Gas Ratio, & = u /u Number
ft/sec Us al, ft/sec Concentrations, Cg ’ Up'ts, c *
T
A 670 13. 6 0,124 0.0203 0.127
B 680 13,3 0.12 0.0188 0.127
C 655 23 0, 196 0.0351 0,15
D 655 24 0,203 0, 0366 0. 15
E 680 48 0.329 0.0706 0.208
F 680 47 0,325 0.0691 0. 208
G 670 50 0. 342 0.0746 0,209

{a)

Secondary Stream Entrance Velocity Calculated with One-Dimensional
Secondary Mass Flow

Flow Agssumption Based on Metered
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APPENDIX A
EXPERIMENTAL DATA

Appendix A contains a summary of the experimental data obtained in
the present study. The data are the measurements of time-averaged axial
velocity, hydrogen gas mass fraction in the interior of the duct and on
the duct wall, and the wall static pressures for the primary and secondary
influx conditions shown in Table 4.
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Table A-1. Mean Axial Velocity Figld Data

a. Mean Axiat Velacity, u, ftisec, from Test A

r/Ry
lep
-0.11 0 0.11 0,22 0, 33 0.44 | 0.55 0.88 0.77 a. 85
3.8 430 671 306 10,0
110 4710 664 134 Bl 7 -B. O -29
20,0 426 626 437 240, 3 -12,96 | -33.8 | -32.2
29.1 A63. 3 583 3aT, 2 308,0 I124.3 -31.9 -45.9
34.8 | 410.8 | 448.9 | 355.2 | 310.¢ | 188.0 BL.7 -30.5 | -48.2
47.2 | 3a4.4 | 376.7 | 3s0.5 | 285.8 | 172,0 | 105.7% -22.7
56,9 | 58,0 | 25,7 | 265.1 | 202.5 | 164.5 83,8
171,17 22.9 22,2 20,6 21.0 20.4 22,5 22,2 21.2 20,5 20,9
b. Mean Axial Velocity, u, ft/sec, from Test B
r.‘Rs
x/R
Fl -on 0 .11 0. 22 0. 33 9.44 | D.55 0.66 0. 11 0, B5
a8 140 671 510
12,9 374 605 550 214 -2z -33 -3l
25.4 291 528 186 332 128 =25 -42 b
31,0 288 502 473 342 180 35 -18 -35 -53
38, 1 167 472 244 343 212 B4 -35 262
56, 3 255 202 289 247 188 13z 72 -24
63,4 191 148 183 174 142 114 T2 24
75,3 103 121 106 104 30 57 54
¢. Mean Axial Velocity, u, ft/sec, from Test C
riRg
xfﬂp
=-0.11 0 0,11 ¢.22 Q.33 0,44 0,55 Q.66 Q.77 Q. 85
Z0 471 617 449 142 30 -28 -34 =34
6. 2 403 528 456 338 100 a7 1z T -34 -54
51, 2 364 416 373 157 113 65 -30
6.3 17 128 1E8 99 7 44
95,4 53 51 51 44 a0 25 20 3
14,5 31 30 0 30 30 25 28 28 20 29
171, 7 1) 28 28 28 29 28 30 30 30 31
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Table A-1. Concluded
d. Mean Axial Velocity, u, ft/sec, from Test D

riR,
xfR
P -0. 11 ¢] 0,11 0,22 0.33 Q.44 Q.55 0,86 0,77 0. 85
11,0 496 553 452 9B 43 54 53 -22 -38
20,0 4B7 6213 474 19 52 29 3€& -33 -40 =40
29,1 4Bl 573 521 396 187 33 L1} -28 -47 =57
38.1 31l 521 507 385 215 116 -4l -58
g. Mean Axial Velocity, u, ft/sec, from Test E
r/Eg
x}'Hp
0,11 0 0,11 0.22 0.33 0. 44 a,55 0, 66 Q9,77 0.85
11.0 518 B77 421 85 74 78 a5
2p.1 480 613 468 372 158 49 42 48 40
38. 1 496 565 487 405 234 a2 34 e? -2B -i4
171,17 63 64 85 64 g7 68 67 67 56 65
f. Mean Axial Velocity, u, ft/sec, from Test F
r/Rg
x.‘Rp
-0, 11 0 0,11 0,22 0.33 D.44 0,355 0,65 0.77 0. 85
20.0 476 651 460 303 64 41 31 34 28
29.1 472 605 4E8 379 157 28 9 27 12 24
38,1 478 553 474 403 231 B4 -15 -34
47,2 4848 51B 488 411 261 127 34 ~18 =41
36.3 492 522 4B7 408 268 152 22 -44
65,3 465 502 464 383 2az 150 -9
85,4 230 240 227 181 14€ 86
g. Mean Axial Velocity, u, ft/sec, from Test G
=R,
x.fﬂp
=0, 11 0 0. 11 0,22 D, 33 0, 44 0,3b 0.66 0. 77 0. 83
3.8 581 5§53 339 80 28 a2 84 120 81 30
13,8 505 550 445 145 4 82 74 83 40 39
25.8 471 621 470 J20 115 62 58 55 44 4]
31,0 473 597 474 342 167 39 -568 -80 -ad -12
47,2 471 512 471 396 254 110 32 -47 -4 -76
96,3 479 508 475 397 267 152 72 [} -36 -G8
1145 142 142 134 124 112 a1 742 50 49 20
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Table A-2. Mean Hydrogen Mass Fraction Data - Interior Field Data
a. Mean Hydrogen Mass Fraction, Cc, from Test A

r/RE
%/ R
Pt o1 a 0,11 0,22 0.33 0. 44 0.55 .66 0.77 0,85
3.8 | 0.02 Q 0.072 | 0.5 0.45 0.51 9.5 0,52 0.53 0,45
11.0 0.021 [¢] 0.018 0. 388 0, 382 0,374 0,328 g, 339 a,312 0. 315
20,0 | 0.025 | 0,007 | 0.021 | o0.191 | 0,216 | 0,224 | 0.225 | 0,213 | 0.228 | ©.215
29,1 Q0,019 0,028 0,022 Q, 140 0, 168 0, 163 a,161 0,158 0. 158 0. 158
34,8 | 0,107 | 0,03 0,018 | 0,130 | 0,148 | 0.155 | 0.152 | 0.149 | 0,148 | 0.146
47,2 | o121 | o.118 | 0,120 | 0,120 | o0.136 | o.138 | 0.139 | 0.1%0 | 0,132 | 0.138
56,3 | 0,129 | o,12¢ | 0.130 | 0.132 | 0.183 | 0.135 | 0.136 | 0,138 | 0,137 | 0.137
171,7 | 0.135 | 0,135 | 0,135 | 0.135 | 0.133 | 0.13¢ | 0.135 [ 0,133 | 0,134 | 0.133
b. Mean Hydrogen Mass Fraction, Cg, from Test B
r;fREl
x.‘ﬂp
-0,11 0 0.11 0,22 0,33 0, 44 0.55 0. 66 e, 77 0. 85
3,8 | 0,524 2 0 0.543 { 0,493 | 0,480 | o0.558 | 0.57¢ | 0,519 | o0.428
12,8 | 0,141 | 0,001 | 0,006 | 0.313 | 0.372 | 0,372 | 6.369 | 0.357 | o0.359 | o, 325
26,8 | 0,106 | 0,016 | 0,010 | 0.140 | v.21¢ | 0,211 | c.218 | 0.218 | 0.207 | 0,204
31,0 | 0.107 | 0.03¢ | 0.047 | 0,129 | 0,187 | 0,186 | 0.18¢ | a.18¢ | 0,182 | 0,179
3s,1 | 0,113 | 0,078 | 0,084 | 0,126 | 0.162 | 0.173 | 0.187 | 0.16¢ | 0,184 | o. 160
56,3 | 0.137 | 0.185 | 0,135 | 0,137 | 0,141 | 0.144 | 0.1a7 | 0,148 | 0,148 | 0127
B5.4 | 0.141 | 0,140 { 0,240 { 0,241 | 0,142 | 0,143 | 0,144 | 0.145 [ 0.148 | 0,146
76.3 0,143 0, 143 0, 143 0, 143 G, 142 0. 144 0. 144 0, 143 0. 148 0, 144
€. Mean Hydrogan Mass Fraction, Cc, from Test C
r/Ry
xfﬂp
-0, il 6 .11 0,22 0,33 0. 34 0,55 o, 68 0.77 0. 85
20 a0, 036 0,005 0,038 0,390 0,516 0,518 0.408 0.457 D, 448 0,449
38,2 0,047 0,437 0,082 0.2035 0, 266 0,268 a, 252 0.255 0,257 3,255
§7,2 | 0.166 | 0,152 | 0.163 | 0.1p4 | 0,213 | 0,221 | o,222 | o.222 | o0.221 | 0,219
76.3 | 0.202 | 0,200 | 0.202 | 0,204 | 0,207 | c.208 | o0.210 | o,2z11 | o.211 | 0.212
85.4 | 0.207 | 0,206 | 0,206 | 0.207 | o.208 | 0.208 | 0,207 | 0.207 | 0.208 | 0,208
114.6 g, 207 0,206 0, 207 G. 2089 0. 208 Q.208 a, 208 0,208 o.207 g, 207
171.7 Q. 208 0,208 0,207 Q0,209 0.210 .209 a, 209 0,208 0. 209 0,209
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Table A-2. Concluded
d. Mean Hydrogen Mass Fraction, Cc, from Test D

r/Rg
x,’RP
-0,11 1] 0,11 0,22 0.33 0. 442 0,55 Q. 66 0,77 D. 85
11.0 a,028 0 0,03 0. 836 0, 856 0,823 0, 835 0,810 0, 766 0. 742

20.0 0,046 0,005 0,038 0, 468 0. 608 0,628 a, 511 0.611 0. 5B0 0,590

29,1 0, 066 0. 024 0,032 @, 202 0.459 0,454 a, 439 0,428 0,422 0.429

is. 1 0,053 0. Q65 0. 193 0,342 0.342 Q, 325 0,317 0.303 0,303

e. Mean Hydrogen Mass Fraction, Cg, from Test E

r/Rg
x/Ry
-0.11 0 ¢.11 0.22 Q0,33 0. 44 0.55 0, 66 0,77 D.85
I1.0 0,021 0 0,036 0,99 1.0 1,0 1.0 1.0 1.9 1.0

29.1 0,052 0,015 0,056 0.420 0.823 0,922 0.3938 0, 906 0,892 0. 886

3B. 1 0,077 0.029 0,084 0. 344 D, 658 0. 712 0, 735 0.698 0,692 0.708

171.7 Q. 344 0,347 0,345 0,343 0.343 0,342 0, 340 0.344 0, 342 0,343

f. Mean Hydrogen Mass Fraction, C, from Test F

I'!'RE
x/R
F -0, 11 0 0,11 0,22 0. 33 0,44 Q.56 0.56 0,77 0, 85
20.0 a,. 038 G, 003 0.0313 0,563 D, 923 1. 00 Lo | 0.289 G, %88 0, 282
29,1 0,054 0.013 0. 047 0,365 0.767 0. 869 0, 364 Q, B8O 0, 830 0.831

38.1 0,076 0,028 0,473 0,308 0,605 0, 643 0,671 3, 643 Q. 645 0.802

7.2 0,118 0,054 0,113 0,292 0.475 0,541 0.332 0. 503 0,434 0,470

96,3 0,176 0,113 0.166 | 0,291 0,387 0.451 0,450 0,438 0.428 0.433

63,3 0,235 0,196 0.230 0, 302 Q4,358 0, 389 0.398 0,386 0.394 0.383

95.4 0.326 0,326 0,327 0,330 0,331 0,335 0,338 0,338 0.338 0.338

d. Mean Hydrogen Mass Fraction, C, from Test G

x/R
=0.11 1} 0,11 0.22 0,33 0,44 Q.55 Q, 66 0,77 0, 85

3.8 Q0,016 0.000 0. 166 0,990 0,983 0. 021 0. 230 0.879 a, 953 0,774

13.8 0,038 0,001 0.048 0,864 0,904 0,892 0,977 0,978 0,874 0.792

25.8 0,048 0.013 0.055 0,445 g, 889 0, 869 0. 976 0, 861 Q. 946 0,778

3.0 0, 080 0,022 0.065 0, 363 0.779 0, 898 0.902 a, 230 0,878 0.738

47.2 0. 108 0.058 0.112 0,292 0. 509 0, 302 0.580 0,55¢ 0.527 Q. 453

55.3 0,182 0,111 0. 163 0, 296 0.424 0,484 0,493 0,474 0,452 0,392

114, 5 0.382 0,382 a, 382 0.381 0, 38 0,384 Q. 345 0,387 0.390 Q.403
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Table A-3. Hydrogen Mass Fraction at the Wall

Axial E:L];a‘tance, Teat A Test B Teat C Test D Test E Test G
p
o
1,43 0.371 0.334 0, 683 0,624 0. 772 0. 986
5,25 0.383 0,332 0,713 0, 646 1. a0 -
$.07 0,272 - 0, 531 0,952 1,00 0,872
12,88 a, 272 0,269 0, 502 D.518 1. 00 0. 958
16, 70 0,237 0, 244 0,494 - 0. 100 0, 807
20, 52 4,207 0,201 0.417 0,442 0, 893 0,742
24. 33 0. 1856 0.187 Q, 383 0, 389 1.00 ---
28, 15 0, 169 0, 188 0, 346 0,326 o, 937 0, 763
3L, 87 0,159 0, 156 0.314 0. 306 0. B32 Q. 698
35,78 0,153 0,141 0. 273 a,275 0,811 G, 655
39, EQ 0, 149 g, 137 D, 256 0,267 0. 564 0,627
43,42 0. 143 a, 145 0.238 0, 245 0, 569 -
47,23 0,135 0,126 0,228 Q. 225 0.53% 0, 496
51,05 0,135 0,128 0,241 0,239 0. 463 0,462
54, B1 0, 143 0,115 0.220 0.225 0. 486 0. 444
56, 68 0, 139 0,130 0.217 g, 2238 0. 4G5 0. 4656
62,50 D. 136 0,134 0,218 QJ,223 0. 444 ———
66,32 0. 130 Q0,137 a, 206 0.208 0,417 0,409
0,13 0, 130 0,131 0,209 0,207 0,373 0,399
73,95 0, 148 0.132 0,204 0,211 0.415 0, 409
17 0,133 0. 128 0, 204 D, 225 0.3213 0,411
81,58 D, 132 0,133 0, 200 D.211 0,374 ---
a5, 40 0,126 0,137 0,197 D. 200 0, 357 0,363
89,22 0,128 0,126 0.202 0,207 0. 340 0,358
83,03 Q, 137 0,131 0, 198 0,207 D. 3440 0,357
496, 35 0,134 0.126 0,199 0,215 0,335 0.095
10067 0. 143 0,141 0.215 0,222 0,380 ———
104. 49 0,127 . 140 J, 196 0, 198 0,344 0,333
104, 30 0,129 0.127 a, 202 0.204 0,320 0. 345
112, 12 0,128 0, 130 Q. 189 0. 203 0, 333 a, 326
115, 84 4, 135 0.128 0. 204 0,214 0, 340 0. 366
118, 75 0. 135 0,137 0, 203 0,208 0, 364 ---
120,71 a.324
121, 66
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Table A-4. Wall Static Pressure Distributions

Ap, pef
Axial Diatance,
*/R, d=0.02 & = 0,086 3 =0.07
] 0 0 0
1,43 0 ] o
5,25 ) i} 0
B.07 1} b} 0
12. 88 D 0 0
16, 70 a 0 o
20. 52 0 0 o
24,33 0 0 a
2B, 15 -0, 55 o 0
31, 87 -0.55 0 -0.53
35,78 -1,00 -0,57 -0.53
39,60 -1, 00 -0, 80 -0.5%
43, 42 -0, 55 -0, 80 -1.0%
47. 23 i} -0. 80 -1.05
51,05 -0, 55 -0. 80 -1.05
54. 87 1,35 0 -1,05
BB. 68 3. 10 0. 485 0
52. 50 4.15 1, 841 0
56. 32 5,70 3,31 1,05
70,12 6,175 4,34 1.05
73, 45 8,75 4, 83 2,10
79,77 7,30 5,87 2,863
B1.36 7.78 €, 19 3,33
85. 40 7.6 6,99 4,15
Bg, 22 7,76 7,82 4. 84
g3, (13 7,576 7,32 5,21
96. 85 7,76 1,56 5,69
109, 67 B, 26 7,74 6,21
104. 48 B, 26 1,94 6.73
108, 30 7,76 7. 74 .73
112, 12 7.714 8,03 7.00
115, a4 7.6 7.58 6.78
120 71 B, 26 8.03 7.31
123, 58 7.78 7.58 7.00
124, 39 7.76 7.56 7,00
131, 2¢ 7.78 7.56 6,71

8l
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NOMENCLATURE
A Area
B¢ Bias of the parameter (4), units of ¢
Cc Hydrogen gas mass fraction
CT Craya-Curtet number, (Eq. (2))
Ccx Variable density Craya-Curtet number (Eq. (39))
¢ Transported scalar quantity
Daﬁ Effective diffusion coefficient, ftzfsec
d¢ Source term (Eq. {12))
L Length, £t or in. as noted
lt Thickness of primary nozzle lip in the theoretical solution

procedure {(Fig. 2)

NRe Reynolds number, NRe = pul/u

NScEr Effective Schmidt number, NSc = uEIpDEE
Pt Total pressure, psfa

p Statlc pressure, psfa
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Wall statilc pressure difference defined as the wall static
pressure at a given axial distance from the primary nozzle
exit plane minus the wall static pressure In the primary
nozzle exit plane, Ap = p(x) - p(o), psfa

Radius to nodal point in the theoretical solution procedure
Primary nozzle radius, ft or in. as noted

Duct radius, ft or in. as noted

Radius of primary nozzle cuter lip in the thecretical solution
procedure (Fig, 2)

Radial coordinate

Nondimensional radial coordinate, rB = r/Rs
Precision index of the parameter (¢), units of ¢
Total temperature, °R

Time-averaged axial velocity, ft/sec

Maximum axial velocity, also, axial velocity on the centerline

of the duct, ft/sec
Velocity ratio, u = up/u
8
)

Velocity of jet from primary nozzle, ft/sec

Secondary stream velocity at given axial station, ft/sec

B3
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uk*
[n]

X
core

Xpg

Secondary stream velocity at primary nozzle exit plane, ft/sec
Characteristic velocity for confined jet mixing, ft/sec (Eq. (3))
Characteristic velocity for confined jet mixing, ft/sec (Eq. (4))

Characteristic velocity for variable density confined jet
mixing, ft/sec (Eq. (42))

Characteristic velocity for wvariable density confined jet mixing
ft/sec (Eq. (43))

Uncertainty in the parameter (¢}, units cf ¢
Time-averaged radial velocity, ft/sec

Length of wvelocity potential core, 12 Rp in present theoretical
study

Axial distance between the primary nozzle exit plane and the
forward stagnation point on the duct wall (Fig. 1)

Axial distance between the primary nozzle exit plane and the

rear stagnation point on the duct wall (Fig. 1)
Nondimensional axial coordinate, lep

Axial coordinate

Coefficient in the definition of corner vorticity (Eq. (25))
Dynamic viscosity, lbm/ft-sec

Effective dynamic viscosity, lbm/ft-sec
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Density, }.bmfft3

&

pi Characteristic density for variable density confined jet
mixing (Eq. (44))

pg Characteristic density for variable density confined jet
mixing, (Eg. (45))

¢ Dummy parameter, scalar

v Stream function (Eqs. (8) and (9))

f Vorticity (Eq. (11})

W Vorticity divided by radius, Q/r

SUBSCRIPTS

CA Primary nozzle lower lip corner peint (Fig. 2)

CB Primary nozzle upper lip corner point (Fig. 2)

D Diameter

E Effective or "Eastern"

LaM Molecular property

N ¥edal or "Northern"

9 Zero axlal staticon

P Primary jet property
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s "Southern" or secondary stream property

W Wall or "Western"
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