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INTRODUCTION

The lobe mixer is a device currently being used for thrust augmentation
on a variety of turbofan engines. The forced mixer is designed to mix
primary (core) and secondary (fan) flow streams before they enter the exhaust
nozzle, thus providing the nozzle with air having a more uniform energy which
results in a more uniform velocity at the nozzle exit. It has long been
known that by mixing the fan and turbine exhaust streams of a turbofan engine
in this manner prior to expansion through the exhaust nozzle, a small but
significant performance gain may be realized. The level of these gains
depends on trade-offs between the degree of mixing of the two streams and the
viscous losses incurred in the mixing process.

To date, the performance of lobe mixers has been determined almost
entirely through experiments. These experiments are sufficient to determine
the relative merits of one mixer configuration as compared to another, but
in the absence of detailed understanding, it is both expensive and time
consuming to develop unproved lobe mixers in this manner. The overall mixer
flow field consists of two major flow regions: (1) the flow upstream of the
lobe exit plane (within the lobes) and (2) the flow downstream of the lobe
exit plane where the mixing actually takes place. The present study concen-
trates upon the actual mixing process downstream of the lobe exit plane,
through development of a computational procedure applicable in this region
and capable of predicting the three-dimensional mixing process in detail.

The present analysis and computational procedure represent a capability

which can provide further understanding of the mechanism by which mixers
produce a gain in performance. Ultimately, the present analysis may enable
designers to predict practical mixer flows in detail and to screen or otherwise
evaluate alternative mixer configurations. |

Although the geometry of the mixing duct itself is axisymmetric and thus
effectively contains only radial and axial variations, the flow entering the
mixing duct is normally three-dimensional and consists of two streams, the
cold fan stream and the hot core stream. The inlet flow contains free shear

layers and thermal mixing layers downstream of the mixer lobes. Since the
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mixer lobe geometry forces an azimuthal variation in the flow, the mixing
layers of primary importance in the present analysis are inherently three-
dimensional, and thus various methods of analysis based on two-dimensional
theories were excluded from consideration. The flow field downstream of the
lobe exit plane and within the mixing duct can be treated, however, within
thg_general framework recently developed by Briley & McDonald (Ref. 1) for
the prediction of three-dimensional viscous subsonic flows with large
leé;ndary velocities. The analysis of Briley & McDonald was developed for
three-dimensional subsonic viscous flows at high Reynolds number which have

a predominant primary flow direction with secondary flow in transverse planes.
A key restriction of the analysis is that once a primary flow direction is
established, reversed flow in the primary flow direction (flow separation)
does not occur. The analysis synthesizes concepts from potential flow theory,
secondary flow theory, and from an extension of three-dimensional boundary
layer theory in & manner which allows efficient solution by forward-marching
numerical integration techniques, given only knowledge of the potential flow.
Repeated and costly (iterative) sweeping of the entire three-dimensional flow
field is not necessary to obtain a valid approximation to the flow. As a
consequence, numerical solution of the derived governing equations generally
requires considerably less computer time than would a solution of the full
three-dimensional Navier-Stokes equations. An a priori potential flow solution
nevertheless accounts at least approximately for the important elliptic
influence of downstream boundary conditions and determines the primary flow
direction. In Ref. 1, the analysis was employed to compute laminar flow in
curved rectangular ducts and a turbine blade passage at high Reynolds number
but relatively low Mach number. In that application, the strong secondary
flows and corner vortices associated with the endwall regions and caused by
large turning angles of the passage, were of primary interest. The present
application to lobe mixer flows includes a two-equation turbulence model,

and solves an energy equation to account for thermal effects arising from
large temperature differences between the hot turbine exhaust and cool fan
streams. The analysis is designed for internal flows which have a maximum
average Mach number less than 1.0 at each axial station, although Mach numbers
exceeding unity may occur locally within the flow field.



ANALYSIS

General Approach

The present analysis includes a development in a general vector form
which follows Ref. 1, and other material which pertains to the application
to turbulent flow in lobe mixers. The analysis is based on approximations
made relative to a curvilinear but not necessarily orthogonal coordinate
system fitted to and aligned with the flow geometry under consideration
(cf. Fig. 1). The coordinate system is chosen such that the streamwise or
marching coordinate either coincides with or is at least approximately
aligned with a known inviscid primary flow direction, as determined for
example by a potential flow for the given geometry. Transverse coordinate
surfaces must be either perpendicular or nearly perpendicular to solid walls
or bounding surfaces, since diffusion is permitted only in these transverse
coordinate surfaces. One obvious coordinate system would take the local
direction of the velocity from an inviscid potential flow as the marching
coordinate, and curvilinear surfaces of constant potential as transverse
coordinate surfaces, although such a "potential flow coordinate system" is
not essential (and may not even be convenient).

Equations governing streamwise vorticity and a scalar viscous correction
u, to a known inviscid primary flow velocity ii are derived utilizing assump-
tions which permit forward-marching solution, provided reversal of the
composite streamwise velocity does not occur. Terms representing diffusion
normal to transverse coordinate surfaces are neglected. Approximate pressure
gradients are derived from the inviscid primary flow and imposed in the
streamwise momentum equation. These pressure gradients are the sole means of
accounting for the elliptic influence of downstream boundary conditions in
curved flow geometries, although they may be corrected as part of the forward-
marching process if a suitable correction is available. Secondary flow
velocities are determined by scalar and vector potentials in the transverse
coordinate surfaces, to suppress streamwise elliptic behavior requiring
downstream boundary conditioms.

The use of streamwise vorticity in obtaining secondary flow velocities
avoids the use of transverse momentum equations and hence the major influence

of transverse pressure gradients in predicting secondary flow velocity.



As a consequence, the method does not require or yield a direct prediction

for the overall viscous pressure field. The viscous pressure field can never-

theless be determined a posteriori using the computed composite velocity as

input for a scalar three-dimensional solution of the Poisson equation for

pressure, obtained as the divergence of the vector momentum equation. Although

the presence of reversed flow in the primary flow coordinate direction (flow

leﬁ;rltion) normally precludes the use of forward-marching solution procedures

us.aescribed here, special treatments which exclude the separated regioﬁ froﬁ

the computational domain are both possible and useful in some applications.
This general approach has been applied to flow in smoothly curved internal

flow passages with large turning by Briley & McDonald [1 & 2], to the

airfoil tip vortex generation process by Shamroth & Briley [3], and is

also applicable to the forced lobe mixer problem considered here.

Primary-Secondary Velocity Decomposition

The analysis is based on decomposition of the overall velocity vector
field U into a primary flow velocity E; and a secondary flow velocity ﬁ;.
The overall or composite velocity is determined from the super-position

- - - (2.1)
Uus Up + Ug
The primary flow velocity is represented as
G U (2.2)
l.lp = UI"v

where UI is a known inviscid primary flow velocity satisfying slip conditionms
and determined for example from an a priori potential flow solution in the
geometry under consideration. The (non-dimensional) scalar quantity u, is a
viscous velocity profile factor which introduces viscous shear layers and may
also correct for internal flow blockage effects. In the present case of the
lobe mixer u, accounts for both boundary layers and the free shear layer which
exists between the fan and turbine streams. The viscous velocity correction
u, is determined from solution of a primary flow momentum equation. As will
become apparent, for the lobe mixer it is convenient to solve for the
component of U_ in the primary flow direction rather than u_.
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To suppress.streamwise elliptic behavior, the secondary flow velocity ﬁ;
is defined by and thus presumed derivable from scalar and vector surface
potentials denoted ¢ and ¥, respectively. If il denotes the unit vector
normal to transverse coordinate surfaces (also presumed here to be in the
direction of the marching coordinate), if p is density, and if o is an

arbitrary constant feference density, then ﬁ; is defined by

-—

Us = Yy +(p,/p) Uiy (2.3)

where Vs is the surface gradient operator defined by

Ve = V-i(i,-m 2.4

It follows that il . ﬁ; = 0 and thus ﬁ; lies entirely within transverse
coordinate surfaces. Equation (2.3) is a general form permitting both
rotational and irrotational secondary flows and will lead to governing equa-
tions which are elliptic in transverse coordinate surfaces and which are
therefore solvable within a forward-marching context. The overall velocity

decomposition (2.1) can be written

U0, + V¢ +(p,/p)UX] ¢

B . (2.5)
=Up + Vi + (p, /p) Uiy
Surface Potential Equations
Equations relating ¢ and y with u s Py and the streamwise vorticity
component Ql can be derived from Eq. (2.5) as follows:
(2.6)

V-pU=0-= V-pUIluv +V-pVsd + pOV-Vx?l\p

I Vx0=a =0 -9x0u, +1-9x(p /puxty +1.9x9,¢6 @7



Since the last term in each of Eqs. (2.6, 2.7) is zero by vector identity,
Eqs. (2.6, 2.7) can be written as

V.pVed = ~V-pl,u, (2.8)

Levx(p,/p)xty = @, -1 -vx0_u, (2.9)

vhich are elliptic for ¢ and ¥ in transverse coordinate gurfaces. The last
term in Eq. (2.9) is identically zero in a potential flow coordinate system
for which i and UI have the same direction, and is small if i and UI are
approximately aligned. Given a knowledge of u, 1, and p, the surface
potentials ¢ and ¥ can be determined by a two-dimensional elliptic calculation
in transverse coordinate surfaces at each streamwise location. In turn, ﬁs
can be computed from Eq. (2.3), and the composite velocity U will satisfy
continuity. Equations for u, and nl are obtained from the equations governing

momentum and vorticity, respectively.

Primary Momentum and Pressure Approximation

The streamwise momentum equation is given by

i, [(G-W10 +(wp)fp] =1, F (2.10)
where p is pressure and pF is force due to viscous stress. Terms in F
representing streamwise diffusion are neglected; however, since the viscous
terms are complex for compressible flow, the modified viscous force is
temporarily denoted F‘, and further consideration of viscous terms is deferred
to a later section.

The remaining assumption for Eq. (2.10) concerns the pressure gradient
term and is designed to permit numerical solution as an initial value problem.
An obvious pressure approximation for curved flow geometries is to impose
pressure gradients from an inviscid potential flow (Briley [4]), and for
internal flows, to correct these with a mean pressure gradient term depending
only on the x) coordinate (Patankar & Spalding [5]). This approximation is
appropriate both for flows consisting of an irrotational core regiom with
thin shear layers on bounding surfaces, and also for some fully viscous flows.

Depending on the particular application, approximate downstream boundary



conditions such as the commonly used "Kutta condition" may be required, and
periodicity conditions may be imposed to simulate cascades of airfoils. This
approximation invokes the boundary layer concept that, to first order, shear

layers do not alter inviscid pressure gradients.

) I
flow) can be derived, and the consequences of such an assumption are clarified

A somewhat more general approximation (in that U_ need not be a potential

on examination of the inviscid momentum equation written as
Vp + pV(q2/2) = pUXQ (2.11)

where q2 =T . ﬁ; and vorticity R=VxU. Inan orthogonal coordinate system,

the il component of Eq. (2.11) is

?I -[Vp + PV(qz/Z)] = p(ua.Q,3 - us'Q'z) (2.12)

For small transverse vorticity ,, 2, and small transverse velocities u,, ug

’
(relative to the coordinate systzm bzing used), the right-hand side of
Eq. (2.12) is of second order and may be neglected. This small shear assump-
tion is familiar as part of the "secondary flow approximation" (cf. Hawthorne
[6]1), although it should be emphasized that the present analysis accounts for
"distortion of Bernoulli surfaces" by means of u_.

If the right side of Eq. (2.12) is neglected, if pressure gradients are

derived from the inviscid velocity ﬁi by setting q2 =U, - UI’ and if a mean

I
viscous pressure correction pv(xl) is introduced, the pressure approximation

can be written as

L oop o1 [Vp,(x,)- pV(D, T /2] 2.13)
A
= i,-Vip, +p,)

where Py is the imposed pressure. Typically, for internal flows, P, is
determined to ensure that an integral mass flux condition is satisfied, such

a - .
_l; I'- pUdA = constant (2.14)



For external flows, P, " 0. If an internal flow has an average Mach number
of 1.0 and thus becomes choked, it is not possible to determine a value for
Py such that Eq. (2.14) is satisfied. In this instance, the solution down-
stream is indeterminant for the given set of initial conditions, and cannot
be continued. However, the inlet mass flux or Mach number can be adjusted
and iterated if necessary to obtain a flow which is choked at any given
axial location. In addition, if it is necessary to pass through the throat
of a choked nozzle, this could be accomplished by local perturbation of the
throat geometry in a& manner similar to that used by Kreskovsky and Shamroth
[7] in two dimensions. Finally, if the flow is purely supersonic,

there is no need for any pressure approximation such as Eq. (2.13), and such
flows have been treated by McDonald and Briley [8].

Arguments favoring subsonic pressure approximation as in Eq. (2.13) lose
some validity in strongly curved corner regions, where strong cross flows in
the inviscid outer region of shear layers are deflected. Nevertheless, the
approximation may not be seriously in error when considering its overall and
somewhat limited role in the present context. Finally, this type of pressure
approximation is questionable for strongly deflected inviscid flows having

large transverse vorticity.
Combining Eqs. (2.10) and (2.13) and setting'f'i F' provides an equation

nominally governing u:

f,-[@- 90 +(90,)/p -w(T,-Tp)r2] = 4, F (2.15)
where U is to be written as
0. :luzuv +iglveuy +v)) + ‘i‘;(wluv +wy) (2.16)

where Uys Vy» Wy are components of U,, and Vg» W, are components of Us'

Secondary Vorticity

An equation governing nl in compressible flow can be obtained from an
approximate application of secondary flow theory. The equation governing the
groﬁth of vorticity ns along a streamline for compressible flow with constant
viscosity is given by Lakshminarayana & Horlock [9] and may be written for

variable viscosity as



0 (Be). 20 ionlogpe—sis

s (Pq ) pAR ;a‘z o p an (2.17)
where q is Velocity magnitude, s is the unit vector along a streamline, s is
distance along a streamline, ﬂn is vorticity in the direction of the unit
principal normal vector n of the streamline, for which R is the principal
radius of curvature. These quantities are related by the Frenet formula

n/R = 3s/3s = s - ¥s. 1In Eq. (2.17), G=vVx ?; and the term containing p
vanishes if p is constant. Since an intrinsic coordinate system formulation
as in Eq. (2.17) provides an "inverse" coordinate system if used to compute
5; and since intrinsic coordinates are degengrate on no-slip surfaces and
nonorthogonal for general rotational flows, intrinsic coordinates are not
attractive for numerical computation., However, if the coordinate system used
for computation is approximately aligned with the flow direction, then an
approximate equation governing Q, can be derived from Eq. (2.17) by replacing

s by 3, as in the following development:

- | (2.18a)

Q
-U

A A, - A N~
8, _ BvHaQ (pvira - a, (2.18b)
.U v u R,

where Uy = ugus R1 is the principal radius of curvature of the Xy

is vorticity in the direction of ﬁl’ the principal normal of the x

coordinate,

and in

coordinate line. The quantities ﬁl and R1

1
are defined by the Frenet formula

r;l/R1 = il . Vil. To illustrate, in an orthogonal coordinate system,
A A a
M ._[ o oM i3 ahl] (2.19)
R, hh, ox, h h, dx,

where hl, hz, h, denote metric coefficients. If p varies, p is replaced by

3
the imposed pressure p; as defined in Eq. (2.13). Finally, taking q2 = u12
and s = il in the last two terms in Eq. (2.17), and neglecting streamwise



diffusion, Eq. (2.17) becomes

{2, 20 I Vp R
. = m - . t ._l .
U v( Py, ) U, PU.} [ VX(—) + Fut i,-G (2.20)

where G' does not contain streamwise diffusion.
The transverse vorticity nnl in Eq. (2.20) contains components which, in

orthogonal coordinates and assuming an irrotatiomal E}, are given by

a u, du W, du i
Q.50 - Uxfe L —X .. L __V _ (how.) (2.21a)
2 2 hy dxg  h, ox, hhy ox, '"3"s
L = _Yp du, Vg du,, | o
By =l VXU = =5 5%, * 0, 3%, * Tn, ax, (hsvs) @20

In the applications contemplated here, the first term on the right-hand side of
each of Eqs. (2.2la-b) is expected to dominate, and the remaining terms may

be neglected as a convenience, if desired.

Energy Equation

Since the flow being considered is nonadiabatic, solution of an equation
governing energy is required. The energy equation can be written in a variety

of forms, one of which is

pU-VE = V-kVT+U-F+ & (2.22)

where E is total enthalpy, T is temperature, k is thermal conductivity, and
¢ is the dissipation function. Solution of Eq. (2.22) by forward marching
integration requires only that terms representing streamwise conduction of

heat and also streamwise viscous diffusion in F be neglected.

Compressibility Relations

In the imposition of streamwise pressure gradients compressibility
effects are represented by introducing the perfect gas equation of state
P = PRT. No other assumptions are necessary for consideration of compressible

flow. For moderate subsonic Mach numbers, inviscid pressure gradients would

10



ideally be obtained from a compressible potential flow calculation or other-
wise from an incompressible potential flow corrected for compressibility
using either the Prandtl-Glauert formula or Laitone's variant [10].
Replacing p in Eq. (2.13) by the state equation and eliminating temperature

using the temperature-enthalpy relation

0.U
. il (2.23)
E=CpT+ —

where cp denotes specific heat, the following auxiliary equation relating
the imposed pressure gradients with density, velocity, and total enthalpy is

obtained:

Lovlp +o, (x))] - ?,-v[l;—'-p(s-—ﬁ;zﬁ—)] (2.24)

where y is specific heat ratio. A slight simplification results if U+ Uis
replaced by (il . 5)2 in Eq. (2.24).

Typically, the treatment of nonconstant total enthalpy is of interest
for predicting heat transfer levels in shear layers. However, it should be
noted that the geometrical pattern of streamlines for steady inviscid flow
of a perfect gas depends only on the total pressure gradient and not on the
distribution of total enthalpy (cf. Hawthorne [6]). Thus, within an assump-
tion of small transverse total pressure gradient in the free stream or core
region, it is possible to consider core flows with two separate streams having
large differences in total enthalpy and velocity and hence separated by
thermal and viscous shear layers, provided the two streams have about the
same static and total pressure. In addition, the analysis can be applied
to flows with two streams at different total pressure provided the statice
pressure is continuous across the interface. Although inviscid pressure
gradients can no longer be represented by a two-dimensional potential flow,
the error thus introduced by the present analysis may not be serious. Since
the mean pressure level is determined accurately by Py the primary source
of error in this instance would be that due to the assumed transverse variation
in imposed streamwise pressure gradients, which in turn is associated with

streamline curvature. For geometries without appreciable turning, this error

11



may be acceptable. The foregoing observations regarding two stream flows were

used to advantage in the present application to flow in turbofan lobe mixers.

Viscous and Heat Conduction Terms

A variety of techniques for suppressing streamwise diffusion is possible,
and- the particular choice in any given application may depend on the complexity
one-is willing to tolerate in the viscous terms. For example, the complete
set of viscous terms can be written out and all derivatives in the streamwise
direction neglected. Alternatively, only second derivatives in the streamvise
direction may be neglected. Here, attention is restricted to incompressible

flow but with variable viscosity. In the momentum equation (2.10),

Fz-Vxvw x‘ﬁ', where v is kinematic viscosity. A particularly simple

expression which neglects contributions from ﬁ; is given by
& = A [ [
cE & = 2.25
i F o VXyUXiuu, = F (2.25)
Alternatively, contributions from ﬁ; may be retained as in the approximation
A s - [}
i Fo-i -Vxyy,xU=F (2.26)

Similarly, in the vorticity equation (2.17), G is defined by GC=-VxVxv
and approximated by

A a A &1
I+ & -i,-VxVxiyQ =G (2.27)

Streamwise heat conduction in Eq. (2.22) is suppressed by the approximation

V. KVT & V-kV,T (2.28)

Governing System of Equations

A complete system of six coupled equations governing U, 01. % ¥, E,
and o is given by Eqs. (2.8), (2.9), (2.15), (2.22), (2.24), and (2.20).
Ancillary relations are given by Eq. (2.5) for composite velocity, Eq. (2.14)
for mass flux, and Eqs. (2.21a-b) for transverse vorticity.

12



The Turbulence Model

The present analysis is to be used to predict a turbulent flow field,
thus the stress terms F' and G' in Eqs. (2.15), (2.20), and (2.22) contain
turbulent shear terms in the form of fluctuating velocity and velocity-~
temperature correlations. These terms may be modeled using any of a number
of turbulence models. In the present application to lobe mixer flows, these
turbulent shear terms are modeled through the introduction of a turbulent
eddy viscosity determined from solution of two partial differential equations
governing the transport of the turbulence kinetic energy and the turbulent
dissipation. The particular model used in the present application is described
by Launder and Spalding [11l]. Using Cartesian tensor notation, and overbars

to indicate time averaging the turbulence kinetic energy is defined as

ke ~ 0 o (2.29)
=2 Uy
and the dissipation as
ez, 2Ui Ou (2.30)
dxi OXI .

By hypothesis, Prandtl and Kolmogorov have suggested that the effective
viscosity is proportional to the local density and the product of a character-
istic turbulent velocity and length scale. The characteristic velocity is
assumed equal to the square root of the local value of turbulence kinetic
energy, thus u, = cozkll2 where ¢ is a constant of proportionality. Through

T
dimensional arguments, the length scale may be related to the turbulence kinetic

energy and dissipation as

3/2

£= 3k
and from the Prandtl-Kolmogorov hypothesis it follows that the turbulent
viscosity may be expressed in terms of k and € as

e C‘pkz/e (2.32)

Based on an examination of a large amount of experimental data Launder [11] has

recommended that c4 = 0.09 = e and under these conditions the length scale

may be thought of as the conventional mixing length.

13



The transport equations governing k and ¢ at high Reynolds number are given

in vector form [11] as

PO & pU-Vke V- (u+p /o) Vk+P- pe (2.33)
at
2
P %"‘PU'V“V"l“"f"'r/"e’v""’clfp'cszi (2.34)

In Eqs. (2.33, 2.34), P is the turbulence production and is given in the APPENDIX.
The quantities Oy,o0. , C1, C; are empirical constants which, as recommended by Launder
& Spalding [11] , are taken as 1.0, 1.3, 1.44, and 1.92, respectively.

Although the k-€¢ turbulence model provides a general means by which turbulence
effects may be modeled, experience with the model has indicated that it may not be
completely reliable. Negative values of dissipation may develop under certain con-
ditions at isolated points in the flow field leading to a breakdown of the calcula-
tion. To provide a means to circumvent this problem an optional turbulence model
was included in the analysis.

This turbulence model is referred to as a wake turbulence model and is derived
from the definition of turbulent viscosity By and Prandtl's suggestion that the
diffusional flux of some property ¢ = ¢+ ¢' may be expressed

' w2 B; Hy 3;
—v = — k —r . 2
vig og ¥ Loy *F By (2.35)

hence one obtains the Prandtl-Kolmogorov relationship

]
py = o k2 £ p (2.36)

The wake turbulence model is obtained by assuming that the turbulent length scale
and velocity scales are constant throughout the flow field. From equations 2.31
and 2.32 it follows that the constant 1/0¢.il simply CI/A. The velocity scale is
taken as the square root of the_initially specified turbulence kinetic energy k.
The length scale is specified using the geometric constraints of the mixer as a
guide, for instance assuming that the initial length scale would not be smaller
than the inlet boundary layer or larger than the duct height. As a consequence
of this formulation, the turbulent viscosity is dependent only upon the initial
choices of k and £, and the local density which is determined as the solution

progresses.
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APPLICATION TO FLOW IN A LOBE MIXER

In this section, specific details arising in the application of the
foregoing analysis to lobe mixer problems are given. A cross section of a
typical lobe mixer geometry is shown in Fig. 2. The area immediately
downstream of the nozzle plug is faired in with an assumed streamline to
model the reversed flow region expected in this region. Since the flow area
thus excluded from consideration is very small, this treatment is not believed
to asutroduce significant error. A more detailed analysis of this separated
flow region could be performed following a zone embedding approach using the
Navier-Stokes equations (cf. [12]). Although the mixer geometry is axisymme-
tric, the flow is three-dimensional due to the azimuthal variation of the hot
and cold streams. However, due to observed symmetry, only a pie-shaped region
of the transverse coordinate surface need be considered. The shape of this
region and the extent of typical hot and cold streams at the mixer exit

surface are shown in Fig. 3.

Coordinate System

Curvilinear orthogonal coordinates x, y, z are comnstructed to fit the
flow passage boundaries as shown in Fig. 2. Metric coefficients hy, hj, hj
are defined such that incremental distance s is determined by (6x)2 = (hléx)2
+ (h26y)2 + (h3éz)2. In planes of constant z, azimuth, orthogonal streamlines,
and velocity potential lines from a two-dimensional planar incompressible
potential flow analysis are utilized as the coordinate lines for constant
y and x, respectively, This x-y coordinate system is then rotated about an
axis representing the centerline of the lobe mixer, to form an axisymmetric
coordinate system. Thus the z direction can be regarded as cylindrical
(1.e., 8) and h3 = r, The x coordinate is taken as the primary flow or axial
coordinate, and is associated with surfaces for which the two-dimensional
potential is constant. THe y and z coordinates define transverse secondary
flow planes at any given x location. In this coordinate system, the normals
;; to the transverse planes coincide with Ii the unit vector in the x direction.
A two-dimensional incompressible potential flow analysis and computer program
developed by Anderson [13] was employed in the present investigation, without

modification, to compute the necessary coordinate data.
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The Axisymmetric Pressure Field

Since the coordinate iyctem is based on a two-dimensional planar
potential calculation, the coordinate lines are not precisely aligned with
the axisymmetric potential flow appropriate for the mixer geometry. For the
purpose of setting the primary and secondary flow directions, however, the
two-dimensional solution provides a good approximation and thus the direction
of Il’ the unit vector in the x coordinate direction, is taken as the primary
flow direction. This assumption is justified since surfaces of constant
potential from the two-dimensional solution remain surfaces of nearly
constant potential even though the value of the potential at each surface may
be altered significantly in the axisymmetric case. The two-dimensional
potential flow is not suitable for approximating the axisymmetric potential
flow pressure gradients, however, and consequently an axisymmetric potential
flow is computed in the given coordinate system, prior to the forward
marching calculation.

Since a compressible potential flow solver was not readily available,
an incompressible axisymmetric potential flow was computed and then corrected
for compressibility during the forward-marching solution procedure, using
Laitone's rule (Ref. 10). Although the Laitone compressibility correction is
expected to become inaccurate at high subsonic Mach numbers, this error is
mitigated both by the computed correction P, for mean pressure drop, and by
certain mixer flow characteristics. Since the mean pressure level is deter-
mined accurately by p, at each axial location, influence of the imposed
inviscid pressure Py is limited to approximating the transverse variation of
axial pressure gradient and hence is associated only with curvature of
potential flow streamlines. The axial development of mean pressure drop and
average Mach number is thus influenced only indirectly by the imposed pressure
and should be predicted with reasonably accuracy. Furthermore, in most mixer
geometries, curvature effects are more pronounced in the upstream region and
near the end of the center plug, where the Mach number is relatively low.

In the region of strong acceleration and high subsonic Mach number near the
exit, streamlines tend to have small curvature, and hence the flow has small

trangverse variation in axial pressure gradients.
The incompressible potential flow is determined by solution of the

axisymmetric potential equation
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hoh, 8% @ "z“s]5¢’+ hhs 0% , 2 [h'h3]af=0(3.1)

h  ox2 +dx[ h ax h, oyZ oy | h, |0

using an efficient iterative ADI procedure and the solution, which represents
the correct axisymmetric potential, is used to obtain the axisymmetric pres-
sure field, PI(x,y). In setting boundary conditions for the axisymmetric
potential, the inlet and exit planes are assumed to be surfaces of constant
(but differing) potential, and normal derivatives are set to zero elsewhere.
Since Eq. (3.1) may be considered a dimensionless equation with the
dimensionless potential ¢ given by
) *
¢ (3.2)
¢ T
* 2 UTLI'
where ¢ has units of ft“/sec, the resulting potential field may be arbitrarily
scaled to give a mean dimensionless velocity of unity at the mixer exit plane.

This normalized potential field is then used in the computation of PI(x,y).

Governing Equations in Orthogonal Coordinates

A general model for three-dimensional flows which may have large secondary
velocities was given in vector form in the preceding section. The governing
equations are given here for the orthogonal coordinate system used to
represent the mixer passage geometry. Throughout the remaining discussion,
all variables in the governing equations are nondimensional, having been
normalized by the following reference quantities: distance, L,; velocity, Uy;
density, pr; temperature, Tr; total enthalpy, Ui; pressure, prUf; viscosity,
M. Here the subscript r denotes a reference quantity. This normalization
leads to the following nondimensional parameters: Mach number, M; Reynolds
number, Re; Prandtl number, Pr; and specific heat ratio, y. These parameters

are defined by

M=U_/c , Re =P, /p. , Pr= CoMe/k, y= cp/ cy (3.3)

where u is the molecular viscosity, k is thermal conductivity, and cp and <,
are the specific heats at constant pressure and volume. The reference speed
of sound, ¢, is defined by cz = YRgTr, where Rg is the gas constant. Since

the flow is assumed to be turbulent, the dependent variables are taken to be

17



the time-averaged quantities in the usual sense; however, third order correla-
tion as well as second order correlations including the fluctuating density
have been neglected. The decomposition of the velocity vector thus can be

written

Usiu+iyv+ Tsw (3.4)

Where T’l’ -Iz, and -1-3 are the unit vectors in the x, y, and z coordinate
directions, respectively. Since 11 is closely aligned with the primary flow
direction, vi is small and is neglected as a minor convenience. This
approximation is of little consequence since the neglected quantity v1
effectively reappears as part of \A and is thus determined from solution of
the continuity equation during the forward-marching solution process, instead
of being imposed a priori from the potential flow. Since v is zero by

definition, the velocity decomposition can be written as

- o7 3 (3.5)
U=y + v, + Tyw,
Since up is the only streamwise component of U the subscript "p" is

dropped. Under the stated assumptions the streamwise momentum equation can

be written as

ou du du
puhzhs—a-;- + P(V’) h'hs-a-;- + p(\'ls) h'hz—az—

ah 2 oh
"’P(Vs)"h;_a;'— - plvg) hy—&
ah op; dp,(x)

2 3
TP W Ihy o+ hahy 5 H Ry g

U [(/.l.-l-/.l..l.)h,h3 Du] hh, o [(p.ﬂu..r)éu]
Re 0y hy oy + Reh, 0z 0z

(3.6)
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The energy equation is approximated by

2E oE
Pthhs—aT + P(VS) hthW +P(w$)hlh26_z
| 2] B . Hy h,hy OE
Re dYy (Pr ?;;) h, dy
h h B _Hy\e -
13 - . L (s (3.7
+ 2h, (#+F—T Br PrT)ay(u +wsz)]
h.h 0 E
LI [ (.t‘_ N _’_‘L) 9E
Re h, oz Pr Pry] 92
. B P18 (g2
+ 1/2 (F-*F-*r Br e ) 2 (G2+v )]

with the Prandtl number Pr and turbulent Prandtl number PrT assumed to be 1.0.
From the axisymmetric potential flow,

| 9¢ Lo (3.8)
ox oy

u_= y Vo= 0
I hz

1
hl
Substituting these velocity components into the inviscid, incompressible

momentum equation

U,-U t
v(——‘;—‘——)-n X (VxD0p)=-—VP (3.9

and integrating Eq. (3.9) with the observation that V x ﬁi = 0 the inviscid

incompressible pressure field P, _{(x,y) is obtained from the relationship

M=0

plu? +v,?) (3.10)

Pu-o{X>¥) + > = constant = P, .

The imposed compressible pressure gradients are then determined from PM=0 as

0Py . ! OPy:0 (3.11)
ox J1- Mz ox

where ML is the local Mach number. The imposed pressure gradient is related

to the dependent variables using the following form of the auxiliary gas law
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d y-i u? oP; dP,(x)
O—X( y )P(E- )J' X + dx (3.12)

The integral mass flux relation is

ﬂhghspudydz-c (3.13)
A
To obtain the rotational secondary flow components of the velocity, the
streamvise vorticity equation is written as
u .13 dpu vg h, ( 13 apu)
Q(Puax ‘gdx)*'o h, PY 3y an
w, b, o€ opu ) .2 oh, i du
"'0 hs(Puaz Edz hy, 0y pU hy 0z
(3.14)
) h, N oP 9p _9p JP]
hohy, p | 9y 92 dy oz
. P h, L] [ hy dh,(p.+y..r)£]+ h, @ [l 6(p+p..,)€]
Re [ h,h, dy | hih,p oy hsz oz | p 0z
2 2 2 2
where Q = u + Vet Vg and the vorticity is related to velocity by
€ =€ — (""3"3 _ ohyy, ) (3.15)
n hzh3 oy oz
The vector potential Es is determined from .
| ) hy a(h,\p,)] | o [ | 6(h,%)]
+ =) 1Y) | L e (3.16)
h,hy oy l( Phlhz) ay h'h} 20z (p) oz ¢

and the rotational secondary flow velocities are determined as

1 alhyy)
vw = Ph|h3 az (3.178)
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1 athyg)
Wy ° T h 3y (3.17b)

The scalar potential is governed by

[ ph,hy aqbs] L0 [Ph|hz 5¢s] __ 9(hyhy pu) (3.18)

oy 0z hy ox

The velocity components v, and w, are found to be

¢ ¢
I Oy
. — 3.19
Vé h, “dy (3.192)
| 3,
We * B T3z (3.19b)

3

The secondary flow velocities are thus

vs = v‘p + V¢ (3.203)

w, = w‘p + w¢ (3.20b)

The turbulence model equations (Egs. 2.33 & 2.34) must also be expressed in
orthogonal coordinates. It is assumed that the turbulence equations are
tensor invariant [14] and thus may be expressed directly in orthogonal
coordinates by performing vector operations in such a coordinate system.
With streamwise diffusion neglected to allow forward-marching solution, the

result for the turbulence kinetic energy equation in steady flow is

ok ok
puhyhy = + pvgh/hy 33y + pwghih, 577
| a r hbhs Ky OK
Re | dy [ h, (F'+ oy ) ay] (3.21)

h ok
+—'h:-2——;£[(p+-,:—:)—a—z-] hh h3P£+p
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and gimilarly the turbulence dissipation equation is given by

de de de
Puhghy == % Y PY% hhy3o 3y pw.h.hz‘,z

[ h,h TR
F\!o dy [ 1'1: (""'?;L)'é;_'] (3.22)
hh, o [
+ :1: 'a?[(""?':') a:]!

& €
- hlhzhlczp.k— + C'—k—p

The turbulent viscosity is then

2

C, pk (3.23)
L
By p Re
and the length scale may be determined as

3/4 3)2

CF k (3.24)
L=
€

Numerical Method

The governing equations are approximated by finite differences. Three
point central differences are used for all transverse derivatives. An
analytical coordinate transformation devised by Roberts [15] can be employed
as a means of introducing a nonuniform grid in each transverse coordinate
direction to concentrate grid points near walls while maintaining second-
order accuracy. In the computation presented here a uniform mesh spacing
in each transverse direction was used. The streamwise vorticity equation
is decoupled from other equations in the system and linearized with respect
to £ by an ad hoc process consisting of lagging quantities not yet available
at the implicit level. The resulting implicit difference equation for £ is
solved using a scalar ADI scheme based on the technique of Douglas & Gunn [16]
for generating ADI schemes as perturbations of fundamental implicit schemes.
Equations (3.16 & 3.18) for the vector and scalar potential functions w’ and

¢‘ are elliptic in the transverse planes and are solved, given values for
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the right~ﬁand sides, using scalar iterative ADI. Specifically, the Douglas-
Gunn perturbation of the Crank-Nicolson scheme is used for Eqs. (3.13 & 3.16)
while perturbation of the backward difference scheme is used for Eq. (3.18).
With regard to the streamwise momentum and energy equations (3.6 & 3.7), since
the transverse velocity components are determined separately from elliptic
equations the coefficients of the transverse convective terms are lagged.
Formal linearization of the streamwise convective terms following Briley and
McDonald [17] as extended to nonconservation law form by Kreskovsky and
Shamroth [7] also indicates that to first order the coefficients of these

derivatives may also be lagged. The energy and momentum equations thus

direction. The resulting difference equations may then be grouped by coordinate
direction and solved using an efficient ADI scheme. The turbulence model
equations form a similar system, but these equations remain coupled through

the source terms. 1In this case, the resulting difference equations can be
written in block-tridiagonal matrix form and solved efficiently using linear-
ized block implicit (LBI) techniques.

A summary of the overall algorithm used to advance the solution a single
axial step follows. It is assumed that the solution is known at the n level
x" and is desired at xn+l.

1) The imposed pressure gradients are determined from Eqs. (3.10) and (3.11).
2) A value for the mean viscous pressure drop dpv(x)/dx is assumed.
Initially, the value from the previous step is used.

3) Equations (3.6), (3.7) and (3.12) are solved to obtain values of un+l,

En+1 and pn+1. In general, the integral mass flux relation (3.13) will not

be satisfied.
4) Return to step (2) and repeat this process iteratively using the standard
secant method [18] to find the value of the mean viscous pressure drop which

leads to un+1 and pn+1

which satisfies the integral mass flux relation (3.13).
The secant method was found in practice to converge the integral mass flux to
five figures on the third iteration, unless the flow is near transonic.

5) The turbulence model equations (3.21 & 3.22) are solved using a split
LBI scheme.

6) The streamwise vorticity equation (3.14) is solved using scalar ADI to

obtain En+1.
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7) The vector potential equation (3.16) is solved using scalar iterative

ADI to obtain w':u.
8) Values for solenoidal secondary flow velocities v* and H‘ are computed

using Eq. (3.17).
9) Using walues now available for Bpu/3x, the scalar potential (3.18) is
solved using scalar ADI to obtain .n+1 to assure that the solution at level
o+l satigsfies continuity on a diffe:ential basis, and the irrotational
secondary flow velocity components v¢ and w¢ are determined from Eq. (3.19).

To ensure that the initial conditions satisfy continuity on a differential
basis, steps 2 through 4 and step 9 are performed to obtain ¢n at the initial
station either using estimated values of the transverse velocities (obtained

from experimental data) or assuming the transverse velocity components are

Zero.

Specification of Initial Conditions

The initial conditions for a lobe mixer calculation may be specified by
using either an automated starting routine or by reading in experimental
data. The fully automated procedure is considered first.

To obtain initial conditions for a lobe mixer calculation, it is necessary
to specify the velocity and total temperature of the respective hot and cold
streams in addition to a mean value of static pressure. The lobe shape is
specified, and based on the specified lobe shape, a decision is made as to
whether a grid point lies in the hot or cold stream. The appropriate values
for velocity, temperature and density are then assigned to the grid point.

The total energy is assumed to be constant but may differ in both streams.
The velocity in the two respective streams is assigned its nondimensional
reference value which is then corrected to account for normal pressure
gradients present at the initial plane as determined from the axisymmetric
potential flow. To account for boundary layers on the lobe, hub and shroud
surfaces, the free stream velocity profiles are further scaled in accordance
with an assumed turbulent boundary layer velocity profile, and the distance
from the lobe surface. ‘

Referring to Fig. 3, the position of the line representing the lobe
shape, SL. is determined by specifying its r and 0 coordinates at a sufficient
number of points to describe the lobe shapes, thus
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s _ = S .(r,8) (3.25)

where SL may have an arbitrary shape subject only to the following restrictions

(see Fig. 3).

1) SL must enter the computation region along Y in °F along emax'
2) Sﬁ must exit the computation region along emin or along Toax”

3) In the specification of the r, 8 coordinates of SL’ r must increase
monotonically, i.e., any line of constant radius may intersect SL only once

when moving along S. in the direction indicated in Fig. 3. No restriction is

L
made on §. An example of the lobe shapes which may be specified is shown in

Fig. 4. The initial velocity profile with boundary layers are given by

u = ulu Bg s /8y 28 H) (3.26)

STRM ? ~BL)?

where U is the velocity of the appropriate stream, § is the boundary

layer tﬁfﬁﬁness, y/§ represents the shortest distance frgi a surface (hub,
shroud or lobe) to the grid point in question, 6* is the local displacement
thickness and H is the shape factor. For grid points near the lobe the
distance, y/5, is determined as shown in Fig. 5a by constructing a triangle
given two data points on the lobe and the grid point in question. The normal
to the base of the triangle (the line segment between the two lobe data points)
is constructed and its length determined. If a normal cannot be constructed
such that it intersects the line of which the base is a segment between the
lobe data points, the distance to the lobe is taken as the distance to the
nearest data point as shown in Fig. 5b. For grid points near the hub or shroud
the calculation of y/8 is straightforward. Thus having determined y/§, the
velocity at the grid point in question can be scaled to account for the

boundary layer. The assumed boundary layer profile used in the present code

is a Coles-type profile modified as suggested by Waltz [19].
| + nl
. —ata5)e”d 4 + - (y ) (3.27)
u u,[( 3y’ - 5)e + - in(l+y*)+c + — W -5—]

Since the turbulence model used is valid only at high Reynolds numbers, the
low Reynolds number sublayer flow in the immediate region of walls must be

treated in an approximate manner. This is accomplished by using wall functions
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which assume that locally between the wall and the first grid point away
from the wall the velocity profile is logarithmic such that

| Uy

(3.28
u 'uf(_a_t-h v )

+c)

where u, is the friction velocity, x = 0.43 is the von Karman constant, and
c is taken ag 5.0. It follows that
ou U, (3.29)

By ey

Equation (3.29) is used to determine a wall slip velocity such that the finite
differenced form of the velocity gradient one point off the wall is consistent
with the assumed law of the wall profiles. The density is then computed to
be consistent with the temperature and the local static pressure as determined
from the mean static pressure corrected for the normal pressure gradients.

Initial conditions for the turbulence wmodel are determined through speci-
fication of & reference length scale, zref and free stream turbulence levels.
Near the hub and shroud the length scale is determined from the McDonald-

Camarata [20] relationship

L = 2, gtonh(—) (3.30)

‘nn
where y is the distance from the surface in question. In the region about the
lobe surface the distribution of Eq. (3.30) may be used with y representing
the distance to the lobe from the grid point in question. However, since the
lobe may pass arbitrarily close to a grid point the length scale determined
from Eq. (3.30) will approach 0.0 as y approaches 0.0. This results in a low
Reynolds number region in the initial flow field which can create problems
with the turbulence model. This problem is circumvented through use of an
option which renders the length scale constant in the region near the lobe,
and the distribution of Eq. (3.30) is used only near the hub or casing if
boundary layers are specified there. With the length scale distribution known,
the initial turbulent viscosity is obtained from the generalized mixing length

relationship
5\2 =2 -2 72,72
preefl 3y) * (h'—za-:) + ;50 + ()] (3.3)



The initial turbulence kinetic energy and dissipation are then determined from
simultaneous solution of Eqs. (3.23) and (3.24). The kinetic energy is
modified slightly following McDonald and Kreskovsky [21] to account for the
free stream turbulence, and the turbulent viscosity is then recomputed from

k and £ to be consistent.

Under certain conditions, neither the wall length scale option Eq. (3.30)
nor the wake length scale option (constant length scale) will provide satis-
factory initial values of k, € and e This may occur when the mesh is coarse
and the velocity gradients in Eq. (3.31) vary greatly between adjacent grid
points. Under these circumstances, it can be useful to initiate the turbulence
quantities using an option which specifies the turbulent kinetic energy,
dissipation and viscosity as essentially constant throughout the flow field.
Such an approach has also been used previously by Launder, Morse, Rodi and
Spalding [22] in the computation of free shear flows.

If experimental profiles are read in, the specification of initial
conditions is similar. The velocity and static temperature are input at each
grid point. The lobe shape is specified as in the automated starting proce-
dure, and a reference length scale and free stream turbulence intensities must
be provided. Additionally, estimates of the boundary layer thickness on the
hub, shroud and iobe must be specified for use in setting up the initial
turbulence quantities. Initialization of the turbulence quantities is similar

to that used in the automated procedure.

Boundary Conditions

To march the solution downstream, it is necessary to apply boundary
conditions in each transverse plane. Boundary conditions are needed for the
energy equation, the primary flow momentum equation, the streamwise vorticity
equation, the vector and scalar potential equations, and the turbulence model

equations. Referring to Fig. 3, the boundaries at 6 and emax represent

symmetry planes. Boundary conditions on these surfazt: are therefore straight~
forward and are as follows:

1) azimuthal gradients of up, E, k and € are set to zero,

2) the vorticity is set to zero, and

3) the normal velocity component is zero, and thus the vector potential is zero

and the azimuthal gradient of the scalar potential is zero.
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Boundary conditions on the hub and shroud surface are specified as follows:

1) the normal velocity is zero along these gurfaces, and the vector potential
and the normal gradient of the scalar potential are thus set to zero, and

2) these surfaces are taken as adiabatic, and thus the normal gradient of
energy is set to zero. (Although not included in the present version of the
code, thermal wall functions can be developed which would allow specification
of the wall temperature. These boundary conditions could be easily
implemented.)

Boundary conditions for the primary flow velocity, up, and the turbulence
quantities k and £ are treated in a manner consistent with the high Reynolds
number limitation of the turbulence model. These boundary conditions are

based on the same logarithmic profile assumption used in the initial conditions
(Eq. (3.28)). The gradient condition of Eq. (3.29) is used to determine a slip
value of the primary velocity, up. Furthermore, consistency with the log law
implies that the turbulence is in local equilibrium and that the shear stress
is constant near the wall. From this it may be deduced that

U1? (3.32)
k= c 12
(7
in the near wall region, and
ok -0 (3.33)
oy

Equation (3.32) is used to specify the value of k one point off a wall with
Eq. (3.33) giving the wall value. Additionally, the log law implies that the
length scale, £, varies linearly with distance from a wall (£ = xy). Thus
initially the turbulent dissipation one point off a wall was specified using
Eq. (3.24). However, problems were encountered with this boundary condition
which led to negative values of €. This problem was traced to the lineariza-
tion of k?lz in Eq. (3.24) and was resolved by combining Eqs. (3.24) and (3.32)
to give the linear relationship
Ty (3.34)
Ky

which performed satisfactorily.
With regard to the boundary conditions for the secondary vorticity, it is

observed that the generation of vorticity is most likely to occur in the free
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shear 1 b and shroud
boundary layer. Thus the secondary vorticity is assumed zero in the near wall

region. It should also be noted that as the flow proceeds past the hub
region, provisions are made to change from wall boundary conditions on the

hub to symmetry conditions at the centerline.
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COMPUTED RESULTS

Several flow calculations were performed to assess the computational
procedure and turbulence model. These flows include a simple coaxial
turbulent jet, used to validate the turbulence model, and both laminar and
turbulent mixer calculations in two different geometries typical of modern

designs.

Coaxial Jet Flow

The first flow considered is that of a coaxial jet experimentally
investigated by Forstall and Shapiro [23] and used as a test case in the NASA
Langley Free Turbulent Shear Flow Conference [24]. This test case was
chosen in part since other predictors at this conference were able to obtain
good agreement with this data, using the same two-equation turbulence model
as is used in the present lobe mixer program. These experimental measurements
were obtained with a .25 in. diameter nozzle exhausting into a 4 in. diameter
pipe. The velocity ratio of the nozzle stream to the outer stream was 4 to 1l.
Tabulated values for the initial streamwise velocity profile are given in
[24]) as are values for the jet spread rate and the centerline velocity decay.
Profile data at various downstream locations may be found in [23].

Since the shear layer is very thin in the upstream region near the jet,

a very fine mesh would be required to resolve the flow both near the jet and

at large distances downstream, where the shear layer thickness increases

many fold. For convenience, the flow was computed in two parts with different
outer boundaries and grids, upstream and downstream of X/D = 1.0. The first
calculation had an outer pipe radius of 16 nozzle radii, utilized 20 radial

grid points concentrated near r/RN = 1, and was started at X/D = 1. The initial
velocity profile was chosen to agree with the measured profile of Sami, Carmody
and Rouse [25] at X/D = 1.0. Turbulence quantities were initialized using a
constant length scale across the ghear layer in conjunction with Eqs. (3.23),
(3.24) and (3.31). The calculation was marched to X/D = 37.

Comparisons of the predicted and measured centerline velocity decay and
jet spread rate are presented in Figs. 6 and 7, respectively. The predicted
centerline velocity decay is in very good agreement with the measurements,
and the predicted spread rate is only slightly above the trend of the data.

It should be noted that these calculations did not utilize the modifications
to C, and cu suggested by Launder and Spalding [9] to improve predictions of
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the spread rate. Recently, Janicka and Kollmann [26] also observed good
agreement between predicted and measured spread rate and velocity decay using
the unmodified turbulence model. Figure 8 shows the predicted streamwise
velocity profiles (normalized by jet half radius) at various X/D locations
and the range of data measured by Forstall. Again the agreement is good
despite a slight under resolution of the outer region at X/D = 37, which is
evident from the grid point locations in the figure.

The second part of this flow calculation was performed in the upstream
region 0 £ X/D £ 1.0, with a computational domain limited to 0.5 =< r/Rw < 1.5.
As shown in Fig. 9, the initial profile was chosen to match the experimental
data of Forstall and Shapiro [23 & 24], and includes a small slip velocity
at the nozzle edge. The distribution of grid points is shown in Fig. 9
and provides adequate resolution in the region near the nozzle. Turbulence
variables were again initialized using a constant length scale. In Fig. 10,
the computed velocity profile at X/D = 1.0 is compared with that used as the
initial profile in the previous calculation with expanded computational
domain. The good agreement between the velocity profiles in Fig. 10 justifies
the initial conditions used for the previous solution obtained in the region
downstream of X/D = 1.0. The calculations of coaxial jet flow given in this
section confirm that the turbulence model being used performs satisfactorily
for this relatively simple flow for which adequate experimental documentation
is available, Further, the predictions of the lobe mixer deck for this case
are In essential agreement with predictions made by other investigators using

the same turbulence model [24].

Lobe Mixer Flows

Several calculations of lobe mixer flows were performed to demonstrate
the overall method in its present state of development and to explore the
potential of the method for making detailed predictions of the flow and mixing
process. A summary of the calculations performed is presented in Table I.

The test cases include both hot and cold flow calculations in two different

geometries, and with different inlet velocity ratios and average Mach number.
All calculations were made using 20 equally spaced grid points in the radial
coordinate direction and 10 equally spaced points in the azimuthal direction.

Twenty to twenty-two axial stations were computed.
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Before discussing results from these calculations, it is useful to
define average values of total pressure loss coefficient, ideal thrust
coefficient, and Mach number at each axial location, to aid in the evaluation
of flow properties. A mass-averaged total pressure loss coefficient qpr'is

defined as
ZI’PTI'Q' - PT )

L ooty
J pU-dA
A

pU-dA
(4.1)

Cpr *

where PTre is a reference total pressure associated with the turbine stream
reference conditions, and Pref and U of 8TE the reference density and velocity
associated with the turbine stream. The value of CPT at the starting plane

i8 usually not zero due to the presence of shear layers in the initial condi-
tions, and for clarity this starting value is subtracted from CPT in the
prescntagion of results. The distributions of CPT presented thus represent
losses incurred downstream of the starting plane. An ideal thrust coefficient
is defined and based on the thrust which would be obtained by isentropic
expansion from local conditions to a predetermined exit pressure. The ratio
of the local value of this thrust T to the value Ti based on the initial flow
field is defined as the ideal thrust coefficient, T/Ti' The thrust is

obtained from the relationship

T [ yPMEda, (4.2)
Ae

where Pe is the assumed exit pressure, ﬁ; is the Mach number based on
isentropic expansion from the local pressure to Pe' and K; is the effective

exit area, again based on isentropic expansion to Pe' Finally, an area-

averaged Mach number is defined as

j;MdA (4.3)

j;dA

The first two solutions were obtained for geometry A, which is shown in
Fig. 11. The lobe shape specified for this geometry represents a high bypass
ratio configuration and is shown in Fig. 12. As indicated in Table I, Case 1
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is a laminar flow calculation at a Reynolds number of 1280, based on fan
stream properties and the initial mixer diameter. Boundary layers on the hub
and shroud were neglected in this calculation, and instead slip conditioms
were imposed on fhese boundaries. Case 2 is identical to Case 1 except that
the flow is turbulent flow with Reynolds number of 2.9 x 106, and plug,
casing and lobe boundary layers are included. In each case, the ratio of

fan to turbine temperature is 0.5, and the ratio of fan to turbine velocity
is 0.707. These conditions result in matched Mach numbers for the fan and
turbine streams. The average inlet Mach number is 0.34 in each instance.

The streamwise distribution of total pressure loss coefficient is shown

Fig. 13 for Cases 1 and 2. The laminar flow has higher loss levels despite
its neglect of wall boundary layers, a consequence of the lower Reynolds
number. The predicted axial variation of the ideal thrust coefficient is
shown in Fig. 14. Here it is observed that the turbulent flow calculation
exhibits a significantly higher gain in gross thrust than the laminar calcula-
tion. These higher thrust levels presumably reflect both increased mixing

and lower losses in the turbulent flow case. It is also noted that the

exit Mach number for these two cases was about 0.5 to 0.6, whereas actual

full scale mixers would normally be choked at design conditiomns.

The remaining mixer flow calculations were performed for geometry B,
which is shown in Fig. 15. Two lobe shapes were considered, and these are
shown in Fig. 16. Each of these lobe shapes provides a mixer with high lobe
penetration and a bypass ratio significantly lower than that of geometry A.

The first set of flow calculations considered here consists of Cases 3
and 4, which correspond to lobe shape B-1 in Fig. 16. These two cases
represent both hot and cold flow conditions for which the inlet Mach numbers
(and total pressures) of the fan and turbine streams are matched. In each
case, the average initial Mach number is 0.194 and was estimated to give
nearly choked flow at the nozzle exit. The fan stream Reynolds number is
2.6x106 in each case, and boundary layers on the plug, casing and lobe were
included in all of the turbulent flow calculations. "Test Case 3 is typical
of flight cruise conditions and has a fan to turbine temperature ratio of 0.4

and velocity ratio of 0.7. In Case 4, the fan stream conditions were identical
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to those of Case 3, but the turbine stream temperature was reduced to match
that of the fan stream, and in addition the velocity of the turbine stream
was adjusted to produce the same Mach number and total pressure ratio as
Case 3. Taken as a set, Cases 3 and 4 simulate a common experimental procedure
for testing lobe mixer designs whereby both hot and cold flow measurements
are taken with the same conditions for stagnation pressure. Since the cold
flouw measurements provide an indication of logsses associated with plug,
casing, and lobe boundary layers, the differences between hot and cold flow
measurements provide an indication of thrust gains and total pressure losses
due to the mixing process itself. The set of test Cases 3 and 4 thus demon-
strate one potential use of the present calculation procedure for aiding in
the design and evaluation of lobe mixers.

Comparisons of the computed axial development of total pressure losses,
Mach number, and thrust are given in Figs. 17-19, respectively, for Cases 3
and 4. The total pressure losses for the hot flow case are somewhat higher
than those of the cold flow case, although the distributions are similar.

The predicted loss levels within the mixing duct are of the order of one
dynamic head at fan stream inlet conditions. The higher loss levels present
in the hot flow case are presumably a result of higher losses in the mixing
layer between the hot and cold streams, since the difference in velocity
between the two streams is much higher in the hot flow case. The axial
variation in Mach number is shown in Fig. 18. Although the initial development
of Mach number is very nearly the same for the two cases, as a result of
higher losses the hot flow case undergoes stronger acceleration near the

exit and attains an exit Mach number of 0.91, as compared with 0.8 for the
cold flow case. The rapid acceleration downstream of X/Lr = 1.6 occurs
primarily because of the change in area of the geometry but is due in part to
frictional losses. On the other hand, since loss levels increase with Mach
number, the total pressure losses in Fig. 17 are seen to increase rapidly
downsgtream of X/Lr = 1.6.

The final flow parameter of interest here is the thrust coefficient,
which is shown in Fig. 19. As is to be expected, the thrust coefficient for
the cold flow case undergoes a monotonic decrease, as viscous losses accumulate.
In the hot flow case, the effects of thermal mixing provide a significant
increase in thrust over most of the mixing duct. Beginning at about X/Lr = 2.0,
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the high loss levels associated with the nozzle-induced acceleration outweigh
any further thrust augmentation due to mixing, and the thrust coefficient
decreases from this point onward. At the nozzle exit, the thrust coefficient
is about 1.0, which indicates that the mixing gain has offset the decrease in
thrust attributable to viscous losses. In turn, the thrust coefficient at
the nozzle exit is 0.98 for the cold flow case, and thus the net gain in
thrust due to mixing is about 2 percent. .

The final set of flow calculations considered here consists of Cases 5
and 6, which correspond to lobe shape B~2 in Fig. 16. These cases represent
cold flow conditions with equal fan and turbine static températu:gs, but
with different average inlet Mach numbers and Reynolds numbers. &he ratio of
fan to turbine inlet Mach number and velocity is 0.5 in each case. These
flow conditions attain a large velocity difference between the fan and turbine
streams as a result of mismatched total pressures and Mach numbers. Similar
flow conditions are present in a related experimental study of flows in this
same mixer geometry, being performed as part of this overall contract effort.
These cases also serve to test the present calculation procedure under condi-
tions of significant mismatch in fan and turbine total pressures and Mach
numbers. The axial variation of Mach number and total pressure loss coefficient
for Cases 5 and 6 are shown in Figs. 20 and 21. The total pressure losses in
Fig. 21 are seen to be higher for the flow with higher initial Mach number,
as is to be expected. These cases serve to demonstrate the capability of

the present calculation procedure for treating flows with mismatched Mach

number and total pressure.
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SUMMARY AND CONCLUSIONS

A finite-difference method has been developed for detailed computation
of three-dimensional subsonic turbulent flows in turbofan lobe mixers.

The method is based on a decomposition of the velocity field into primary and
.econdiry flow components which are determined by solution of equations
governing primary nomentuﬁ, secondary vorticity, thermal energy, and continuity.
A two-equation turbulence model for turbulent kinetic energy and dissipation
rate is used to construct the required Reynolds shear stress correlation
coefficients. The govérning equations are solved by a forward-marching solution
procedure which corrects an a priori inviscid potential flow solution for
viscous and thermal effects, secondary flows, total pressure distortion and
losses, internal flow blockage and pressure drop.

Test calculations for a turbulent coaxial jet flow were performed to
verify that the turbulence model would perform satisfactorily for this
relatively simple flow for which adequate experimental measurements are
available. Several calculations for lobe mixer flows were performed for two
geometries typical of current mixer design. These calculations included
both hot and cold flow conditions, and both matched and mismatched Mach number
and total pressure in the fan and turbine streams. The axial development of
cross-sectional averages of Mach number, total pressure losses, and thrust
were presented for these mixer flows, and these predictions are consistent
with the behavior expected for this type of mixer flow. The results of this
study serve to demonstrate the potential value of the present calculation
procedure to aid in the design and evaluation of turbofan lobe mixers. Further
evaluation of the procedure will require careful comparison with sufficiently

detailed and accurate experimental measurements.
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TABLE I

SUMMARY OF LOBE MIXER CALCULATIONS

CASE # GEOMETRY TF/TT uF/UT M.F/MT AVERAGE FAN STREAM LAMINAR OR
INLET M Re TURBULENT

1 A 0.5 0.707 1.0 0.34 1280 L

2 A 0.5 0.707 1.0 0.34 2.9x10% T

3 B 0.4 0.7 1.107 0.194 2.6x10° T

4 B 1 1.107 1.107 0.194 2.6x10° T

5 B 1 0.5 0.5 0.0529 4.75%10° T

6 B 1 0.5 0.5 0.171 1.54x10° T




Transverse coordinates
(Secondary flow plane)

Figure 1. - Schematic of coordinate system for
three-dimensional flow problem.
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Figure 4. - Family of lobe contours which may be specified.
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Figure 5. - Determination of distance to lobe boundary.
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APPENDIX-A

THE TURBULENT PRODUCTION TERM

The production term, P, in the turbulence kinetic energy and dissipation

equations may be expressed as

= 2 2 2 2
P-p.,.[ 2(e"2+e22 +ey,y )+e3,2+ ez +e,, ] (A.1)
where
éh dh
@, = -1 du v ! w ! (A.2)
" hy ax Y Thh, 9y T Thphy a2
= av w oh, u_ oh, (A.3)
‘2% 37 3y * h,h, 9z * hh, Ox
= L 9w , _u_ Ohy v_ -9h; (A.4)
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hs 3 (w hs 9 (v A.5
= — AN - = .5)
a3y (i) * R 3x () ‘
h, @ (u) hy o (w
z =t =] + = — [— (A.6)
3 hs dz \h h; ox ha)
h d /fu h, d v
0, 9 (u by 0 (v
27 hy ay (hu) * p ox (hz) 4.7

The production term may be simplified considerably if it is first noted
that in the present geometry the metric coefficients are not functions of z
(the azimuthal coordinate). Furthermore, it may be assumed that the shear
layers are thin, since the Reynolds number is high. Thus, if the flow is

sheared in the y direction, v and 3/3y are assumed to be of order 6 and
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1/s, respectively. I1f the flow is sheared in the z direction, w and 3/3z
are assumed of order § and 1/6. The quantity 6 is taken to be representative
of the shear layer thickness., Similarly, u, x and the metric coefficients
are presumed to be of the order of unity. If the viscosity, Ups i8 assumed
to be of the order 62 the relevant terms in P may be found by retaining only
those terms which are of the order of unity in either of the two types of
shear layer described above. As a result P is approximated as

2 2 2 2
S I ety IR 2 IR T N B
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APPENDIX-B

USER'S MANUAL - SRA MIXER CODE

SUMMARY

The use of a finite-difference procedure for computing turbulent flow in
lobe mixers is described. The procedure is based on the solution of an approx-
imate set of governing equations derived from primary and secondary flow
concepts. BReat transfer is accounted for through introduction of an energy
equation. Turbulence is modeled using a two-equation model. The computer code
may be used either in a mode in which starting conditions are generated by
automated procedures or in a mode where sufficiently smooth and detailed
experimental data may be used to specify the initial conditions. The manual
describes the analysis upon which the code is based, input required and output.
The manual also contains brief descriptions of the subroutines which comprise
the code as well as a list of principal Fortran symbols. A flow chart of the

overall program algorithm is also included.
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INTRODUCTION

The lobe mixer is a device currently being used for thrust augmentation
on a variety of turbofan engines. The forced mixer is designed to mix primary
(turbine) and secondary (fan) flow streams before they enter the exhaust nozzle,
thus providing the nozzle with air having a more uniform energy which results
in a more uniform velocity at the nozzle exit. It has long been known that
by mixing the fan and turbine exhaust streams of a turbofan engine in this
manner prior to expansion through the exhaust nozzle, a small but significant
performance gain may be realized. The level of these gains depends on trade-
offs between the degree of mixing of the two streams and the viscous losses
incurred in the mixing process.

To date, the performance of lobe mixers has been determined almost entirely
through experiments. These experiments are sufficient to determine the relative
merits of one mixer configuration as compared to another but they do not directly
provide information as to the reasons why one given mixer configuration performs
better than another. The overall mixer flow field comnsists of two major flow
regions: (1) the flow upstream of the lobe exit plane (within the lobes) and
(2) the flow downstream of the lobe exit plane where the mixing actually takes
place. The present study concentrates upon the actual mixing process downstream
of the lobe exit plane, through development of a computational procedure
applicable in this region and capable of predicting the three-dimensional
mixing process in detail.

Reference numbers and figure numbers mentioned in this appendix refer to

the references and figures at the back of this appendix.

64



ANALYSIS
General

The calculation procedure described here is an application of the
approach developed by Briley and McDonald [1] to lobe mixer flows. The
procedure is based on a decomposition of the velocity field into primary and
secondary flow velocities. Equations governing the streamwise development of
the primary and secondary flow velocity fields are solved by an efficient
algorithm using both block and scalar ADI methods derived from the Douglas-
Gunn [2] splitting. Although the governing equations are solved by forward
marching, elliptic effects due to curved geometries and area change are
accounted for a priori through imposed pressure gradients determined from the
potential flow in the geometry in question. Since the primary concern in the
lobe mixer problem is thermal mixing of the fan and turbine stream to achieve
thrust augmentation, an energy equation is introduced. Finally, turbulence
is modeled using a two-equation k-¢ model [3]. Since a detailed explanation of
the analysis and of its application to the lobe mixer problem is available
elsewhere [1,4), only a brief discussion is given here. A flow chart of the

calculation procedure is shown in Fig. 1.

The Governing Equations and Solution Procedure

The solution procedure centers around the decomposition of the velocity

into primary and secondary flow components

V=0, +0, (2.1)

It is assumed that in the orthogonal potential flow coordinate system used in
the lobe mixer code, the primary flow velocity ﬁp is aligned with the potential
flow streamlines (see Fig. 2). Similarly, the secondary velocity ﬁs is assumed
to lie in the transverse coordinate surfaces which are normal to the stream-
lines. The equation governing development of the primary velocity component

is thus approximated as [4]
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du ou 0
Pthhs I +p(v )hl 33y + p(w )h h, 237
dh Oh
+plvg)uh, —L - plvg)® h, ax
op; pv(x) (2.2

? ah3
-p(ws)hzw + h2h3—ax_ +h2h3T

! 9 I:(y.-iw..,.)h,h3 au] h,h, o [(,u.+p..r)au]
Re 0y h, oy Rehy, 48z 0z

In Eq. (2.2) it is noted that the coordinate system is axisymmetric and thus
the metric coefficients are not functions of the azimuthal coordinate, z.
Additionally, in Eq. (2.2) u represents the sole component of I—Ip, PI is the
imposed pressure and Pv(x) represents the mean viscous pressure drop which is

determined from the integral mass flux condition
jj; hgh, pudydz = (2.3)

To account for thermal mixing between the fan and turbine streams, an energy

equation is introduced in the form

oE dE
PUh2h3-6_x- + P(Vs)hlh —_ +p(w )h hz 32
1 0 B T hhy 0E hll'l3 Y _f_‘\L 0 ,—2 _
Re dy [(F}'*F{T) h, oy & 2h, (F' 1T B TR )ay(" + W)
I hh, 0 s AN B Py )\ d (n2,ve2
- —_—] —=+ /2 - )2
+ Re h3 0z [(Pr + P(T) 02 +V (/“'-"IJ"r Pr Pry ) a2z (@%+72)

(2.4)
with the assumption that the laminar and turbulent Prandtl numbers are equal

to 1.0.
The gas law is then introduced in the form

[/ y-i u? oP,  dp(x)
— | — - . (2.5)
ox ( Y )P(E 2 )] ax ¥ dx

to relate the imposed and viscous pressure gradients to the other dependent

variables.
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At each axial station Eqs. (2.2) and (2.4) are solved initially using a
block ADI scheme [5] with the convective coefficients lagged and with an
assumed value for de(x)/dx. The density is then updated using Eq. (2.5) and
the integral mass flux is evaluated using Eq. (2.3). In general Eq. (2.3)
will not be satisfied and Eq. (2.2) is thus solved assuming a new value for
de(x)/dx. This process is repeated using the gtandard secant method [6] to
determine successive estimates for Pv(x) until Eq. (2.3) is satisfied. At this
point the primary flow velocity component u, the total energy E and the density
0 have been determined at the new axial station and the secondary flow velocities
must be updated.

To determine the secondary flow velocity, ﬁs is presumed to consist of
solenoidal (rotational) and irrotational components. The rotational components
of ﬁs are determined from solution of a streamwise vorticity equation [7]

written in the following form [4]

e ) R ) B R ()

2 PY 3y -€ dy o h,
2 oh, I ou h, 1 [P 3 & aP]
" hy dy PY hy 0z " "heh, p_[ dy 9z oy oz (2.6)
+-P h, o [ hy Dh,(p.-l-p..,){] . h, @ [ [ 6(;1.+p..,)€]
Re | hohy Oy | hh,p oy h: oz | p oz

Here Q2 - u2 + vsz + wsz and the vorticity g is assumed to lie in the transverse
coordinate surfaces and is related to the velocity by

i ahsw, ahgv.
- ( - ) 2.7
hzhs

oy 0z

Eq. (2.6) is solved using the Douglas-Gunn splitting of the Crank-Nicolson
scheme. Once a solution for £ is obtained, a vector potential ;' is determined

from the equation
h
! ] [( hy ) a(h,%)] .t . d [(_l_) a( ,\p,)]__e 2.8
hgh, oy phlhg oy h‘hs 0z P oz
vhich is solved using iterative ADI. The rotational components of the secondary

flow are then determined from ;' as
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I alhys)

Yy © phhy 0z (2.9a)
I alhys)
Wy PR 3y (2.9b)

At this point the resulting velocity field satisfies integral continuity but

not local continuity. This is corrected through introduction of a scalar

potential governed by the equation

0 phhy ¢, 4 phyhy  ag d{h,h, pu)
+ - —
ay | —h, oy 2z | h, oz ox

(2.10)
4

Upon solution of Eq. (2.10) by scalar ADI, the secondary velocity compo-
nents v¢ and w¢ are found to be

1 9g

V¢ = he ay (2.118)
| 3¢,
= (2.11b)
wé hy 0z

and the secondary flow velocities are thus given by

W, = w\b + W¢ (2.12b)

The resulting velocity field

u=1u +|zv'+|

p Wy (2.13)

thus satisfies both differential and integral continuity.
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The Turbulence Model

The foregoing discussion was limited to mean flow equations and their
solution. For turbulent flows, the turbulent viscosity which appears in
Eqs. (2.2), (2.4) and (2.6) must be determined. The turbulent viscosity is
determined using the two-equation k-t turbulence model as presented by Launder
and Spalding [3). 1In orthogonal coordinates and with the approximations
required for forward marching solution [4], the equations governing the

turbulence kinetic energy and dissipation are given by

ok ok ok
puhhy=— + pv'h|h3—a-;— + pwghh, 57—

h;h K ok
:Y[ ;l: (F'+ a': ) ay] , (2.14)

hh [} ak
il £ hare

|
Re

.73 de
3% Y PYshhs3 3y . T PYhho5 az

0 hh hh, @ P
3y [ ;1: (n+ ﬁ: ) 3y ]"’ ;,:" ’57[(#‘* -';TT)T:]* (2.15)
&

€
hhh ZPk +C'Tp

puh h, —o—

1
Re

where k is the turbulence kinetic energy, € is the turbulence dissipation and

P represents the turbulence production given as
L awe = 41 duy 1 vy
+ [— 2N . ouy (___ (2.16)
pe F“r[(hz ay) (hzay) * (hs 9z hs az)]
Eqs. (2.14) and (2.15) are solved independent of the fluids equations using

& linearized block implicit (LBI) scheme. The turbulent viscosity is then
deternined from k and £ by the relationship

c pk"
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The constants appearing in Eqs. (2.14), (2.15) and (2.17) are assigned their
usual values [3] of; ¢ = 1.44, c2 = 1.92, cu = 0.09, UK = 1.0 and Oe = 1.3.

It should be pointed out that the production term in the k and € equations
may be expressed computationally in several ways which may be selected by the
user. The first option available to the user is to have the production terms
expressed as in Eq. (2.16) with the turbulent viscosity lagged. 1In a second
option, the production term in the dissipation equation is altered by substi-
tuting the relationship of Eq. (2.17) for e This simplifies the term
representing production of dissipation and the resulting expression appears to
be computationally advantageous. In the third option, the substitution for
uT in the production term is made in both the k and &£ equations. Computationally,
the second option appears most attractive and is presently recommended.

If all the available two-equation turbulence model options are exhausted
and a successful calculation is still not obtained due to turbulence model
fallures, the user may select a simpler wake turbulence model. The use of

the wake model should provide a2 means of completing a given calculation under

these circumstances

The Coordinate System and Specification of the Imposed Pressure Field

The coordinate system used in the present MIXER code is generated using
the ADD code [8]. The ADD code generates a two-dimensional potential flow
coordinate system, an example of which is shown in Fig. 2. The axisymmetric
coordinate system for the lobe mixer calculation is then obtained by rotating
this two-dimensional coordinate system about a centerline. Although the
resulting.coordinate system is suitable for the viscous flow calculation [4],
the two-dimensional pressure field is not a suitable approximation to the
axisymmetric pressure field. An a priori axisymmetric potential flow calcula-
tion is performed to obtain a suitable pressure field. The axisymmetric
potential is obtained from the solution of the equation
h,h, % 9 [ hzhsl ¢ , My %P L2 [h.hs ]aqb .0 (2.18)

h, %€ Tax | Th | h, a2 9y | h, |oy

using an iterative ADI scheme. The resulting inviscid axisymmetric velocity
field ﬁI is then used to determine incompressible axisymmetric pressure
gradients
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_ — ]
> )-ulx(VXuI)--—P;-VP.,o (2.19)

The streamwise pressure gradient is then scaled for compressibility using the
local Mach number, l&g vhich is determined as part of the viscous flow

calculation, to give the imposed pressure gradients

oP; | | OPu.0

ax Ji-Mg ~ox (2.20)

The maximum value of ML used in Eq. (2.20) is limited to 0.7 in the computer
code to avoid a singularity at ML = 1.0, although local Mach numbers greater
than 1.0 may appear in the flow field [4].
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SPECIFICATION OF INITIAL CONDITIONS

The initial conditions for the lobe MIXER code are specified as input,
with three possible starting procedures. The ICOAX=1 option is used for
simple two-dimensional test cases. Under the ICOAX=1 option a confined
coaxial jet initial profile is constructed assuming a cosine velocity
profile for the shear layer between the primary and secondary streams (not
to be confused with the primary and secondary flow) as shown in Fig. 3. The
velocity and static temperature ratio between the two streams is specified
as input by the user. A lobe of constant radius is specified, and the cosine
shear layer velocity profile is centered about the lobe radius. The thickness
of the shear layer is input as the variable DELMIX. Boundary layers may be
specified at RMIN and/or RMAX (see Fig. 3) using the IHUB and/or ISHR options.
Turbulence quantities are initialized by specification of a length scale which
is assumed to be constant across the shear layer but which varies with distance
from a wall if boundary layers are specified [4]. Additionally, free stream
values of the turbulence kinetic energy are specified by the user. The user
also has the option of initializing turbulence quantities by specifying constant
turbulence kinetic energy throughout the flow field by using the IDIS option.

A second method of starting the calculation procedure is available to allow
the user to perform calculations using automated starting profiles generated by
the code itself. This starting procedure is used unless either the ICOAX option
or IDATA option (to be discussed subsequently) is requested. In this mode,
the user must specify a lobe shape, in terms of discrete data points, as
indicated in Fig. 4, starting with the minimum r coordinate value. The lobe
coordinates must be specified such that the lobe enters the computational
domain through boundaries 1 or 4 and exits the domain through boundaries 2 or
3 as shown in Fig. 4. The user has the option of specifying boundary layers on
the lobe, hub and shroud surfaces, or any combination thereof through use of
the ILOBE, IHUB and ISHR options. The primary (turbine) and secondary (fan)
streams are indicated in Fig. 4. The user may specify nominal velocity and
static temperature ratios between the streams. Initial velocity profiles are
constructed by assigning the appropriate values for velocity to each stream.
The resulting uniform profiles are then corrected for radial pressure gradients

present at the initial plane as determined from the potential flow calculation
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and are also scaled by boundary layer profiles. Turbulence quantities are
again initialized through specification of a length scale and free stream
turbulence intensities. However, the user may specify whether the length
scale in the region near the lobe varies with distance from the lobe or is
constant across the lobe wake. Near the hub and shroud, the length scale will
vary with distance from the wall if boundary layers are specified.

The third starting procedure is activated through the IDATA option. If
IDATA is greater than zero, the program accepts card input to specify the
velocity and temperature field at the initial plane. The data must be supplied
for each grid point in the computational domain. A lobe shape is specified as
before, and DELMIX is input as a number representative of the boundary layer
thickness on the lobe. Boundary layers on the hub and/or shroud may be
considered using the IHUB and ISHR options. If these options are elected,
DELHUB and DELSHR must be input as representative values of the boundary layer
thickness on the hub and shroud, respectively. Turbulence quantities are
initialized as in the previously described starting method.
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DESCRIPTION OF INPUT

Input to the MIXER code is accomplished by a combination of card input
and information which is stored on auxiliary files. Metric information
generated by the ADD code [8] and restart data sets are stored on separate
auxiliary files. Program control is performed through card input, which is
divided into three categories:

1) Plot file information for NASA-Lewis plotting package,

2) NAMELIST input, and

3) Experimental flow field input.

Format of the required imput is as follows:

Plot File Input

CARD # COLUMNS VARIABLE DESCRIPTION

Card 1 Col. 1-32 TITLE(I) Plot title, format 5A6,A2. (May be
left blank).

Card 2 Col. 1-2 ISYN Twice the number of lobes in a 360°

cross section of the mixer geometry.

Col. 3-12 SYSTEM Indicates the type of coordinate system
for plot routines. Format F10.0,
Use SYSTEM=2,.

Namelist Input

Namelist Description

SINL

RG Gas constant, ft lbf/(slug oR), default 1716.3 (air).
cP Constant pressure specific heat, ft lbf/(slug oR),

default is 6012.384 (air).

TZERO Reference temperature, assumed to be nominal primary
stream temperature in degrees Rankine.

UZERO Reference velocity, assumed to be nominal primary
stream velocity, ft/sec.

PZERO1 Reference static pressure, assumed to be nominal
pressure at initial plane, lbf/ftz, default is 2116.8.

YZERO Reference length, ft.
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Namelist Description

VIsCl Reference viscosity, slugs/(ft sec).

SEND

SIN2

IAXI =1, cylindrical coordinates.
=2, rotated orthogonal coordinates (from ADD code)
(default).

ICOMP =-], stop after input dump.

=0, normal run (default).
=1, stop after printing initial plane geometry. )
=2, stop after printing initial flow field.

IDATA =0, automated start (default).

=1, read initial velocity and temperature field data,
use wall length scale near lobe.

=2, read initial velocity and temperature field data,
use wake length scale near lobe.

XEWTR Dimensionless distance from initial ADD code potential
line to initial plane of lobe mixer calculation.
Used only for IAXI=2, Determined from ADD code as
XENTR-(JSTEPXENTRfl)*DS where JSTEPypnTRr 18 the number
of the ADD code potential surface representing the
MIXER code initial plane. See Fig. 2.

YS(1,J) Dimensionless transverse limits of computations domain.
YS(l,l)-rMIN
YS(Z.l)-rMAX
YS(1,2)-9HIN (radians)

YS(2,2)-6MAx (radians)
See Fig. 2 for definition of YS(I,l) for mixer geometry.
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Namelist

NE(I)

IGRID(I)

EPS(I)

XCTR(I)

NS

ILAP

Description

NE(1) = number of radial grid points.
For computations using ADD code geometry NE(1) must
be equal to the number of ADD code streamlines.

NE(2) = number of azimuthal grid points.
Maximum values for NE(I) are 20.

IGRID=0, no grid stretching (default).
=], Roberts stretching at Tyrn ©F BHIN'

=2, Roberts stretching at both T MIN and Tyax

or eMIN and BMAX’

=4, hyperbolic sine stretch about XCTR(I).
I=1 for radial direction, I=2 for azimuthal direction.

Used for IGRID(I)#0 to control the grid stretch.

If unequally spaced streamlines are used in the ADD
code geometry, the value of EPS(1l) must be specified
from the ADD code.

For Roberts stretching 0.0<EPS(I)<1.0.

For hyperbolic sine 1.0<EPS(I)<5.0.

Used only with IGRID(I)=4 to specify the r(I=1) or
0(1=2) location about which points are concentrated.

Number of axial stations to be computed.
NS=1 is initial plane. Maximum value is 50.

If AP is input .GT.0 a geometric streamwise grid is
set up with Ax(J)/ax(J-1) = AP.

If AP is input .LT.0 the user must specify the axial
mesh. AP has a default of 1.05 but the AP.LT.O0 option

is recommended.

ILAP=1 indicates that an axisymmetric potential solu-
tion is to be computed on the ADD code grid and the
resulting pressure field used in the viscous flow
calculation. ILAP has a default of 1. If IAXI is
input as 1, ILAP is set to 0.

LX is the number of potential lines generated by the

ADD code. LX is used with ILAP=1. The maximum
allowable value of LX is 50.
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Namelist

LY

IPCOR

LSEC

ICOAX

X(JX)

Description

LY is the number of streamlines generated by the

ADD code. LY is used with ILAP=]l. The maximum

allowable value of LY is 20.

IPCOR is used with ILAP=1 to identify the potential

surface whose average dimensionless velocity is 1.0

in the axisymmetric potential calculation. IPCOR

should be input as IPCOR=JSTEP in general.
XENTR

See Fig. 2.

LSEC is a secondary flow option.

LSEC=1, solve streamwise vorticity equation.

LSEC=0, do not solve streamwise vorticity.

LSEC has a default value of 1.

ILAM=0 for turbulent flow, default.

ILAM=1 for laminar flow.

ILAM=-1 wake turbulence model, requires
specification of freestream turbulence for
stream 1 and a length scale.

The default value is 0. Only laminar flow may be
considered using the automated starting routine
without boundary layers.

ICOAX=0, default.

ICOAX=1 activates the coaxial jet starting option.

X is an array which contains NS values of the stream-
wise mesh coordinate.

1f AP is input .GT.0 only X(1) and X(2) need be input.
1f AP 18 input .LT.0 NS values of X must be input.

1f IAXI=1, X is a physical but dimensionless distance.
If IAXI=2 and ADD code geometry is used, X represents
the dimensionless computational distance from the
initial plane.

The maximum allowable value of X is given as
(JSTEPypx = JSTEPypNTR) *DS/USCALE where USCALE=YS(2,1)/

(¥s(2,1)-¥5(1,1)). The maximum value of X should be
slightly less than this value to avoid marching out of
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Namelist Description

the ADD code geometry which will result in an error
termination. See Fig. 2.

IKECUP =0, up lagged in turbulence model equations production
terms.

=1, up treated implicitly in turbulence dissipation
equation (default).

=2, uq treated implicitly in both k & € equatioms.

IDIF =0, central difference radial convective terms in
turbulence model equatioms.

=1, use two-point one-sided differencing of radial
convective terms in turbulence model equations (default).

IDIFBC =0, use three-point one-sided normal gradient boundary
condition weights.

=1, use two-point one-sided normal gradient boundary
condition weights (default).

IDIS =1, specify uniform turbulence kinetic energy, at the
turbine stream value throughout the initial flow field.

=0, initial turbulence kinetic energy assumes
turbulence production equal to dissipation.

IDIS=0 by default. IDIS=1 should be used only with
the constant length scale options this if IDIS=1 and
ILOBE is input as 1, ILOBE will be set to 2. If IDATA
is input as 1, it will be set to 2.

$END

SIN3

IRSTIN The number of the axial station to be read in for a
restart. No restart if IRSTIN=0 (default).

IRSTOT Increment for saving restart information. ‘Restart
files will be written every IRSTOT steps from starting
value of JX, the axial station countetr. Default
assumes no restarts written.

JRSTIN File number from which restart information is to be
read. Default file number is 11.

JRSTOT File number on to which restart information

is to be written. Default file number is 1l.
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h

Nameligt

NFILE

NSAVED

IPLOT

$END
$ING
USTRM2

TSTRM2

TUSTR1

TUSTR2

AMEXIT

DELMIX

Description

Sequence number in file JRSTIN of the desired restart
information.

The number of restart data blocks saved on file
JRSTOT.

1f IPLOT=1 a plot file must be assigned in the run
stream and information will be written in this file
for subsequent use in plotting. IPLOT=0 give no
plot file. Default is IPLOT=0.

Ratio of secondary stream (fan) velocity to primary
stream (turbine) velocity. For matched average inlet
Mach numbers and total pressures USTRM2= ,/TSTRMZ.
Default value is USTRM2=,707.

Ratio of secondary stream temperature to primary stream
temperature. Default is TSTRM2=.5.

Primary stream turbulence intensity.

Tyy~ u'Z/u? vhere u, =UZERO.

Secondary stream turbulence intensity.
Ty,= u'2/uZ where u,=UZEROXUSTRMZ.

If TUSTR2 is input as 0.0 iﬂe free stream turbulence
in both streams (k-3Tu2/2) is assumed equal to 3Tu§/2.

Dimensionless free stream length scale 1ref/YZERO.

To be estimated by the user. As a guide, if IDATA or
ICOAX is input .GT.0 ALEN ghould be on the order of
0.1xDELMIX. If the automated MIXER starting routine
is used ALEN should be on the order of the displacement
thickness specified.

AMEXIT is an assumed exit plane Mach number which is
used to specify the isentropic exit plane pressure for
the thrust calculation. Default value is AMEXIT=0.9.

DELMIX is used in both the IDATA and ICOAX options.
If IDATA is input .GT.0 DELMIX must be input as a
dimensionless boundary layer thickness, 6/YZERO,
presumed to be representative of the boundary layer
on the lobe surfaces. If ICOAX is input .GT.O
DELMIX is the dimensionless thickness of the cosine
shear layer. See Fig. 3.
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Namelist

DELHUB

DELSHR

$END
$INS

ILOBE

IHUB

ISHR

BLHUB(I,J)

Description

DELHUB is input with IDATA ,GT.0 as a dimensionless
boundary layer thickness, §/YZERO, representative of
the hub boundary layer.

Similar to DELHUB but pertaining to the shroud
boundary layer.

ILOBE is a flag used in the automated starting
routine.

ILOBE=0 indicates that no boundary layers are to be
set up on the lobe surfaces.

ILOBE=1 indicates that lobe boundary layers are to be
set up and a wall-type length scale based on distance
from the lobe is used to initialize turbulence
quantities.

ILOBE=2 is similar to =1 but the length scale is held
constant across the lobe wake.

If ILOBE is input .GT.0 the ILOBE=2 option is
recommended. If IDIS is input as =1 and automated
lobe boundary layers are to be constructed, ILOBE will
be reset to 2.

IHUB=0 indicates that hub boundary layers will not be
present in the initial profile, regardless of other
starting options. If IDATA is input .GT.0 and IHUB
is input .GT.0 DELHUB must be input. If the IDATA
option is not used, IHUB must be input equal to the
number of points input to describe the hub boundary
layer in the array BLHUB.

ISHR is similar to IHUB except it pertains to the
shroud boundary layer.

If hub and/or shroud boundary layers are to be
constructed using the automated starting routine
(IDATA=0) the boundary layer displacement thickness
and shape factor must be input as functions of 6 along
the hub and/or shroud surfaces. This is accomplished
using the array BLHUB.
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Namelist

NLOBE

YLOBE(I,J)

Description

BLHUB(I,1) contains the values of 8 (in radians)
where hub boundary layer parameters are specified.
The 6 values are arbitrary but must span the computa-
tional domain, The number of 0 values specified must
equal the input value of IHUB. A maximum of 20 values

may be specified.

*
BLHUB(I,2)=8§ /YZERO, the dimensionless displacement
thickness of the hub boundary layer at each specified
6 location.

BLHUB(I,2)=H, the shape factor at each ¢ location.

BLHUB(I,4) is the shroud equivalent of BLHUB(I,l).
ISHR values of ¢ must be loaded in BLHUB(I,4).

BLHUB(I,5) and BLHUB(I,6) are similar to BLHUB(I,2)
and BLHUB(I,3) except they pertain to the shroud
boundary layer parameters. See Fig. 4.

NLOBE is the number of data points input to describe
the lobe shape and lobe boundary layers.

YLOBE is an array which contains the data needed
to specify the lobe shape and lobe boundary layers.
NLOBE values of each parameter in YLOBE must be read

in.

YLOBE(1,1) contains NLOBE dimensionless radial
coordinates, R/YZERO, of the points used to describe
the lobe shape, starting at the minimum radius.

YLOBE(I,2) contains the corresponding 6 coordinates
in radians.

YLOBE(I,3) contains NLOBE*values of the dimensionless
displacement thickness, & /YZERO, at each coordinate
point, for the primary stream lobe boundary layer.

YLOBE(I,4) contains NLOBE values of the displacement
thickness for the secondary stream.

YLOBE(I,5) contains the distribution of the shape
factors, H, at each coordinate point for the primary

stream.

Finally, YLOBE(I,6) containg the shape factor distri-
bution for the secondary stream.
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Namelist Description

YLOBE(I,3) through YLOBE(I,6) need not be specified

if the IDATA or ICOAX option is specified, or if
ILOBE=0. YLOBE(I,1l) and YLOBE(I,2), the r-6 coordinates
of the lobe, must be specified for all starting options.
See Fig. 4.

IWAKE If IWAKE=1l the slots for shape factor in BLHUB and
YLOBE need not be input as an assumed value of the wake
function in the boundary layer profile is assumed.

SEND

$IN6

NBCON(I,J,K) NBCON is a three-dimensional array which allows the
user to select the desired boundary conditions for the
streamwise velocity, the total enthalpy, the turbulence
kinetic energy and the turbulence dissipation. It
should be recalled that the momentum and energy equations
are solved as a system of equations and the turbulence
equations as a second system of equations. The third
subscript, K, indicates which set of equations boundary
conditions are being input for.

K=1 for the momentum and energy equations. K=2 for the
turbulence model equations. With K=1, I=1 indicates

a boundary condition for uw is to be specified. K=1

and I=2 is total enthalpy. K=2, I=1 is turbulence
energy and K=2,I=2 is turbulence dissipation.

The value of J ranges from 1 to 4 indicating the
computational boundary considered. J=1 for the
boundary at Ryyy, J=2 for Rypy, J=3 for éyyy and

J=4 for Oy,x-

NBCON(I,J,K)=0 specifies zero function value boundary
condition.

NBCON(1,J,K)=1 specifies zero normal gradient.
NBCON(I,J,K)=2 specifies second derivative zero.

NBCON(I,J,K)=4 specifies wall function boundary
conditions.

Default values are as follows:

For streamwise velocity and energy symmetry (zero
gradient) at SMIN and © and zero second derivative
at RMN and Rypx- For turbulence variables, normal
derivatives are specified zero on all surfaces.
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Namelist

XCBC

NBCONC(I,J,K)

SEND
SIN7

IPRN(I)

Description

If a calculation is being performed with hub/or shroud
boundary layers (using wall functions) the velocity
boundary conditions at Ryry and should be
specified as 4, Heat transfer at the wall is not
considered in the MIXER code at present thus NBCON=1
should be specified at Ryyy and Ry,y for total
enthalpy. Default values should be used for the
turbulence energy (which is consistent with wall
functions) and NBCON=4 should be specified at N and

for the turbulent dissipation. If hub and/or
shroud boundary layers are not specified, the default
values at Ryyy and/or Ry,y will suffice.

XCBC is used in MIXER calculations to change boundary
conditions as the flow moves down stream off the hub,
where wall function boundary are applied, to a center
line, where symmetry conditions are applied.

The user must specify the value of XCBC by examination
of the geometry from the ADD code. XCBC is computed
as XCBC-(JSTEPXCBC-JSTEPXENTR)*DS where JSTEPyqp~ 18
the number of the ADD code potential line where tﬁe
plug degenerates to a center line and JSTEPypygp is the
number of the potential line representing the initial
MIXER calculation plane. See Fig. 1. The default
value causes no changes.

NBCONC has the same function as NBCON but is used to
specify which boundary conditions are to be changed

for X>XCBC and what they are to be. Default value
will cause no change in boundary conditions regardless
of the value of XCBC. For a calculation with hub
boundary layer, NBCONC is used to change from wall
functions to symmetry conditions as the hub degenerated
to a center line.

IPRN is an array which selects variables to be printed
at each axial station. If IPRN(I)=l variable "I" will
be printed. If IPRN(I)=0 variable "I" will not be
printed. The variables are numbered as follows:
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Namelist Description

I= Variable

1 u

2 v

3 w

4 p

5 E

6 Up

7 K

8 €

9

10

11 M

12 static temperature ratio T/T,
13 total temperature TO/T:

14 pressure coefficient
15 static pressure ratio P/P,
16 total pressure ratio Pong
17 swirl angle, degrees

18 u'v'

19 u'w'

20 viw'

ICON ICON controls printer contour plots of the printed

flow field variable.
ICON=1 produces printer contour plots.

ICON=0, no contour plots.

$END
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Experimental Flow Field Input

The following cards are needed only if starting profiles are to be read
in (IDATA=1 or 2). Each card contains velocity components u, v, ¥ in feet
per second and static temperature, T, in degrees Rankine at each computational
grid point. One card per grid point is required, thus a total of NE(1)*NE(2)
data cards are needed. Format 4F10.0. The data is read for the grid point
numbering shown in Fig. 5.
CARDS # SEND+1 to SENDHNE(1)*NE(2)

Col. 1~10 u - velocity component in the computational streamwise
direction, ft/sec. '
11-20 v - veiocity component in the computational radial direction,
ft/sec.
21-30 w - velocity component in the computational azimuthal direction,
ft/sec.
31-40 T - static temperature, °g.

Sample Run Stream

Listed in Fig. 6 is a sample UNIVAC 1110 run stream for a lobe mixer
calculation. The run stream includes all file assignments required excluding a
plot file, using default values of JRSTOT and JRSTIN. The input data will
reproduce the Case 6 results presented in [4] and will duplicate the sample

output contained in this manual.
The first card in the run gtream assigns file 9. File 9 is a temporary

file which is used to store out'of core flow field variables. File PDATAS(2)

is the file which contains geometric information. It is created using the ADD
code [8] and must be a FASTRAN format file. The USE card which follows the
assignment specifiés the internal unit number used in the MIXER code for the
geometry file. PEPR3 is the restart file and must be cataloged as a word
addressable file before the run. The USE card which follows specifies the unit
number which is used in the MIXER code for the restart file. Note that this
must be the same as the value of JRSTOT. If JRSTOT#JRSTIN an additional file
must be assigned uitﬁ a USE card specifying the unit number as JRSTIN. Files 12
through 14 are temporary files. The remainder of the input has been described

previously.
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DESCRIPTION OF THE OUTPUT

The output of the MIXER code can be divided into two categories. The
first includes output associated with initiation or restart of a calculation.
The second category of output is controlled by the user and consists of
sunmary tables of integral properties, skin friction coefficients, and flow
field printouts at each marching station. Sample output, typical of that
obtained when initiating a calculation using the automated starting procedure
is shown in Figs. 7-13.

The output for any case begins with the printed message ***INPUT NAMELIST
DUMP**? which is then followed by a dump of namelists IN1 through IN7. This
provides the user with a record of the namelist input used to rum a given
case. It should be noted that the values of XENTR and XCBC printed here may
differ from the input values since they have been divided by the metric scale
factor for consistency with the MIXER coordinates. After the namelist dump,
the message ****SUMMARY OF INPUT DATA**** is printed. This summary data is
shown in Fig. 8 and includes the R-8 coordinates which describe the lobe
shape, input which describes the mixing duct including the computed value of
the metric scale factor, the primary or turbine stream, reference conditions,
the velocity, temperature and total pressure ratios between streams, free
stream turbulence intensities and length scale, and a list of computational
options either specified or set by default. Following the list of computational
options, information pertaining to the computatiodal coordinates is printed.
This information includes NS values of the axial mesh distribution, the
transverse grid limits and grid strétching information. The message
**TRANSVERSE GRID AND DIFFERENCE WEIGHTS** is then printed followed by a table
as shown in Fig. 9. In this table, the first column contains the grid point
indices for the y or radial direction, folloﬁed by the z or azimuthal direction.
The second column lists the coﬁputational location of each grid point. The
third through fifth columns list the first-derivative difference weights and
columns 6 through 8 list.second—derivative weights. If the case is a restart,
a restart message will be printed at this point and the calculation will
proceed. If the case is an initial calculation and if the IAXI=2 option with
the ILAP=1 option is specified, the message **POTENTIAL FLOW SOLUTION** will
appear next, followed by an ADI convergence message. The next LX columns of

information printed is the axisymmetric potential flow solution followed by
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LX columns of information which represent the incompressible potential flow
pressure coefficients. The potential flow solution will not be printed 1if
JAXI=1, {f IAXI=2 and ILAP=0, or if IRSTIN>O. The potential flow printout is
shown in Fig. 10.

If IAXI=2, metric information will follow the potential flow solution (if
it has been printed) or restart message., This metric information ig shown in
Fig. 11. JSTEP indicates the mumber of the potential surface from the ADD
code just upstream of the current axial location. DSTEP is the MIXER equivalent
of the ADD code DS divided by the metric scale factor. SQl is the value of the
axial coordinate at the JSTEP+1l potential surface and SQ2 is the axial coordinate
value at the JSTEP potential surface. $SQ12 is the value of the axial coordinate
of the transverse computational plane for which the metric information is
needed. The variable FRACT is the fraction of the distance between SQl and SQ2
of SQ12, FRACT=(5Q12-5Q2)/(SQ2-5Ql). In the table which follows, YPHYS and
XPHYS are dimensionless radial and axial coordinates in physical space,
respectively. Hl, H2 and H3 are the metric coefficients, DH1/DY, etc., are
derivatives of the metrics and PRESS is 1/2 of the invigcid pressure coefficient.
If this is the first geometry printout of a new case or restart, two tables
of this metric information are printed. The first corresponds to the initial
or restart location and the second corresponds to the following axial station.

If the run is a new case having IDATA>0, for which initial profile data is
read in, the message ***AUNPROCESSED INPUT DATA%**** will be printed followed
by flow field prints of normalized specified input profiles. If automated
starting procedures are used, this printout is omitted. The next item printed
is the message ®***ARFA INTEGRALS**** followed by a gsummary table of area-~
weighted or averaged quantities. This summary teble is shown in Fig. 12 and may
be repeated several times to trace the history of the iteration of the mean
pressure drop. The last table printed contains the values associated with the
converged solution. The table contains, in dimensionless form, the following:

AREA - cross-sectional flow area.

MASS FLUX - self explanatory.

VELOCITY FLUX - the area-averaged streamwise velocity.

AVE RU = the area-averaged value of pu.

AREA RATIO - the ratio of the local area to the inlet area.
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MASS ERROR - the error in the mass flux from the mean pressure drop
iteration.

MASS AVE CPT - a mass—averaged total pressure loss (cf. [4]).

IDEAL THRUST COEF - a ratio of the local value of the thrust obtainable
to the value at the mixer inlet (cf. [4]).

THRUS - the dimensionless thrust, T/(pruzyg).

THARAT - an area ratio of the required exit area to the exit area required
at the initial plane. This also implies losses as it rises
above 1.0.

THAREA - the exit area used in the thrust calculation (cf. [4]).
AVE MACH NO ~ the area-averaged value of the Mach number.

AVE PT RATIO - the area-averaged total pressure ratio.

AVE T TOTAL RATIO - the area-averaged total temperature ratio.
AVE CP - the area-averaged pressure coefficient.

BLOCKAGE ~ a local reference quantity.

Following this summary table, the message ****PROCESSED STARTING PROFILES#***%

is printed as shown in Fig. 13 followed by flow field prints of the initial
conditions after some preprocessing to be compatible with continuity. From
this point onward, the form of the program output is independent of the

mode of operation. With the exception of the first computational station,

a table of geometric information is printed if IAXI=2. This is followed by

the area integral tables. Following the area integrals, an ADI convergence
message is printed indicating the convergence of the vector potential equationm,
Eq. (2.8). A second ADI convergence message is printed indicating convergence
of the scalar potential equation, Eq. (2.10). A tabulation of skin friction
coefficients is then printed if hub and/or shroud boundary layers are specified.
Following the skin friction coefficients, the detailed flow field variables
specified by the user are printed. The columns labeled R and Z (see Fig. 13)
contain the dimensionless radial and axial location of each grid point in
physical space. There is no azimuthal (0) variation of these coordinates

due to the axisymmetric coordinate system. After the flow variables are

printed, the output sequence is repeated for subsequent axial steps.
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TEMPORARY AND PERMANENT STORAGE REQUIREMENTS

With the MIXER code dimensioned for a 20x20 grid in the transverse
plane and 50 axial stations, the core requirement on a UNIVAC 1110 computer
is about 68000 words. Four temporary file assignments are required. These
files are assigned as word-addressable files on the UNIVAC 1110 as follows:

Unit 9 50,000 words
Unit 12 5,000 words
Unit 13 5,000 words
Unit 14 5,000 words

If a plot file is to be written, a permanent file must be created prior.to the
run. This file should be FASTRAN—fdrmatted and must be given a local file name
of Unit 8. The actual size of the file will depend on the computational grid
used but approximately 14xNE(1)*NE(2)+5 words are written on this file for

each axial step. If restarts are generated, a permanent word-addressable file
must be created and a local file name consistent with JRSTOT must be used (unit
11 by default). Again, the actual length of this file will depend on the
number of restarts written but approximately 22000 words per restart will be
written with the deck dimensioned as stated above.
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ERROR CONDITIONS

Certain types of error conditions may cause program termination. Those
conditions which are known to represent possible modes of error termination are
discussed below.

If both ICOAX and IDATA are greater than zero, the computer code will
produce the message ***INPUT FOR IDATA AND ICOAX IS INCONSISfENT*** and the
run will be terminated. The user should correct the input.

Several error terminations may occur in subroutine GEOTRB. The first of
these errors terminates the run with a RETURN O CALL FROM GEOTRB and is
associated with the inability of the computer program to find the position in
the geometry file which corresponds to the current éxial location to be
computed. Error termination also occurs if the value of the axial coordinate
is greater than the extent of the geometry generated by the ADD code. Both
of these errors occur only for IAXI=2 and are caused by improper specification
of the axial grid. The user should examine the grid being used and correct
it as necessary. Error termination may also occur in GEOTRB if the geometry
file is improperly assigned.

Although no error termination occurs, it is possible that the ADI routine
used to solve the vector potential equation or the scalar potential equation,
Eqs. (2.8) and (2.10), may fail to satisfy certain convergence criteria.

When this happens, it usually indicates a failure to meet the convergence
requirement within the allotted number of iteration, which is set at 50, rather
than indicating divergence of the solution. Should this situation occur, the
message ***ADI FAILS TO CONVERGE*** is printed followed by the message
ITERS,PHIMAX, RHSMAX,EPS1-2=XX LAXX XXX JXXX JXXX
where the X's indicate numbers. The first number is the maximum number of
iterations. The following two numbers represent maximum normalized errors
in the solution. If the first of these two numbers is less than 1.0 and the
second number is not greater than about 10., the message may be ignored although
if repeated failure occurs, the secondary flow velocities should be examined
carefully. If both of these numbers are significantly greater than 1.0, it
may indicate divergence of the solution, although this has not been encountered
as of this writing. Should such a failure occur, the user should carefully

examine all input to determine if a problem exists elsewhere. The ADI messages
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appear just after the area integral summary tables. The first ADI message
corresponds to the vector potential; the second corresponds to the scalar
potential.

Another error message is generated by the code (but does not terminate the
run) if the iteration for the mean viscous pressure drop fails to converge within
5 iterations. If this occurs, the message WARNING-MASS FLUX ITERATION DID NOT
CONVERGE—CHECK RESULTS CAREFULLY appears. If this message appears, the user
should check the mass error printed in the area integral summary tables and
decide whether the solution is acceptable.

If the flow chokes upstream of the last exit plane, the warning message
discussed above may appear at the axial station before the flow chokes. At
the axial station where the flow actually chokes the calculation procedure may
break down completely and an error termination may occur in the square-root
routine during the iteration for the mean pressure drop. Under these conditions,
the user should adjust the inlet mass flux to allow the calculation to proceed
to the exit plane without choking.

Program execution will also be terminated on a restart case if the input
value of IRSTIN and NFILE are not consistent. The program will print the
message RESTART REQUESTED AT STATION XX BUT STORED INFORMATION AT SEQUENCE XX
IS AT STATION XX and the run will terminate with STOP RESTAR. The user should

correct the value of IRSTIN or NFILE and rerun the case.
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DESCRIPTION OF SUBROUTINES

Subroutine Name Description
ADI ADI is a general purpose scalar ADI solver.
ADICUP ' ADICUP is a control routine which specifies the

calling sequence of routines which set up the
difference equations for the streamwise momentum,
thermal energy, turbulence kinetic energy and
turbulence dissipation equations, specify boundary
conditions and invert the coefficient matrices.

BCONB BCONB controls and manipulates boundary conditions
placing them in the desired computational form.

BCONW BCONW performs the actual specification of the
boundary condition for the streamwise momentum,
energy and turbulence model equations.

COEFT _ COEFT sets up the finite difference approximations
for the streamwise momentum and energy equations
at interior grid points.

COEFT1 ' COEFT1 performs a function similar to COEFT but
for the turbulence model equations.

CON CON creates printed contour plots of flow variables,
if called for. '

COPY COPY reads (writes) the required information for
a restart from (to) a restart file.

CROSEC CROSEC performs numerous functions associated with
a transverse computational plane. The IROTE option
over writes the n level solution with the n+l
level solution prior to computation of the next
axial step. The IOPT1 option is used to compute
area integrals. The I0PT2 option updates the
turbulent viscosity. The IOPT3 option sets up
the secondary flow stream function and vorticity
equations. The IOPT4 option writes plot files.

The IOPT5 option computes the imposed pressure
gradients and updates the secondary flow velocities.
The IOPT6 option sets up the scalar potential
equation.

DMAT1 DMAT1 interfaces coefficient generation subroutines
with the block matrix inverter, MGAUSS.
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Subroutine Name

DYF

DYZA

GAUSS

GEOTRB

HINVRS

IFACE

INPUTS

LAPLAC

LENGTH

MAIN

MGAUSS

MINVRS

MMULT

MSUBT

MTPROF

NIRANA
NTRANB

OUTPUT

PRINT1

Description

DYF computes linearized difference coefficients

of terms composed of the derivative of the product
of a known function and the derivative of a flow
variable.

DYZA computes linearized difference coefficients of
a transverse derivative of a flow variable.

GAUSS is a scalar tridiagonal matrix solver.

GEOTRB reads the ADD code geometry file and loads
the FG array with metric information.

HINVRS is a matrix inversion routine used by BCONB.

IFACE interfaces forward marching subroutines with
the axisymmetric potential flow solver.

INPUTS reads the input for a case and performs
preliminary set up.

LAPLAC performs the axisymmetric potential flow
solution.

LENGTH initializes the turbulence quantities
and updates the turbulent viscosity, as the
calculation proceeds, given values of k and ¢.

MAIN is the main program. It controls the case
set up, the iteration on the mean viscous pressure
drop and output.

MGAUSS 18 a block tridiagonal matrix solver.
MINVRS computes the inverse of a square matrix.
MMULT performs matrix multiplication.

MSUBT performs matrix subtraction.

MTPROF sets up initial profiles from data or using
automated procedures.

NTRANA and NTRANB transfer dependent variables to

and from mass stroage devices and reorders in-core
storage of the dependent variables as required by

the solution procedure.

OUTPUT controls the printing of flow field variables
in transverse planes.

PRINT1 performs the actual printing of flow field
variables.



Subroutine Name

PROFT

READZ

RESTAR

ROBTS

SECANT

SECFLO

SHEAR

STATUS

TAU

TPLOT

VISC

WALFUN

Description

PROFT sets up the boundary layer scaling when using
the automated starting routines.

READZ reads dependent variables from mass storage
devices and loads them into two-dimensional arrays
for printing.

RESTAR controls the reading and writing of restart
files.

ROBTS sets up the transverse computational grid.
SECANT is a general secant iteration scheme.

SECFLO controls the solution of the secondary flow
equations.

SHEAR computes the friction velocity compatible
with the log law velocity profile used in the wall
function boundary conditions.

STATUS returns control to the program after an
NTRAN read or write providing there is not an NTRAN
error. If an NTRAN error is detected, an error
termination is performed.

TAU computes the vélocity gradients appearing in
the turbulence model production terms.

TPLOT creates printer plots of the axial variation
of specific variables at a particular transverse
grid location.

VISC computes the laminar viscosity. Currently only
the constant viscosity option is available.

WALFUN is an auxiliary routine called from BCONW
when wall function boundary conditions are required.
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NPOINT

Rz

MZVAR

NIN

MLEVEL

NGEOMV

CCON1

CCON2

SIGK

SIGE

12EQMD

RTAU

PRINCIPAL FORTRAN SYMBOLS

Maximum number of grid points in y direction.

Maximum number of grid points in z direction,

maet ha TR¥_  NPOATNT.
mesL

WE ohidie aAvA WaATA S

Maximum number of streamwise computational steps
or maximum number of potential lines in geometry
file.

The number of different variables stored in the
z array.

The maximum number of lines of data for a transverse
plane which may be in core at one time.

The number of levels of the dependent variables
which are stored in the z array.

The number of different geometric variables stored
in the FG array at each y direction grid point.

The constant c; in the’ turbulent wviscosity
relationship.

The constant, ¢; in the turbulence dissipation
equation.

The constant c2 in the turbulence dissipation
equation.

The constant Og in the turbulence kinetic energy
equation.

The constant o, in the turbulence dissipation
equation.

Flag indicating use of the two-equation turbulence
model.

z array index for turbulent viscosity.
z array index for laminar viscosity.
z array index for the velocity gradient term

appearing in the turbulence equations production
t.nl
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NLEN z array index for local length scale.

NRHO z array index for density.

NV1 z array index for streamwise component of velocity.
NvV2 z array index for viscous v velocity (=0.).

NV3 z array index for viscous w velocity (=0.).

NENG ~z array index for total enthalpy difference.

NTKE z array index for turbulnece kinetic energy.

NDIS z array index for turbulence dissipation.

NVOR z array index for streamwise vorticity.

NSTR z array index for secondary flow stream function.
NUI z array index for inviscid u velocity

NVI z array index for secondary flow velocity, Vg
NWI z array index for secondary flow velocity, LI
NCPI z array index for imposed pressure coefficient.
NPHI z array index for scalar potential.

NH1 FG array index for h;.

NH2 FG array index for hz.

NH3 FG array index for hj.

NP1 FG array index for inviscid pressure coefficient.
NH12 FG array index for 2h,/dy.

NH21 FG array index for 8h2/8x.

NH31 FG array index for 3h3/3x.

NH32 FG array index for 3h3/dy.

Y(NPOINT, 2) An array containing the distance between transverse

grid points in physical space.

X(NX) An array containing the computational axial location
of transverse planes.
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YZERO
RREF
UE (NX)
VE(NX)
RE (NX)
WE (NX)
JX

NE(2)

NS
UZERO
RZERO

TZERO

ILAM

ICDIF

ILAP

LX

LY

LSEC

NLOBE

YLOBE(I,J)

A‘Pﬁ =i

Ratio of successive axial spacing for geometric
progression axial grid.

Reference length.

Reference radius, equal to YZERO.

Value of u at NE(1)/2,NE(2)/2 stored for axial plot.
Value of v, at NE(1)/2,NE(2)/2 stored for axial plot.
Value of p at NE(1)/2,NE(2)/2 stored for axial plot.
Value of v, at NE(1)/2,NE(2)/2 stored for axial plot.
Index for axial station.

An array containing the number of grid points in
each transverse direction.

The total number of streamwise steps to be marched.
Reference velocity.

Reference density.

Reference static temperature.

Distance from ADD code initial plane to mixer code
initial plane.

Laminar turbulent flow flag.

A preset wall function boundary condition
difference weight flag.

A potential flow solver flag.

The number of axial stations in the potential flow
solution.

The number of transverse grid points in the potential
flow solution.

Secondary flow option flag.

The number of points input to describe the lobe shape
and boundary layers.

An array containing the lobe shape and boundary
layer data points.
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BLHUB(I,J)

THUB
ISHR

ILOBE

IWAKE

A(MREW,MCOL ,NPOINT)

Z (MZVAR,MLEVEL,NPOINT,NIN)

AG(NPOINT,9,2)

AG7
AG8
Ys(2,2)

B

AB

RM1
J
PRL
PRT
ABENG
EZERO

GAMCON

CMACH

An array containing the hub and shroud boundary
layer data points.

The number of hub boundary layer data points.
The number of shroud boundary layer data points.

A flag used to indicate whether lobe boundary layers
are to be considered.

A flag controlling iteration for a wake parameter in
the initial boundary layer profiles.

An array containing the block matrix coefficients
of the difference equations.

An array containing the in-core values of
dependent variables.

An array containing the transverse direction
difference weights.

1./ax.
-1./Ax.
An array containing the transverse grid limits.

A coefficient in the dimensionless form of the
gas law.

A coefficient in the dimensionless form of the
gas law.

The inverse of the Reynolds number.

A transverse grid index.

The laminar Prandtl number.

The turbulent Prandtl number.

A coefficient in the energy-temperature relationship.
Reference total energy.

The quantity v¥/y-1, where ¥y = the ratio of specific
heats.

A reference Mach number.
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o

ZE (MROW,MROW, 2)

ZF (MROW,MROW, 2)
zc(umow,unow,z)'

ZH (MROW,MROW, 2)
NHIGH

EPS(2)

IPLOT

RG

cP

VISCOSs

TSTAG

GAMMA

DWT (MROW, 4)

DW

NCS
NBCON(MROW, 4 ,NSETS)
NBCONC(MROW, 4 ,NSETS)
IWALLF

XCBC

ITCNT
ITMAX
RUFLUX

FG(NGEOMV, 2,NPOINT)
YSAVE (NPOINT, 2)

PEXIT

Dummy arrays used in setting up boundary conditions
for coupled systems of equationms.

Maximum of NE(1) or NE(2) depending on ADI sweep.
Grid stretching parameters.

Plot flag.

Gas constant.

Specific heat.

Reference kinematic viscosity.

Reference stagnation temperature.

Ratio of specific heats.

Boundary condition coefficient array.

Boundary condition source term.

Variable indicator in boundary condition routines.
Boundary condition specification array.

Boundary condition specification array.

Wall function flag.

Axial location where a change in boundary conditions
occurs.

Viscous pressure drop iteration index.
Maximum number of pressure~drop iterations allowed.
Reference mass flux.

An array containing the needed metric information
at the current axial location.

An array containing the computational locations
of the trangverse grid points.

Pressure used in the thrust calculation.
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ZVAR(100,4)
IRSTIN
IRSTOT
JRSTIN
JRSTOT
NFILE
NSAVED

COOR(NPOINT, &)

COORA (NPOINT)

USTAR(NPOINT, 4)

VKC
PCORR(NPOINT)
IPCOR

IAXT

DELMIX

YCL (NPOINT)

USTRM1

USTRM2

ESTRM1
ESTRM2
TUl
TU2

ALEN

Dummy array used in axial plots.

Restart flag.

Restart dump flag.

Restart file unit number.

Restart dump file unit number.

Sequence number of restart data.

The number of restarts saved on file JRSTOT.

An array containing the physical locations of the
grid points.

An array containing the physical value of the axial
coordinate at the previous axial step.

An array containing the dimensionless friction
velocity.

von Karman's constant.

A dummy array.

Potential flow normalization index.
Geometry option flag.

Shear layer thickness.

Dummy array used in setting up lobe shape.

Dimensionless velocity of the primary (turbine)
stream.

Dimensionless velocity of the secondary (fan)
stream.

Total energy of the primary stream.

Total energy of the secondary stream.
Turbulence intensity of the primary stream.
Turbulence intensity of the secondary stream.

Free stream length scale.
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USCALE
ICOMP
UCOMP (NPOINT)
IDATA
DELHUB
DELSHR
ICOAX
IKECUP
IDIS
IPRN(20)
ICON

DISTL(2,NPOINT,NPOINT)

ATS (NATS,NPOINT)

Metric scale factor.

Run mode flag.

A dummy array.

Starting option flag.

Hub shear layer thickness.

Shroud shear layer thickness.

Starting option flag.

Turbulence model coupling option flag.
Turbulence starting option.

A 20 bite binary output ‘word.

Printer contour plot option.

An array containing the distance to a surface
and the appropriate boundary layer thickness,

used in starting.

A dummy array.
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CODE ADAPTABILITY

The current MIXER code was written in a form which readily provides a means
for adapting the code to changing needs. For example, the interface
with the ADD code is performed in subroutine IFACE for the axisymmetric potential
solver and in GEOTRB for the basic MIXER calculation. Thus other sources of
coordinate generation could be used with the MIXER code through proper modifica-
tion of these subroutines. Similarly, subroutine MTPROF controls the means of
setting initial conditions and can be modified to provide additional starting
options and capabilities.

With regard to adapting the MIXER code to a machine other than a UNIVAC 1110,
it is noted that the systems routine NTRAN is used to perform most of the reading
and writing on mass storage. If the code is to be used on a machine which does
not have this system routine, either the routine must be replaced or a subroutine
which mimics NTRAN can be written using available system resources. Additionally,
PARAMETER and INCLUDE statements are used in many areas of the code to specify
dimensions and to access commons. If these statements cannot be used, they must

be changed to suit the contemplated machine.
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Figure B10. - Potential flow solution print out.
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Figure B10. - Continued.



CCoOOCDmtrmrimm (SO C
ceccocoSocoCococococ oo CcOeooc
IR RE S A SR ER NN R SEI
© DOMON~TASIOITCO G NNONM
-t DL -t SN CE N =D TN
—_R e NSO PN NSO P
~e ST PN N~ MMM O

000000000

00""0"000000000"0000
et esbssreret i

6656?9614655“9?0166
5‘3319“253‘?5“05962
SOV ON O\t ot s smt ot gt (8 L (M) e o F O ot DN

000"00000“0"0“
IR R E LSRR
S ONMNNE TP 0T O

IO €N T Ot A" ("3
© D ot ot ot oms e IOV A AT AU (LA N

011 O\ O\ e oo ma T e (7)o @ (730 Dot (N 1)
R R R L EEEE R XN "N EEEEEEEE RN IN .
' : trrtoeste * ---.----.- ]
ceccce s < oovscoceo - ccco cecszsce
CCoCRCCoOooOOoOoCoCICOOS SO COQOIDCOTOCOoOOCO cooooCceCcoooCcoOacSoSoa
*reeds sl T NINIIso0se 000000‘0!000-.-3-. IR E R R R EEE R N Iararararesy
O Nt TP DPNNVOT L OMOL NN IMMENNI Nt TN~ e D=~ DN OU PN D= (P M SV e 3 TS
SLLP ILLATEY C~CSUNNQ =™ DY e QL ACCUNNS O PN N L~smCT CUNXO S
PLOATDTNMNDITAT NN NOS QTP LNt T D O N Nome ~A L > UM
AN NN T IQ O ea i DM NLT LN 2N N0 N O S VNN TV O M~ TXCOO
SO O I\ ot ot gt et et O N o T\ U o o et O O DOV OGOV L O\ b o gt gt g P 4 7 (7 O U - O [tk (- of- 4 oCcoCc20
n--..-no-.on-;‘s-. -ao-oanngtoﬁoo-ﬁo-o L) ssees 0
i -:...- :-.--—:.--- -J-.- [N EEN]
i ' !
iscsazsoc oOoOCOOOoROIC lllz ococoD ooz
)"0“"000000000"00000 000“000”00000000000 coooee occces
severssr LI IIELNL S dessseesdiecti Ny tee rese e se b+ o
IO~ CCHOICT M =TT T~ TR0 NZ“I]‘%?HRD“3]7|H6AAR
SN T DL NG D=3 TG DI —~FNP e, NI Pty me NP F o D2 i O P
P TLINPII P~ I CNIM = oS NT O COQOVCN~ITM JOMNNNM —~ 3>
INS ITOA~QAT I =N OO e~ enc AN~ CAMEr O Iad
s et et e v e e e (L P U4 <3 OO A 31 Pt st s Lag g laX 14814 T4 IO D L AL P Pa P P e Poo P e A e P P P
e e 00 e st s 90 0qu e «ae o8 u“.oooou‘tOOOU-on--
i J LI (I B B A ) [ [ 00 I N R R I B R I N A A
. 1 . ' ]
—_—-cCcCoCcCca - Sooco codoccocococagcccescocce
IcocococCccEsococToCceCcqQooeco Qococ cococococccoCccccococTC
iYessesesel LI UL X R NN LR R RS R R R R R R E R R I
S ol I Lo e 1T ok = ol T g N T g gl (AN ~oinnC ey PPty =T OST LU A LT
POATNLATI NN IP=ITOTNSC —_ST RN TAMNOMR TS O T NSDINN-NY 7L DONLCN S nn~L
T ANt T O~ LS PTCf O Pt T At P el F P 7 Do FOXT O S CX TS CMTAICTA 47D
AP St e SSANN = P P NSO T NV DIT LTI OQOT L€ 703630256ﬂ“99"0]lll"
1L ot ot et et ) F N QNN MO O =t et e = O @O C N NN (Y MewdTINNNNDOMNNLCLOL L L O
.-oo--ou-.-..oonuo-. eesensacs e er e e s e . R EEEEES
! --- ----u-_-—-é -é-.---!----—_.
_llloloomnllll‘]lll‘] TOOTC DO D Clemt cotmtens et o ot = Y (S =t coCcooOCoCQOOoCIdT TS o=
_nnU)n)U”“"“n,OOUUOO) SICCOHDODCoOCOoOCC TSROSO TA/ICOC LTS IDVDOOCST SIS
'ty eses eI b LU st s e e st VLI AITREVIL I R E RS EEEREERE IR R
=SSN LI ITPISAIFI=DC =P NO g NN LMD C IO F A S v E = gD T
Am O T OM TN T IO T TS SN LT NCTO—T =™ AN OMAT NN LT~ L~
PFPSENT SR PNy T SIS =0 P T NLEM IO L e g T DM — M- LN —_LESTLELL T
P e DT DT LT TS DI T I AP NTA DO LTI =DIOP D ST =P LI = ool ]
A P ot o e O O TP L S e CUON \jomt i e o et O O N ammm TITRITITITE
eesessamevsoesracsse eecssessa se e csee s
R i i [} L0 I I I B B O T i LI O ] LI LI I I I A )
i t | | | ; :
=CTC T T o TCCOC e et e o SCCTC cocco cSescsTes
cosocsesSiTocScTScosS=S SISCTcsosdaSSCCoEoIoSS coecco ceSczszc
s s s sttt t iU ENY A ASA LRI EENOEN e see * .o
NNl L OIS IO OO PO LSNP PSI T4 TN ST <> —
LTI IAATTIA S SNODLA D O T PP S COONY SO T NEMT X~ < =
gL NN SR L LML T TITN=EDOLNADI AT EEN 1b?6750??0 P —_—
=St NN AN e DS T A LA NI T OHN=TL NVLDE TS —ONT™~ g L SO TN ety
HY R e et AL 3 o L U Y Agmtomm ot o L SO NG @M 12???13?1333 -
moQ--uJuq-oo-JunOn @aesesceeqossesasnso e s gsvs e ae
i i i _h- 118t -_- try s rtaied [} -"- rie L)
1
cotococoocomc oo e TOoCc oo <3 ! cooccoccoobcoce o=
CoSoOTITSOTDISTST oSS aCcoo0o SccoscToSicocooordoce COOOOCTODIOOCT S TT TS
RN E I N A AN AR AT etb t UL ET LU LET TR PSP O PSPPI eGPt s et
ST LI L ~L =LA SN C~NCU NS FANCLCS~ACIIANS MO YUY oo~ L EYTEACETAAN == Chd =t L O
CECLTICTITUNTITC 2o —~ETEL P INCIICC S CT T LTT AN MA A MEIAS C =X\~
A ASLMrTIT O~ CTOLTT R XML ONE T Il M C I Qo = NP CMT e D= ST S~
TDLEC AL T DI iVl O > OnE NSNS EDINSL O T LTI =~ " rr
h ] Lt TR AL A A AR RUE Lyl ol eatan (AR A A a WAt 3 Via By FTA V] o Qe U N N W Wa ¥
ieesesssacveoscscsuesss descnsssmesecvevsanvse R REEER PRSI
B } w IR R REERIIEREE NN ._- [N ] ] __- 1o " LI I ]
: i
ITSEIsSSoSooCISostSonocse LA { U sodsoo=S=
CECTOTI ST TSSSCooDIICTS T T SO CIODECODCITOIOOC O SacSoTssS
4068600000 s0sssbaa,es0a LIt iatittiese cre b e
AT~ TALLT NI LT LTI~ - LSmEmTINDEPI~ML AL e~ N et F PO P
L CLL NI LI L OSSN - [ LRl Wl Bt - & 4 AnCSNCLLo TS
LTI LLI—LC L= 3O\ Cif P INAUAL —~2 AN SO N RS IO DL Cmmem™ L
PASE TSNS ST T FeT S~ DL~ P g AT e P QA DL et ¢ P QA AT IO S X ™~
A ™ et Ao O\ AU U NC P DN ot oot ——— et OO A O AU IS N =
m.l‘lllliﬂll..ll.DIOI ..l‘...'l'l'....’.... ® 2 9 9 ¢ " %0 a8 QOee B e s
1 ! | 4 ._----:-.- LI B U O O PO B B U B B
CcCocTo o e e ToS o oIS TS o cc CoOoOCECCETCOoCDCo S memem Y -
CcCeoo TS Ccoocgooccaoocccec ”ﬁnnoonunﬂnnnnnnoonﬂ Tcooccccc oo Cc T oo oot o
sesssetroscsssroclesean IR E R R N sesesbbesrrbose il it
2“"1J’"H54ﬁ“‘?'“h7ﬁ"5 )Qrkﬁgqqualﬂﬁﬁﬂbngle AN ITFLCOMLT-IMLLIPITTITN
LN TLENNTCTTO S =TSN —g LA LT IO O L~ C LA™ ML P A ~CR QT I T 200 -
AT N =" OIS LNTU FESNC LS m xS rToCelC DT CLrOAMrAIrE OOTrE YT — T O
2 Rtk 9 Saakanl b <H ali gl Ta¥ o ¥ pH gl o of PO W ~Toaks B olagl—E-ol S0 Sl ofy L Mol -2l CIC St ORI e 33— 3
anA N 4 Lo R IT ol RaV T e aal ot L e L ——t A, AN et ot Y Y A
*esessvsdesccesemsses «tessosecesssvssancs e essemv et esecsrs s eanra
. B ] i trr e} LN I T R O B R R |
cceceocrococCccccccccccee CIECCCCmm i o g e G € € CCCCECCECOCEC mmme——CC
STosroToTCocTTSTSoTTTaTsSCTe sImoogosSooodcscecooocce sSoseococTocas oo T T T o T oS
640606 P0PPSLIPIe bt sttt e UL ELELILO 200 Pessssrse sttt bl
LT ILIN S =C T O @O0 e Qe O Ut e 7Y @ A AN TN ST L= LU S~ —
Lo L rer e =T Qe FILU ST L= L IANTCOTI LT TN YISO TN I~ e\
TSP ITAANTLT O =T 2L AV ONCSST ¢TI TN LMMN SN Lot N d~COTNS TN T~
A= C ToTIIMNNALLCC SN L SN\ S L TCAC T T M~ ANAN = C ATt~ T LA 22
antonen fon PPNV D B e O e [V, VI VT W VT U SO P PRYs B o VT Pt
s seoceemses s esvsoss swseseccsscecsencesncs e ve e es et eanssssnrcee
[ 20 B B B I B ) LI TR ) LN I I I B O )
H : T
' .
. ' H
L] L n
” = i b
b ! = "

t
+

COCTM LU PN T O T OUTE ™

X e st s e g o et e et .

i
| —

COThCY ¢ MNCOC U M

e

U

120

COTMEUL ST mC T €N —

O\ ot o e e o ot e g g et

Figure B10. - Continued.



121

s et et Bt it it e ot V)

VA P NPNDE D= VAP NIND LD

e gt et e e e et i ast N

N AP NP N OD™= Y S NTI~NDOD

JX=

Gl aenl
477040
ARG D4}
492941)
48894+ 4
SOR2e ()
8119+«
S1hGen
S212¢0
S251+¢0
E/HAou

317+0
51%5.0
19352:m

41
=, 9AN2 20D
o HHHG Y0
=«B2607e0
=, 7971200
Afety

7
5
1
2
[\l

i

113
1513
16
121
ragn
LN
HR7

AT9

ATP21 0
—ohbhh b}
=ohhl4h 0
=65 150¢y
= hhgG et
- 652184 10)
=oHH1 N4
= h5049e0

.
.
.
.
L3
.
.
.
Y

Ta. 7450140

LV
~s 1412000
“ojAY2NON]
=141 en)
= N)aHen

41 len
A4 %00}
=eld29] ¢0)]
- ﬂ?ﬁl‘ﬂ

- JHY )W)
s LHARASH
EPR R LUIN
-alU61He0
=2 1384hHen
=2 [BATDeD
21869400
s |H71 700
s 1°7ReN}

o - &2 L
=2 NIHRTGeN

- B304
L kLY
=aR2Q19¢N
-.Kﬂ1)00n
-.IBH?

=aT1429en
«, 124G740
s 71RQ)s0
o THIINION
s T IKeq
N L DYPRY]
~ab3570¢0
=ah 20K N
~shON[]+D
EPFLLELY XY
~abHQY Ten

kR
-y 2242A00)
o 2r% el
v PPN
e8] )ei)
e P20 00
“e 26y 400
~e2260101)
~s 2240 01}
o PP4Thet}
-.?7&4)0?
o 2250 s
LYl LAd!]
e 22502200

356 ]
=.2256] ¢
-e22513%0
e 2298140
P20l e0

14 15
~o21Pe00] =, 32117 e01])
~o 21245000 =429 e0]
~e2 $7QtAaeud
-sP? P LYY
=Pl I ERTY XY

21 W2173en
o221 JleHd el
~.211R «3rHuSH N
~i2T1hN0s1] =e3P4uyeD
--?!!} -.1?&0600
(AR
X
270
70
s ?5979¢)
~sPHAT 340

e PHQT 0
LY LN DY)

RS Y S, ——e @5
-.3608100 '-.aopn).n
= H6579+0] «,79492440
~eBINTSe0] =,79573¢0
~oA1A24 1] =, TQLH e
—-dHUT20ep] =,7RI65+1)
=e79731¢0] =o7B339en
~eTHRA 2] =,77490N60eD
~eIH0]1300) ~e774H70
~21727Q¢0] =o770R6¢0
~sT6RP540] =, 7670940
o ThO4 1] «,7635940
=a 15524401 =,75039+0
= T9NTREN] =TTl
= J4HhAHe ] =, 75508¢0
e T ITINN] =47h29T 00
~elWl17¢0]. =aIb)P3e)
=a1392260) =,74992+0
=s7ITRAeN] =, 7490240
= T3706¢01 =,T4BA]¢0
~eTARTQ40]1 =~ T4H IS

Figure Bl0O.

B 37
=oJUTRHONL =, 4H9RAN
- 307
-7

Jh
143
IARN] =,4n&42e0
o« 14982008 = ,459R940
e BITA6eN] =,4596]4¢0
=12 001 ~,45167e0
= JHI2060] =,64479R40)
=, 3813} +0) =,485656+D
e JIUNTe] =,44l64¢0
e JTRUZeN] =o4390154D
= AlBAL ] =,4367R+N
~e1104640})-.veb3hd300
co 1T44Hs0] «,43320+0
~e17367¢0] =,4319340
~e3730HeN)] =.4309A40
=, A126540] «,4307740
-a37740401 -,4300540
.46 . .61
.756]000 =s73353+0
=oe154941¢0)] =473713¢0
=eTAJ4]e0] =47433640
o 16809740} =,74R35e0
= 1072501 =, TH19e0
= InTh)eil]l =4 7560Re0
=eInT1300] ~475R06e0
«elbIVe] . n, 1593440
=:s765)440] =,760044¢0
=e763719¢0] «,TA032+0
o 7A25e0) =,76N34+0
“eTH0QP40] = 760170
«o 75995401 =4 1%9R7+0
~o15A0¢0] =4 1595240
-.75718¢0] =,75917¢0
. meTh62o+0 ] m I5ARAG(
- 75653¢0] =,75857+0
o 75506301 =,758410¢0
= 154H3¢(] =,THR330
=o794R440] =,75455+0
Concluded.

38
=e59124 0
=s98403¢0
- 72Q04 1
‘056?2700
-5628440

‘01?bﬁlbn
~e731664+0
=a73R71¢0
e Thak?2e¢y
=y JARAZ4Q
~e752144+0
- 7547140
ne1H666D

e 1603540
s Ih06AD
=+ 760R5+0
=2 1609540)

.me16100+0

-.76)00'0
‘.,6

1)

-

~d
r
DOO
0 00

39
=959 T e}
“hBTORN

= 670400
-.ﬁﬁj?ﬂoﬂ
=.h3lhAD
- b24NGe0)

P B e D B B B B e

~NwT

L}

.

o
WHENP T L P T

NP PO WNNONIAN—T P N O~
bt e e

oSO

R R R R R R R A
DODSODIST DO TIDIISS

-, b

ADLCINDNT SO &

P IR

O DO =N
TWIrEONLES
WO T £ Lw W

NN SO & Wemrrs B (N
———

g T P Yo L NN TNV NS W e P U N ©

P T E I R I

[ - %~ X o XV VA8 T8 T ]

DODOToOTODDOIDODOTIDODD |

DD D~N~NT P
N T IWOH L



[44

GEOTINA ee, J>lrp.ns|rp.<u|.9u7.su|;- YT T JRGSQTAIGIpY .lu)1|1knonl TN ISTTOS000 98159004400

GENTURR ass, J\lFP.HS!FP.FP (18§ .NﬁHJ'WIH-Ul .lﬁPhd
[T 94 : /70y nH2/0% PHESS
1 .11?\005».00 LN006RONN .ﬂQHPh}Ihonﬂ .nun;h;lnonn .1vuua|?9ooo «9001K31T3600 =,)1 14607 V4eDD
i « 35004499400 e}?2n)A0 1 E=n JHITHRaTenn AN INGAUT e 026010354010 «h6T22572¢00
«IATUSHGH NN «2N5 42 Jhue) «9229THa 1400 «8224Th4 1 +l1) 454 Thh YU NN « INUNHAEN ¢ U
4 «h1T740HT) 00D o PHGGAIT 2= <3718 T 100)0) «9371407 Yo un «®17923]) 0010 «JAQIARTHG )
S «44753711000 .. .025%40409=0 ~_-950lu)hbtﬂﬂ__..Qbulbzﬁbouu e dH2H02960U0.— 21766593000 — =, 480864250} — .. _.. _
4 «4TAGTL15+00 s43YIRiIH2=N) « 9204 ANH D ~U62N43N6400 35210513400 289770180
7 +5NAQAT TS0 <40014351 =0 «97307303+000) «7.307 303000 «I2T4NTSY4 00 « 20358027+
a «S4029914e00 «SA509439-( ¢ IR 1J4hI9e N 9833469900 3043 1665400 223844178
9 «ST1H03) 7400 «A2UnT4P=0 +U29NY9A e 942919494400 2 PHEGR222001) IRLEIISYT
19 «ANINGD TP o0y .h0|q||4ﬁ-0 JANNIHS Iven] «1NU1IHST9e0} LY L IR «IRGN44 10400
11 «A318030a8e00 S051650=10 L1010 37h el 10103 ] i o )63 9 2
‘2 ehHALATSE .unuallnl -0 1) )RYAL g 1) « 1N HSA . Y
3 «TOI0RTIGeQD. - 4265] I986=0] . + 10265 LU6e 0 —+} 0265190 1. e e e e
14 « 71392150 +00 -Q)IG!I|°- « 111 343A3740 «1034363740]
15 755014 Jes 0 97H74653=0 .'0&2?6"#00 «10622682+01
1% AANNSaTienn .|n\au4~n~n «1050352¢¢01] .IOSSJS?HO * 6
17 «A3174A45000 .|nnutlﬁ;0nn «1058T9Then) «1N5ATYT6e h52
l% CAAATIETS Jeot .I;*ﬂll 0N .loh7ﬂsl?~u .Iub7u51?~ l 05¢
k] CQNNITTT IS 00 o }leYQ'Uﬂ «10TH22 30003 « 10782270 .. ¢ 199
2n LR ELLFERIYI 1274 16RK 0N «1092167600) « 10921626001 C4R2AHIGISOD  ~,5693RATS 00 T6546404T~
e
H Hn3 b DHIZOY i
+3321994RenN0 «NANNNNDND «TAT75907+00
» 17094994000 .nN0nN0NGN 2857092146+ 00
« WNTQ55RA 00 «000ANOGN 290002131900
«41749A7) 400 «fNnANRANG «9154973]+00
44753711400 00099000 .91!’?069000
«a7ANn711500 «0000NO0N «9h4TRI2T 40
«S0RGTTISe i)} «00000000. .. 4994287 -
« 540128014000 «NONOGOO0 +9670019]1+00
«5719117700 «00nNNNNO .077063670
«HDIRAATL 200 «000n0QN0A «WAGT661 To00
«HIANINAS 00 «flgun0ONN «993147]130
«HANLATS40 00 «00000000 «100007390
<IN|NATAN 00 «0000NNO0 . nnhta&)o
« 711920449000 «NNOANNBHO «lDFVH9S]
o TA4014 37409 00000000 ___ 10146262 ——
«ANNASATI*ND «N0UnN00NN0 . 02420510
«A1338A46 000 «000n0000 «§ 02936700
«ARATSTSAs00 «N00NNNOY «§0727342b0
«9001777A+00 «0anaaO0N s 10134070
«9324A277 004 «OnINNNAG sIHH2S6UH 0N

Figure Bll. ~ Sample printout of metric information.



- Zop

€Tl

© w88 ARFA TNTEGRALS S#F@ =~ 7 77 =7 /= rmosem— s s meooo e s s s s - T T

ARFA= +1009000  MASS FLUX=E «6324=01 VEL FLUX= «6346-01 AVE FU = 6265400 ARFA RATIO= «9R4R+00 MASS ERROR= =~,6505-0}
MASS AVF CPT LLOSS=e) = (a623%en0 TpEAL TANUST 0= J10A 37001 TukuST= " T[i7R48en0  THARAT= 1066701 THAREA=  ,3)182-0]
AVF MACH WUz ,Jd3ens  AvE PT wATluz W9HHZ e AVE T TOTAL HATIO= «994 3000 AVE CPx  =,00061-02 HLOCKAGE= «39547+00
SFCANT = Vol B obs)eFe]lof eNINFFoHlIT
1 Ny EPPJIREREY IR B S) BT BN () MUTH EREY IR «H93lo-01 «h3239=01

asee AUFA [N[FLNALS wese

ARF A= J1N0venN  MASS Flisg= «h124=01 VEL FLUXZ ohJahell} AVE MU = «h765400 ARFA HATIO= +UB4RC0N MASS FRROKR= =,6505-0]
MASS AVE CPY (LOSS=e) = ohS243000  TDHFAL TnWIIST COEFa S10633+01  TAKUST= «17H45¢n0  THARATY= «1066T¢01 THARFA= +313H2-0)
AVF MACH NIz (1RO AVE PT RATLU= YhAZANG AVE T TUTAL WHAT(O= HY T4 el AVE CPz =,60073-02 HLOCRKRAGE= «39597+00

QFCANT = M} oPoPeleF=]ob a1 F oliiz
2 =e20331~0) =,213801-01.__a29bale00. _a38624=02. . o38625-02. . 25937601 463239=01.....

888 ADFA TNIEGHALSG wese

AsF A= «1NNVeNN  MASS FLIK= «h963-0)  VEL FLUKX= «5956=01 AVF HU = JHHAT0D  ARFA RATIO= +QH4R+ 0  MASS FRHOR=T =,072949-03

MASS ‘VF CPT (LOSS=e) = s dnlhen  IDFAL THRUST CNEFs +10N01401  THRUST= «16786400) THARAT= +100)7+01 THARFA= |, ,29668=0)
AVE MACH N0z (171400 AVF PYTRATIOZ T B&ROS#DO  AVE T TOTAL RATIOZ T ,90383+00  AVE CPs T~ .29620-01 T BLOCKAGE: ~ ,%2382+00

GECANT -39-1 HePe ) 4E~ l.F|HHHEFvNU-

~e?1347-01 « 29668010 «30099+00 «38625-02 «5H215=-04 «59376-01 «59432-01

eans AREAR INTEGHRALS eese

AQFA= L ]1009e0N  MASS FLUXE «5938=01__VEL FLUX= 29951=01 AYE BU = _ L58A2¢00. AHFA RATI0= _ .9H4B+00 MASS ERRUR=_._.1488-05.

MASS AVE CPT (LOSS=e) = «43791¢00 TDEAL THRUST CDEFa «99927¢00 THRUST= «167T71400 THARAT= +10007¢01 THAREA= «29441-01

AVE MACH NOz ,)171¢00 AVF PT RATIO= «96805+00 AVE T TOVAL RATIO= «99343¢00 AVE CP=x +30137-01 BLOCKAGE= 42423400
SFCANT = P=}ePosPelat~ l-F-RUHFFoHU-
4

S?29RA8400  L,30099400 L 3009H¢00 5521504 =,63796-07 76=-01  ,59376-01

ese ANY FUHVFHhFQ m s lrsuAtloNs. FPS-HAI .10000-02", 00000 «10000~ oz .oonnn

SFCFLO = GRMA ? K] 3 2 - ~emt smeem e e
#ee aAD| couvenure IV 28 TFRATIONE. FPSR ;i‘lrdbbﬁ 8, 1603101 . T0000-02 ,851846+00

a088 ARFA INTEGRALS w#eee
AWFA= 102500 MASS FLUKT  ,593A-01 VEL FLUKE  .5956-01 AVE RU = ,5792+00 AREA RATIO=  .1000¢01 MASS ERHOR=  .0000

MASS AVE CPT (LDSS3e) = ,41H3]400 _ [NEAL THRUST COEFe  ,10000201 THRUST= __ .17051¢00. IHARAL= __ ,10000:0)  THAREA= . ,29875~0)
AVF MACH NO= ,171+00 AVE PT RATIOr  ,96837¢00 AVE T TOTAL RATIO=  ,99335¢00 AVE CP=  .21R51=01 HLOCKAGEx  ,4445500

Figure Bl2. - Area integral summary.



9
«1333+02

1167402

1000402

L3
«BI13e0)

L‘
CLLYEY D]

“henw
«+HOD001

3

« 3331401

U=vEL

cenen

RCLYAX)

3

«00000
L VEL
00N

172=

THF A

VARTAHLF AT Xt

ense PROCFSSEDN STARTING PROFILES #ses
2

JX=

cCcCcoOcCCCCCOCCOCCeESCOC
ccceoCcTsCcococOoocCcooCceS

2
2
3
3
&
&
LY
L
cok
ok
ok
o
oh
o4
Y
3
1
8
!
1

secssenses
!

00200 o o0
OCCCOCOCOCOOOCOOOOCO
M YRR EE R R R R E R RS N
NP OE P NOLHNN O PN
QNNSCT NS S ONOMENMTOO
L Y A A o &g
CMONONMEEFMU=DTINPTO
NINMMN S § L &€& TMNMT VP
Wl..l.l.ﬁ‘l..’.'dl..
i | !
CCTOCSSCCACORDCCCSCOOOS
SCCOoO0ODOCOODOOCCO0OCD
MR R R R R E R R R E R E R LA
R N N T T - L i)
CEANSTIOCINC IO U C—lOg0CC
LOAL TP LMD T L S o
SrCrRS =2 I T ONNANaNOXS
N aaast & aataatadaeaalaalaglagl o out-+ X 0l ol
pesesscessvcccs

SCOOC OO0 SODDO00I0
SECCCOoOCORQOoOOCLOOoTOO00o0
PSPPI CLE PO LEIILEITIOEES

' \ i

00000"00“00“0000&"00
SaccSsTocOtSaOCSsSCCocaTCOo
4246940624860 Phss
—_— e e T CSUNTMNT U L T 2L
IV NN =F INIILINLIMNEFTO

23 ks

LML T CLOIN OO T T Tl 4=
EMIPAGI O WN T =g SMNSDO
NOAAETP AL XL TR P AP~
psceesncssbrusssessoee
i i |

unooooonoouoonolmoou
OOCOCCOOOCSCOSOOICOO
FEEFEREEFE N FEENEESLEREESESS
~NMENTEL S G N DM S
DM~ @ ~NT NIDE~LCUI NP DD
INFIELET IC DT LT L —~T e
SMOCR TN NONTD~ICHOTD
(?A67u499909019971
i

:?

!

COCCCCC CC Ot cnummmt OO O
cocCcToC e oo OoOcCa00o
P R L R R
Tt e S P e ROU D, omift e 0 e g Y
-t e e U NSO
N Yol L Sl Ut A bt S nd
SO FALNTTIOCCOCOICIC

LY} ] )

NN LT P R Rrtoms et} AP P
w-.o-u.4.io-on¢.n-
! i |
3o TS 2T I Dt e DO
e e e e L L ]
'.0.'00‘00.0.0.'00’.’.'
MTaLPITIILOOT =~ @t}
e R N A A
NP IR L =T PRI O=AT ¢ QU+t
SAresr~~IT0CCCETQTEE
NANET P T OO T st (P P
d e e o e v o0 &8 0P s s g saae
i N '
! ! N
CEcCcoCCSCdCE—~m———mastCCC
sssTosoTocSTSesTSoccocSceo
PR R IR I IR I A N
STLIMAZ L SNLET = = U]
P=L ™I INA LN ST
ANT LI~ MACCeAN IQU €
N A e i
R i e A
sesess e essesenasnares
P U R
SeCcCcCcrCCTRoTTITCTCCECT
seses iV T REAIVLNTE
AL ~gITTI~A—~~CIIC IS
AmCCANC— IS CSLENT eI ~C
—— e~ IC=TL2CTFLULC
NAA~CCNACTLOALI TS TONS
—————? ST LR LS S ECAN~T
csseessesveseenresenue
zsosccocsosCcCceeESTITED
ccceoceCcccgeoccecccoccgceoccoce
PR R I I I I B A 2 2 2K I B I A
TALSU —ACYUTreCTErRICTYLC
L=~rCcorCC ICTONCCLNTTIN
QRELFELF—aXF=Ccaanmran
R R Rl e -
cCoORTamrn LUy esemrme
sesovecsesevecsccssoes

P CTINLU S A~CIANY €A~

O\ o i e e e e e e

Figure Bl3. - Sample printout of flow field variables.
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