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ANALYSIS AND TESTING OF TWO-DIMENSIONAL
SLOT NOZZLE EJECTORS WITH VARIABLE AREA
MIXING SECTIONS

By ,
Gerald B. Gilbert, Philip G. Hill

SUMMARY

Finite difference computer techniques have been used to calculate the
detailed performance of air to air two dimensional ejectors with symmetric variable
area mixing sections and co-axial converging primary nozzles. The successful com~
pletion of this program completes a step in the development of a computer
program to analyze the ejector of the augmentor wing lift augmentation system for STOL

alrcraft.

The finite difference computer program analyzes two dimensional mixing
in converging-diverging jets. The analysis of the primary nozzle assumes correct
expansion of the flow and is suitable for subsonic and slightly supersonic velocity
levels. The variation of the mixing section channel walls is assumed to be gradual
so that the static pressure can be assumed uniform on planes perpendicular to the axis.
An x—zpz coordinate system is used in the solution of the momentum and energy equations
to remove a singularity condition at the wall, Different assumptions for eddy viscosity
are made for each distinctly different region of the flow based on information available

in the literature.

A test program was run to provide two-dimensional ejector test data for
verification of the computer analysis. Geometry and primary air operating conditions
similar to a typical augmentor wing ejector were selected for the tests. A primary
converging nozzle with a discharge geometry of 0.125" x 8. 0" was supplied with
600 SCFM of air at about 35 psia and 180°F. This nozzle was combined with two mixing
section geometries with throat sizes of 1.25'" x 8, 0" and 1.875" x 8.0'" and was tested
at a total of 11 operating points. Secondary flow was varied by adding three steps of
increased restriction to the ejector discharge. For each test mass flow rate, wall
static pressures and several velocity traverses were recorded for comparison with
analytical results,



The comparisons of wall static pressures, centerline velocity, centerline
temperature, and velocity profiles between experimental and analytical results at the
same flow rate were generally very good. The computer program presented in this
report accurately predicts the performance of the simple two-dimensional ejectors and
thereby successfully completes the objectives of this program.



Section 1

INTRODUCTION

1.1 Bacl_gground

The augmentor wing concept under investigation by NASA for STOL. aircraft
lift augmentation is powered by an air to air ejector. The wing boundary layer is drawn
into the deflected double flap augmentor channel at the trailing edge of the wing and is
pressurized by a high velocity slot jet which is oriented at an angle to the augmentor
channel. To predict the performance and to optimize the design of the complete
augmentor wing, an analytical method is needed to predict the performance of the air

ejector which powers the augmentor flap section.

Under contract NAS2-5845 a computer analysis was developed for single
nozzle axisymmetric ejectors with variable area mixing sections using integral
techniques(l). The ejectors of primary interest in that program and earlier programs
were high entrainment devices using small amounts of supersonic primary flow to pump
large amounts of low pressure secondary flow. Good agreement was achieved between
analytical and experimental results.

The integral analytical techniques used to analyze the axisymmetric ejector
configurations are also valid for the analysis of two dimensional ejectors. However,
the augmentor wing configuration may include asymmetric geometries, inlet flow

distortions, wall slots, and primary nozzles that are at large angles to the axis of the
augmentor mixing section. The integral techniques are not easily adaptabletothese more

complex flows. Finite difference techniques can be used to analyze these more complex

flow geometries at the expense of increased computer time.



1.2 Objectives of Program

The specific objectives of this investigation are the following:

(8] to develop a finite difference computer program for the analysis
of two-dimensional, air ejectors with symmetric variable area

mixing sections and with co-axial converging primary nozzles.

(2) to obtain test results with two-dimensional ejector configurations
so that the analytical methods can be checked.

By modifying the present analysis additional complicating features of the
actual augmentor wing ejector may be incorporated into the computer program until the
complete augmentor wing ejector can be successfully analyzed.



Section 2

NOMENCLATURE
Nozzle discharge area
Coefficient appearing in the finite difference equations 26 and 36
Coefficient appearing in the finite difference equations 26 and 36

Time average specific heat at constant pressure

Specific heat at constant pressure evaluated at a reference
temperature T0

C
Dimensionless constant pressure specific heat, EE_—
2 po
(r-HM,
Eckert number,
wr _
T,

Nozzle discharge coefficient
Coefficient appearing in the finite difference equations 26 and 36

Coefficient appearing in the finite difference equations 26 and 36

Dimensionless eddy viscosity,
(¢]

Time average thermal conductivity

Thermal conductivity evaluated at T0

Dimensionless thermal conductivity,

?~T‘|W‘|
Q

Dimensional Constant, 32,2 lbm-~ft/ 1bf-sec?

Prandtl mixing length

4 u
m o

Dimensionless mixing length,

o
Node points along a streamline
Streamline designation

Dimensionless Mach
nless Mach number, W

Barometric pressure
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NOMENCLATURE
(continued)
Nozzle pressure
Time average static pressure

Turbulent Prandtl number, GL

H
uoC 0
Prandtl number, ”
o}
Dimensionless pressure, P o
1/2 LN

Heat Transfer

Turbulent heat transfer, (P vy 'T!
Gas constant
Atmospheric temperature

Time average temperature

Instantaneous fluctuating temperature

Jet temperature at the nozzle exit plane

Flow reference temperature
Nozzle temperature

Wall reference temperature

Time averaged velocity in x-direction

Instantaneous fluctuating x component of velocity

Jet centerline velocity at the nozzle exit plane

Unknown velocity at the nth grid point

. . . . . u
Dimensionless velocity in x-direction, -

( TW ! 1/2 °
Friction velocity, 2

Time averaged flow velocity in y-direction
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NOMENCLATURE
(continued)

Instantaneous fluctuating y-component of velocity
Mixing section total flow rate

Nozzle flow rate

Secondary flow rate

Space co-ordinate in the axial direction
u X

Dimensionless space co-ordinate in the axial direction,
o}

Step size in x-direction

Space co-ordinate perpendicular to axial direction
yu
0

Dimensionless space co-ordinate perpendicular to axial direction,
o

Duct half width or duct radius
*
Dimensionless wall co-ordinate _yTu_

Constant, unity for axisymmetric flow and zero for two-
dimensional flow

C
p

C

Y
Transformed co-ordinate defined by equation 8
Regular stream coordinate

Ratio of specific heat,

wz

P for two-dimensional flow
oo

Dimensionless ¢ co-ordinate P*2

Time averaged fluid derisity
Fluid density evaluated at a reference temperature To

Dimensionless fluid density

Time averaged absolute viscosity

Absolute viscosity evaluated at a reference temperature T0

-—

Dimensionless absolute viscosity, £

(o]

Mean average shear stress



NOMENCLATURE
(continued)

Turbulent shear stress, (pv)' o’
Local wall shear stress
Eddy viscosity

Eddy conductivity
T-T
Dimensionless temperature T—-_iT——
wT o
Kinematic viscosity at local temperature

Reference kinematic viscosity evaluated at a reference temperature To

Local wall boundary layer thickness or jet half width
u_é

v

(o]

Dimensionless boundary layer thickness,
Mixing length constant

Mean value of dissipation



Section 3
ANALYSIS OF TWO-DIMENSIONAL JET MIXING

3.1 Introduction

This section is concerned with the essential physical features of a computa-
tion model for plane two-dimensional jet mixing in converging-diverging jets. A finite-
difference computer program has been developed for treating the mixing of two parallel
and compressible air streams, allowing for at least one of them to be supersonic. In
all cases, the nozzle expansion is assumed "correct”, i.e. nozzle exit plane pressure
is matched to the ambient pressure at that station. Thus, expansion waves and shocks
at the nozzle exit plane are assumed to be absent. Even though the correct expansion
assumption may not be realized in a practical case, the downstream flow field will not
likely be sensitive to small degrees of over - or under-expansion. The flows considered
include compound flows of supersonic and subsonic streams; however, no provision is
made for compound choking which may occur with an appropriate transverse distribution
of Mach number. Such a condition is amenable to analytical treatment under simplified

circumstances, but has not been encountered in experimental tests carried out so far.

This development is restricted to symmetric jet mixing in which the high
speed jet is located on the axis of the channel and no provision is made for blowing or
suction along the channel walls. The variation in channel geometry along the axis is
assumed gradual, so that wall curvature is neglected and, on all planes normal to the

axis, the pressure is assumed uniform. _

In most calculations performed with this method to date, the velocity distri-
bution at the nozzle exit plane was assumed to be rectangular, i.e., the wall boundary
layer has been assumed to have zero thickness at that point; the initial thickness of the
jet-secondary stream shear layer has also been assumed to be zero. This requirement
is not necessary, however, and in general any initial distribution of velocity in the initial
plane is permissible, under the assumption that pressure distribution across the plane

is uniform.

Although previous work M has amply demonstrated that integral methods
are capable of predicting symmetric jet mixing of compressible flow in jets, the finite

difference method has been chosen for this problem. The finite difference method has

9



advantages relative to the integral method of much greater flexibility in allowable flow
inlet conditions, and wall boundary conditions, e.g., the use of wall jets or wall suction.
Further the finite difference method offers the considerable advantage of mathematical
precision in determining the overall consequences of any particular physical hypothesis
regarding the shear stress distribution. With the integral method, the mathematical
approximation due to the formation of integrals may contribute uncertainty in flow
prediction in addition to the uncertainty introduced by a lack of precise physical
knowledge. Thus, in developing a model to handle a certain class of flows, it is
advantageous to have a method which is relatively precise mathematically, so that the
effects of physical uncertainties may be assessed relatively clearly. The finite differ-
ence method is however, quite costly in its requirement for computer tirﬂe. Further,
as experience has shown, considerable care is required in adjusting the computation
grid such that spacings are appropriately small in the region of the wall, and in any

part of the flow where velocity gradients are quite large.

3.2 Basic Conservation Equations

In stream-wise coordinates, the momentum and energy equations(z) for the

plane two-dimensional flow are:

wudu _ 1 dp ,u ar

ox = Fdx T suo M

ﬁa((TP_T)_ u dp , usq , ©®

5x  F dx ' o4 F (2)
- 2 — - -2

5 - F(E5) - v w B = s g 3

in which u is the velocity component in the x or principal flow direction, f) is the static
pressure, p the density and T is the temperature of the fluid. Using the eddy

viscosity assumption, the mean average shear stress and heat transfer are defined by:

- T=u%—3;-(PV)'U'=(I‘+5€)‘g— (4)

«
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- 9 S — - .p-Cp€ 9T
= k22 - vVY'T' = (k + :
q 3 s PY) ( P ) By

H

(5)

in which ¢ 1is the kinematic eddy viscosity.

In developing the finite difference solution to this problem, the stream-wise
coordinate system was attractive, not only in terms of the simplicity of the governing
equations but also for possible development as a design procedure, in which the flow
field pressure distribution could be specified and the required wall geometry determined,
non-interatively, once the solution is obtained in stream coordinates. However, the
difficulty with the stream wise coordinate is that it introduces a singularlty in the
governing equatlons in the vicinity of the wall. Given the definition of the stream

function,

0y

oy

S

u (6)

ol

it can be seen that the gradient

.
59s PR Oy ™

becomes undefined at the wall where the value of u approaches zero. The singularity

can be removed as Denny( )has shown by using the transformation

5y Py T M™MFy T W 59
(8
instead of conventional stream function definition _
in which case the limiting value of the gradient 5 l;) is finite and higher derivatives

also exist. With this transformation then, the equations of motion may be written.

| e

o
<I2
IQJ

5 u

S R

[
<
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8 (C.T) = 4c - € a- =
3 —P . = p u 8 p pu 9T
"x T T F dx T Ty 59 [‘R+Prt-’2w azp]

- - - - 2
o (e (£5- b, (10)

where zp is now the transformed quantity according to Denney(s). The transformation

of these equations is shown in Appendix A.

3.3 Dimensionless Groups

Before solution of the finite-difference method, these equations are made

dimensionless by the following steps.

The velocity u is normalized by dividing by the jet centerline velocity u,-
Also a reference Mach number is defined by:

u
M, = —2 ¢S

ir ,——-—,y RTo

in which T0 is a reference temperature and y is the specific heat ratio. A dimension-

less temperature parameter is defined by:
T-T,
Twr To

in which Twr is a second arbitrary reference temperature.

The fluid properties variables are made dimensionless by defining:

- u C
Kk = X P = 2P0
k ro k
é) o]
- - €
G = o E - (13
po o
1 ?
u* = p* =
Ho %

12



in which ko’ C o’ uo, and p, are fluid properties at reference values of pressure and

ture. =
temperature and M P Vg
In the program the reference values of temperature are
T = 520°R -
o ‘
S T = 560°R - F
wr

and the reference fluid properties are evaluated at 520°R and 2115 psf.

The coordinate variables are transformed to:

u X
X .= . (14)
o
_ /)
p*= i ' (15)
o 0
Then in dimensionless form the equations of motion become:
ou_ _ 1 dp u 9 x : P*u 9 u
UsxX “ 3 p* dX + 23*% 0 9* [(“ + Ep*) 2gF 9 PF (16)
X I R ] .
u 8 (€, 9) _ C' ap , _u ) [( ket EP*Cp)p*u 89]
£ 3 E 3 %
X 2p* dX 29 d9* | P P, '2¢%89
¢ ARy pru 2u gy
o 5g* 5 g®
in which C »
2 2
(v -1 Mir”’ . Y%
C, = = — = = (18)
L T C (T -T)
Wr_ 4 po' wr o .
To -

The turbulent Prandtl number Prt is taken to be 0.9. Neglecting the depend-
ance of the specific heat on temperature, CE = 1.0. The derivative of the dimensionless

equations of motion is shown in Appendix A.

13



3.4 Evaluation of the Eddy Viscosity

In general, the eddy viscosity is evaluated by

2 2u
m8y

(19)

in which ¢ m is the mixing length. In two-dimensional jet mixing, values of mixing
length are not well known especially for the region in which the shear zone extends
from wall to wall. In various zones of the flow, the mixing lengths have been

evaluated as follows:

In the shear layer adjacent to the potential core zone of the primary jet

the mixing length is evaluated from

¢ = 0.086 (20)

in which § is the shear layer width (including the zone between 1% and 99% of the

total velocity difference between primary and secondary streams).

For the "fully-rounded" portion of the jet flowing coaxially with a

secondary potential stream, the mixing length has been calculated from
[} m - 0. 108 5 20

in which 6 is the half-width of the jet, evaluated from centerline to the point at
which the difference between local and secondary velocity is only 1% of the difference

between centerline and secondary velocity.

In the wall boundary layer, the mixing length has been evaluated from
the lesser of:
1 m - 0.098 (outer part) (22)

or, using the Van Driest approximation,

£= 0.4l [1 e "(y+/26i| y  (inner part) (23)

14



in which

+ W Yy (24)

For the region downstream of the point where the jet spreads to inter-
sect the edge of the boundary layer the mixing length is evaluated, as a first
approximation only, from

2
_ _ A A 4‘ 2
L Yo [0.14 0.08 ( Yo ) -0.06 (yw) ! (25)
which is due to Nikuradse and is cited by Schlichting(4) for fully developed flow in
round tubes. Near the wall (y = yw) the mixing length is evaluated by the Van

Driest approximation cited earlier, provided the local mixing length so calculated is

less than that given by the Nikuradse formula.

3.5 Boundary Conditions

With prescribed wall geometry the boundary conditions at the outer wall

are:

y = ¥y %)

Y* = const.

Q

96  _
9y* 0

Along the channel axis of symmetry the boundary conditions are:

y:
g = 0
00 _
Fgx= O
au
g%~ 0



3.6 Finite Difference Procedure

By the finite-difference technique, the derivatives in the differential
equations of motion are replaced by differences either along a streamline between
two neighboring points X and X + AX or normal to it between two neighboring
points ¥* and §* + AP*, 7

. If one takes the velocity field at plane X as complefely known then the
velocity field at X + AX may be solved, using the implicit method, from the
finite-difference form of the momentum equation which is of the form

u + B + C (26)

n-1 "2,n n-1 u2, n+1 n-1 u2,n—1 - Dn—l

in which Uy o is the unknown velocity at the nth grid point on plane X + AX and

An—l, Bn—l, Cn—l, Dn—l

between X and X + AX and the velocity and shear stress distributions at plane X,

(5)

are coefficients containing the mean pressure gradient

As shown in the derivation in reference and Appendix B, the co-

efficients in the finite difference form of the momentum equation are evaluated from:

u

_ I,n
An-l = Y8 + Y9 + —_ALY (27)
B, = -Y8 (28)
Cn-l = -Y9 (29)
u2
1 dp dP
D__ = - ¥ I + ——I l,n (30)
n-1 4p1’n dXx =9 dx =1 —-—’-——AX
in which
! u S

- 1,n n+ 1 n

Y8 = L ( Ay, ST ) (31
u S + S
_ 1,n n n-1

16



S1 = A zlJl t Ay, (33)

Auy= P =¥ . A= gL - (34)
SPLES T @

In a similar way(s), the energy equation can be written in the finite difference form:

An-l 92,n +‘ Bn—l 02,n+1 + Cn-lez,n—l - Dn—l (36)
where,
ul n
An—l = Y8' + Y9' + A’X 37
Bn—l = -Y8' (38)
= - 1
Cn_1 Y9 7 (39)

u, 6 C.u
_  Lnln L 1,n dP dpP
D = == 4 2 1—, + B_J
n-1 AX I p 1,n [ Xm=1 X ___2]

C81, n, n 2
+ v |R2(Ug,n+1 -Y2,n)* Ry (2,072, n-1) (40)
v8' = ul,n Qn+1 * Qn (41)
. 2 zp*n ‘ Az/)l SI
7 -t
vo! ul,n I—Qn * Qn—l (42)
2 P* Ay, Sl
n 2
L
- kx Ep* ] p*u
Q = P + 2) ] 29 * (43)
ro r

17



1 - TAY ")z(sz + Ad)l)

(44)

and
Al/)z

5y, B3, + &¥p

RZ = (45)

The relationship between the x-¥ coordinates, and the physical plane in
finite difference form, for any n, becomes,
*2 *2
(¥ ~¥pq) 2

Y = Y o oF P (46)

Finally the property relation becomes:

u p* L2 u - u
E - I,n 1,n m I,n+ 1 1,n -1 (47)
* x Tk
2,n 2y v n+ 1 ¥ n-1

For a set of N #-lines and known boundary conditions, Equations (26)
and (36) each provide a set of N-2 conditions to solve for the unknown velocities and
temperatures. Each set of equations can be solved simultaneously if the pressure
gradient is known or assumed. For calculation of flow between fixed channel walls,
the pressure gradient is assumed and the velocities determined; then the location of
the outer boundary is calculated from successive use of equation (46) across all N
grid lines. If the calculated value of the outer boundary location does not agree
satisfactorily with the actual wall geometry, a new value of the pressure gradient

is chosen.

Since each set of equations can be represented by a tridiaéonal matrix
of coefficients, the Thomas Algorithm(s) is employed for speedy solution as shown

in Appendix C which describes the solution procedure,

The structure of the computer program is given in Appendix D.

18



Section 4

TEST PROGRAM
A two-dimensional experimental rig was designed, fabricated, and installed
in our laboratory. The purpose of the experimental work was to obtain test data for

verification and adjustment of the computer analysis. The experimental program is

described in this section.

4,1 Experimental Apparatus

4.1.1 Two-Dimensional Ejector

The two-dimensional ejector consisted of a slot type primary nozzle and a
two-dimensional mixing section. The arrangement of the ejector system is shown on

Figure 1.

A picture of the primary nozzle is shown on Figure 2. The discharge slot
is 0,1215" + .0005" by 8. 00" with rounded corners. The side walls are quarter inch
carbon steel and four internal supports are included to prevent widening of the discharge
slot when the nozzle is pressurized. Dial indicator measurements show that the slot
opened up by about 0. 0008 inches in the center of the nozzle, about .0004" at the
quarter width location and zero near the ends of the slot. This is equivalent to an
increase in nozzle slot area of 0.33% when pressurized. Stagnation pressure measure-
ments were made with a kiel probe from side to side in the nozzle discharge and were
found to be uniform across the 8" width of the slot. The primary nozzle is positioned
in the mixing section (see Figure 1 and Figure 3) so that the primary flow is discharged

along the centerline of the straight symmetrical mixing section.

The mixing section as shown on Figure 1 consists of a rectangular variable
area channel formed by two identically contoured aluminum plates and two flat side
plates. The pictures in Figures 3 and 4 show two views of the mixing section. The
two contoured plates can be positioned in two symmetrical locations about the center-
line to form the two channels tested (throat heights of 1.25" and 1.875'"). The width
of the mixing section is 8.00" for the full length. The variation of channel height with

distance from the nozzle discharge is given on Table 1 for the 1. 875 throat mixing

19



section. The geometry for the 1.25" throat height is obtained by subtracting 0. 312"
from each y value. Three plexiglass windows are installed along each side of the
mixing section so the tufts of wool mounted inside can be observed for indications of

flow separations and unsteadiness.

The screened mixing section inlet is shown on Figure 5. Initial tests with-
out the extended inlet showed that highly swirling corner vortices were formed in the
four corners of the bellmouth and extended into the test section. The extended inlet
eliminated the corner vortices and improved the stability of the ejectof flow and static

pressures. The extended inlet shown on Figure 5 was used for all ejector tests.

4.1.2 Facilities for Ejector Tests

The schematic of the ejector test facilities on Figure 6 shows the three

required subsystems needed for operation, control and measurement of the ejector:

® Primary Flow System
® Mixed Flow System

& Boundary Layer Suction System

The primary air flow is supplied by a 900 SCFM oil free screw compressor

at 100 psig and an equilibrium operating temperature between 180°F and 240°F. The
primary air flow rate and pressure are controlled by a manual pressure regulator and
bleed valve. The mass flow is measured by a standard 3 inch Danial orifice system.

The air flow is delivered to the primary nozzle through a flexible hose.

The mixed flow system consists of a plenum chamber, an 8" orifice

system and a throttle valve. Four different operating flow rates are achieved by the

following equipment combinations.

1. Maximum Flow Rate - Mixed flow discharges directly into
laboratory from mixing seétion.

2. First Reduced Flow Rate - The plenum is connected to the mixing
section discharge.

3. Second Reduced Flow Rate - The orifice is connected to the plenum,

4. Lowest Flow Rate - The throttle valve is partially closed.
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Orifice flow rates are obtained only for the two lowest flow rate conditions. Figure 7
and 8 show most of the experimental ejector installation., The large rectangular box
connected to the mixing section by the large black flexible hose is the main plenum.
The 8" orifice is not visible in the picture.

The suction system removes the boundary layer flow from each of the four

corners of the mixing section to prevent wall boundary layer separation in the ejector.
The pictures in Figures 7 and 8 show three 3/4 inch tubes connected to each corner of
the mixing section. These 12 tubes collect the boundary layer flow from the corner
suction slots which are 0,060 inches wide and are machined into the sides of the
contoured plates (See figures 9 and 10). The four tubes at one X location are connected
to a single large tube under the mounting table. The three large tubes are each
connected to a large tank plenum through a separate throttle valve. A Roots blower
draws the air through the suction system and through a three inch orifice system. The
suction system is capable of removing about 1% to 2% of the mixing section flow rate.
During the operation of the ejector rig, the boundary layer suction system was
necessary to prevent flow separation in the mixing section diffuser. The presence of
separation was easily observed from the violently flopping tufts, the large fluctuation
in wall static pressures and audible pulsations, The operation of the suction system

drastically reduced these symptoms.

The ejector system was operated by starting the primary air flow at low
pressure and flow rate. The suction was turned on and then the primary pressure
was increased to the desired test conditions. The large mixing section (1. 875"
throat height) was operated at 21 psig without separation in the mixing section. The
small mixing section (1. 25" throat height) could not be operated over 20 psig without
separation for the high flow condition. The tests with the small mixing were therefore
run at 17 psig.

4, 2 Instrumentation and Data Reduction

4,2.1 Instruméntation

The following instrumentation was included on the test rig.
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Primary Flow System

Flow Rate - Standard 3" orifice system

Nozzle Pressure -

Pressure gage accurate to + . 25 psig

Nozzle Temperature - Thermocouple with digital readout

Mixed Flow System

Flow Rate -
Static Pressures -

8" orifice system for two lowest flow rate conditions

Wall static pressures down the center of the mixing

" section and some at other locations (see Figures 9

Traverse Data -

Suction Flow System

Flow Rate ~

Suction Pressure-

and 10). Manometers were used for measurement.
Stagnation pressure and temperature profiles were
measured at up to 9 axial locations using a kiel temper-
ature probe, a pressure transducer and direct digital
readout, and a temperature direct digital readout

(see Figure 8).

3" orifice system

a mercury manometer

4.2.2 Data Reduction Procedures

Three types of data reduction calculations were needed in this program:

e Standard orifice calculations

® velocity profile calculations

e integration of velocity profiles to calculate flow rate

The orifice calculations were carried out using standard orifice equations and ASME

orifice coefficients. The velocity profiles were calculated from the well known

compressible flow relationships between Mach number and the ratio of stagnation

pressure to static pressure that can be found in most fluid mechanics text books. The

local velocity is calculated from the Mach number and the local speed of sound which
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is dependent on the local static temperature. The static temperature is calculated from
the measured stagnation temperature profiles and the compressible flow relation be-
tween temperature ratio and Mach number.

To calculate an integrated mass flow rate for each traverse location a time
sharing data reduction computer program was written to integrate the product of local
velocity and local density over a two-dimensional section of unit width, The program
also calculated the "mass-momentum' stagnation pressure at each traverse section
using the equations presented on page 52 and 53 of reference 6. The mass-momentum
method determines the flow conditions for a uniform velocity profile which has the same
integrated values of mass flow rate, momentum, and energy as the non-uniform velocity

profile actually present,

4.2.3 Experimental Uncertainty

Orifice Calculations

The techniques presented in reference 7 were applied to the primary flow
orifice calculations and the mixed flow orifice calculations. The following uncertainty
results were obtained:

Orifice Nozzle Pressure Uncertainty
psig
Primary 17.0 and 21 +0.8%
Mixed slightly above
atmospheric +1.3%

Static Pressures

Uncertainty in the wall static pressures mainly occurs because of un-
steadiness in the manometer liquid columns caused by unsteadiness in the flow. The
lowest flow rate condition which had the most system resistance downstream of the
mixing section had a wall static pressure unsteadiness of about +3/8 inches of water.
The amount of unsteadiness increased as the flow rate was increased by removing
system resistance. For the unrestricted maximum flow rate condition the wall static
pressure unsteadiness was + 2.0 inches of water. These values are also a measure
of the uncertainty.
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Integrated Mass Flow Rate

The mass flow rate calculated by integrating the results of the stagnation .
pressure and temperature traverses is influenced by many items and is therefore
very difficult to estimate. The following items all contribute to the uncertainty in

integrated mass flow rate:
unsteady wall static pressures =
unsteady traverse stagnation pressures

instrument accuracy of the pressure transducer and digital readout

> W N e

inaccuracies due to the effect of steep velocity gradients on sensed
pressure
inaccuracies due to probe effect near the mixing section walls

@

6. 1inaccuracy in probe position _ L
7. assumptions and inaccuracies associated with the data reduction
computer program 7 ’ 7
data recording errors or computer data input errors
9. errors caused by loose connections in the pneumatic sensing tube
between the probe and the transducer
10. Non-two-dimensional flow distribution across the width of the 8 inch

mixing section.

All of these effects could combine to give both a + uncertainty band and a fixed error
shift.

One measure of the uncertainty due to these effects is obtained from the
limits of individual integrated mass flows for each test run. These values are listed
on Table 2 for all of the test runs with traverse data. The results presented on
Table 2 show an average variation of + 3. 6% and -2.8% or a total spread of 6.4%.
These values only include the effect of variable uncertainty and exclude the uncertainty
due to probe errors in steep gradients and near walls and integration assumptions.
Both of the excluded errors probably cause the intergrated mass flows to be too large
because the probe tends to measure too high near the wall and the integration program

neglects wall boundary layers.
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From the above discussion it is concluded that the average integrated mass
flow rates may have a fixed error of +1% to 2% and an uncertainty of about +3% to +4%.

4.3 Test ‘Results

A total of eleven ejector tests were carried out on two mixing section con-
figurations (1.25" and 1. 875" throat height). The data presented in this report falls
i nto the following categories:

Test Conditions and Mass Flows

Static Pressures

Centerline Velocities and Temperatures
Velocity Profiles

Temperature Profiles

Eddy viscosity Sensitivity

Flow Rate Sensitivity

Table 3 shows which figures and tables show the data for each test run. Most of the
figures and tables present both test data and comparative analytical results. The
comparisons will be discussed in section 5. 0.
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Section 5

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

5.1 Test Conditions and Mass Flows

Table 4 presents a tabulation of the measured nozzle conditions, the inte-
grated mass flow rate from the measured pressure and temperature profiles, and the

integrated '"mass momentum' stagnation pressure.

The nozzle mass flow rate was calculated from standard orifice readings
which were shown in section 4. 2. 3 to have an uncertainty of about +0.8%. Using the
orifice flow rate, the nozzle pressure, the nozzle temperature, and the nozzle discharge
area, a nozzle discharge coefficient (CN) was calculated for each test run. These values
all fall within a range of +0. 007 and -0. 0085 around an average of 0. 973 which is con-
sistent with the calculated uncertainty. If there were no error in the nozzle calculations
all of the CN values would be identical. From these results it is safe to assume that

the listed nozzle flow rates are accurate to at least +1%.

The tabulated mixing section flow rates were calculated as described in
section 4. 2. 2 by integrating the measured pressure and temperature profiles. As
described in section 4, 2. 3, these results probably have a fixed error of between +1%
and +2% and an uncertainty of between +3% and +4%. Table 5 presents a comparison

between three separate mass flow determinations:

integrated from traverse data
measured by orifice
computer mass flow giving the best wall static pressure

comparison

Only 4 of the tests could be measured with the large orifice, but all of these four tests
agree with the computer mass flow within +0.9% as shown on table 5. Section 4.2.3
shows that the expected uncertainty in orifice mass flow is about +1.3% making it much
more accurate than the integrated traverse values. The wall static pressures are in
fact a function of the average mass flow represented by the orifice value rather than a

local velocity profile down the center of the two-dimensional mixing section. This is
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true because the mixing section flow patterns can not support a side-to-side pressure
gradient along the 8 inch width of the mixing section which was verified by test measure-
ments. Therefore it is concluded that the measured orifice mass flows and the computer
mass flow for best match of wall static pressures are the correct mass flow values.

The integrated mass flows are in error and in some cases inconsistent. Table 5 shows
that the integrated mass flow values spread over a range of -2, 9% to +6.4% around the
computer determined value. Figures 11 and 12 show all of the mass flow values on -
Table 5 plotted versus the mixing section throat static pressure. Figure 11 for Runs
1-5 shows the good agreement between computer analytical mass flows and orifice mass
flows and shows the wide scatter of integrated traverse mass flows, Figure 12 for Runs
6-10 again shows good agreement between analytical and orifice values and this time
shows a consistent trend of integrated traverse mass flows which are now offset by

about +3. 2% on a line parallel to the other more accurate mass flow values.

The "mass-momentum' stagnation pressure listed on table 4 suffers from
the same Inaccuracies as the integrated mass flow rate discussed above. The plotting
of mass-momentum stagnation pressure versus mass flow will therefore show some

discrepancies.

5.2 Mixing Section Wall Static Pressure Variation

The wall static pressure distributions are shown on Figures 13 and 14 and
Table 6 as specified on Table 3. Runs 4, 8, and 11 on Table 6 were extra tests for
which no analytical solutions were obtained. Test Run 11 was a repeat of test Run 9

and gives results that are essentially the same.

Figures 13 and 14 show there is a good comparison between experimental
wall static pressures (shown as data points) and the analytical static pressures (solid
lines) at essentially the same mass flow (see discussion in section 5.1). The analytical
results have assumed that the mixing length constant in equation 20 is 0,08 and in
equation 21 is 0, 108, These values influence the mixing process through the eddy
viscosity. The influence on wall pressures is relatively minor as will be discussed in
section 5.5 where these values are varied over a reasonable range. The comparison

between test and analytical values is generally excellent. Both the data and analytical
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results show changes in shape at points where the geometry changes. The two areas
where some disagreement occurs is in the entrance region and in the last half of the

diffuser.

The difference in the bellmouth section occurs because the analytical
program calculates a centerline static pressure and assumes the static pressure con-
stant at each x distance from the nozzle discharge whereas the experimental data are
wall static pressures and can be influenced by curving streamlines. At x = 0 the bell-
mouth walls still have a significant curvature which causes flow streamline curvature
in this region. The result is a reduced wall static pressure and an elevated centerline
static pressure. Between 1 and 2 inches downstream of the nozzle discharge the wall
curvature is reduced to very small values and the data and analytical results agree very

closely.

The second area where minor differences occur is in the last half of the
diffuser for the higher flow rate test runs. The reason for this difference could be an
underestimation of the pressure losses due to wall friction, mixing, and diffusion.
Substantiation of this can be seen by comparing the slope of the pressure data to the
analytical results in the constant area throat section between 8 and 11 inches. For the
low flow rate Runs 2, 6 and 7 where the slopes are essentially equal, the test and
analytical diffuser wall pressures are almost identical. For the other runs the test
data slope between 8 and 11 inches is always more negative than the analytical results.
For frictionless uniform flow in a short constant area duct, the static pressures would
be equal all along the duct. For frictionless non-uniform flow in a short constant area
duct the static pressure can increase as mixing takes place. For non-uniform flow in a
constant area duct with friction, the static pressure will tend to decrease along the duct
and the slope will become less positive or more negative as flow rate (and therefore
losses) increases. From these observations, it would appear that the flow dependent
losses for the analytical solution may be underestimated in the constant area and
diffusing sections. This may be the cause of the difference between the test and

analytical wall static pressures in the diffuser section.
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5.3 Centerline Velocity and Temperature Variations

Figures 15 and 16 present the variation of maximum velocity and maximum
temperature as a function of distance from the nozzle discharge. The temperature
comparison is generally good for all test runs. The velocity comparison is also good.
However the experimental maximum velocities tend to be higher than the analytical
values in the first 4 inches downstream of the nozzle discharge. In the throat section
and diffuser, the experimental values tend to be lower than the analytical values. In
general the comparisons are very good. Differences may occur due to the eddy viscosity
and mixing length distributions assumed (see section 3.4) or due to measurement in-

accuracies.

5.4 Velocity Profiles and Temperature Profiles

A total of 45 sets of traverse measurements were taken during the experi-
mental test program. Table 3 shows the figure numbers that present the comparison
of the test data and analytical results for each test run. These results are presented
on Figures 17 through 26.

In general the comparison of profile shape and velocity magnitude is very
good between the analytical and experimental profiles. The comparisons for Runs 6
through 10 (Figures 21-24) match very closely. The only differences that are notice-
able are that the experimental velocity profiles within 5.0 inches of the nozzle discharge
are off center by about 0. 025" and slightly higher in maximum velocity than the corres-
poinding analytical velocities. The nonsymmetry has disappeared for all traverses at
distances greater than 5 inches. The good match of velocity profiles for Runs 6 through
10 goes along with the good comparison of static pressures and the consistent trend in

integrated traverse mass flow rate discussed previously.

The comparison of experimental and analytical velocity and temperatures is
not as good for Runs 1 through 5 as it was for Runs 6 through 10, The comparisons are
also not as consistent from run to run which also coincides with some of the static
pressure and mass flow differences noted previously for these runs. The following

observations apply only to Runs 1 through 5.
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1. The experimental jet is off center by about 0. 057" but the
non-symmetry has disappeared for profiles at distances

of greater than 5.0'".

2. For x of 3.0" or less the peak experimental velocities
are greater than the analytical values for Run 3 and

Run 2 and are slightly less for Runs 1 and 5.

3. The spread width of the velocity profiles compares very
well at distances from the nozzle of 7.0 inches or less.
For distances between 7 inches and 16 inches, the
experimental profiles tend to spread faster and have a

flatter profile.

4. The experimental temperature profiles in Figure 25 are
spread significantly more than the analytical values at
x=3.0" and x = 10, 5", the only two profiles plotted.

5. The comparisons for Run 1 are better than for the other

runs for the 1. 25" throat mixing section.

Both sets of data (for the 1. 25" and 1.875" throat height) were calculated

using the same eddy viscosity assumptions for mixing (0. 08 for eq. 20, 0. 108 for

eq. 21). The test Runs 6 through 10 have lower average throat Mach numbers (. 39 to
. 52), slightly higher primary nozzle velocities, higher wall static pressures, and
larger mixing section dimensions. The eddy viscosity assumptions may be more suit-
able for these operating conditions than for those of test Runs 1 through 5. In any
event, the agreement between experimental and analytical results is better for the
Runs 6 through 10.

5.5 Sengitivity of Computer Analysis

The sensitivity of the computer analysis to changes in eddy viscosity and
flow rate were investigated to obtain a measure of the amount of performance change

that can result from small changes in assumed values.
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5.5.1 Eddy Viscosity

The results for the eddy viscosity changes are shown on Figures 27, 28, and
29. The eddy viscosity is directly proportional to the square of the mixing length
according to equation 19, The changes in mixing length were confined to the mixing
region prior to the point where the jet mixing reaches the developing wall boundary
layer. In this region the mixing length is defined by equations 20 and 21 as a constant

times a mixing zone dimension (see section 3.4)

Equation 20 is used to calculate the mixing length in the region close to the
nozzle discharge where the primary jet still has a flat potential core (probably confined
to the first 0. 5" to 1.0" of mixing). Most of the calculations have been carried out
using a constant of 0. 08 in equation 20, For the results presented in this section the
comparative runs were made with the constant equal to 0.094 which gives about a 38%

increase in eddy viscosity in this small region.

Equation 21 is used to calculate the mixing length in the region where the
primary jet is "fully rounded" but has not intersected with the wall boundary layer.
This region extends for about 4" to 6" into the mixing section for the 1.25" throat con-
figuration and extends for about 6" to 8" for the 1.875" throat configuration. Most of
the calculations have been carried out using a constant of 0.108 in equation 21. For the
results presented in this section, the comparative runs were made with a constant equal

to 0.120 which gives about a 23% increase in eddy viscosity.

The velocity and temperature results shown on Figures 28 and 29 for Runs
3 and 6 show that the amount of mixing increases with eddy viscosity. This results in
reduced centerline velocities, increased velocities near the walls and increased wall

static pressures (see Figure 27). All of the changes are small.

The effect of mixing length changes in the rest of the mixing section as
defined by equation 25 was not investigated but it is expected that the results would be
similar. Section 3.4 points out that equation 25 was obtained by Nikuradse for fully
developed flow in round tubes and should be considered to give only approximate results,
Changes in this equation could provide a better match of static pressures for some of
the high flow test runs as discussed in Section 5.2,
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5.5.2 Flow Rate

Figure 27 shows the effect on wall static pressures of a 2,2% change in
total mass flow for Runs 3 and 6. The wall pressure decrease as flow rate is increased
is about double for Run 3 as compared to Run 6. The reason for this is that the average
Mach number for Run 3 (1.25' throat) is larger than for Run 6 (1.875' throat) even
though the Run 6 mass flow is larger. Figure 30 shows the influence of throat Mach
number on throat static pressure level. The local slope of this line indicates the rate
of change of throat pressure with Mach number. Run 6 happens to be the lowest Mach
number test run and Run 3 has one of the largest Mach numbers. A 'comparison of the
local slopes for Run 3 and Run 6 on Figure 30 gives results consistent with Figure 27.
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Section 6
CONCLUSIONS

The finite difference computer analysis developed to analyze
two-dimensional co-axial slot ejectors with variable area
mixing sections predicts the performance of the experimental

configurations tested under this program very closely.

The analytical and gxperimental results compared are at
essentially the same flow rate within the accuracy of our
measurements. The correct mixing section mass flow
rates for each test are best represented by the orifice
measured values and the computer analytical mass flow
for best comparison of measured wall static pressures.
These two values agree within ¥ 0.9%. The integrated
traverse mass flows are less accurate and range between
-2.9% and 6. 4% of the other values.

The experimental and analytical wall static pressure distributions
agree within 1 or 2 inches of water over most of the mixing

section for most of the test runs.

The experimental and analytical velocity profiles compare
very well in both velocity level and amount of jet spread due

to mixing.
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Appendix A
BASIC EGUATIONS OF MOTION

_ The momentum and energy equations as shown in equations 1 and 2 in the
main text can be transformed to the x—zpz coordinates according to Denny(s) by the
following steps.

Momentum Equation:

The stream function transformation is defined by:

5 X
3p°_ == B8y _ _pu.——
L. = : -1
y  P% oy 20 - (A-1)
then:
du _ 8y du__ pu 2 u )
dy 9y oy 2y 3 ¥ (A-2)
The third term of the momentum equation becomes:
- 87 __ _u 9T _ u__d -, = 3 u _
“ %y, " Ty 59 29 89 {’”’”) ay] (A-3)
uar_ _u_ _d - ,—- pu 3du }
59,  ZT9 09 E“”’”zw aw] (A-4)

The substitution of equation A-4 into equation 1 of the main text results in
equation 9 of the main text,

Energy Equation

The third term of the energy equation (equation 2) is transformed as follows:

- - DT € e

- 98q _ _u 9gq _ _u 9 Pop 8T

“39. 29 3y Z9 39 [(-E‘“ P )By] (A-5)
s L rt

3T _ 8% 8T _ pu 8T _
5y - By 59 20 09 (A-6)
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The substitution of equation A-6 into A-5 completes the transformation of the third term

of the energy equation as shown in equation A-7.

- rYel _ =
- u 9 [('l_{ + p‘E ) pu BT] (A-T)

34)8 2y oY Prt 29 98y

u

The fourth term of the energy equation (equation 2 and 3) is transformed by
substituting equation A-2 into equation 3 as follows:

- (Areey (28 du (A-8)

*oll»et

+
p

The substitution of equations(A-7) and (A-8) into equation 2 of the main text results in
equation 10 of the main text.

Dimensionless Momentum Equation

The equations 11 through 15 of the main text define the dimensionless groups

used to non-dimensionalize both the momentum and energy equations.

The first term of the momentum equation (equation 9) is non-dimensional-

ized as follows:

3
b and u
= ou _ .0 du _
u 5% ‘o)uBX (A-9)

The second term of the momentum equation is non-dimensionalized as

follows;
2
3 r p.u u
__,1,_.1&=__1.(°° 0)1 dpP_ (A-10)
P dx Po 2 Vs p* dX
1 dp _ 0 1 dP
- ax -~ (3 )Zp* dX (A-11)
The third term of the momentum equation is non-dimensionalized as
follows:

35



Q
=

=1
<=
2
Q
<
—
=i
+
ol
m
S
o
<«|=l
2
-
(S|

uu ppruuu
_ 0 9 0 0O 0 dUu
T 2o g azp*ﬁ“o“* tpPrE VY 2 pgry a¢*]
u3
_ 0 u 9 u 9 u _
- ( VO) 2¢* ad)* [( ""* + P* E) %}:— aw*] (A 12)

The non-dimensionalized form of the momentum equation (equation 16) is
obtained by substituting equations A-9, A-11, and A-12 into equation 9 of the main text

and eliminating the factor (ui/bo ) from each term.

Dimensionless Energy Equation

The first term of the energy equation (equation 10) is non-dimensionalized

as follows:
— = 2
_ 2@ wfuC (T -T) 8(Ck6)
u =
9 x v 2 X
(o]
u’C_(T. -T )] 8(C* 6)
0" WT 0O
=[ o P - ]u a)lc) (A-13)

The second term of the energy equation is non-dimensionalized as follows:
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A
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O
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The third term of the energy equation is non-dimensionalized as follows:

= T ) T
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The fourthterm of the energy equation is non-dimensionalized as follows:
(Eipey (pu_ bu y
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Each of the four terms of the energy equation is then divided by the
quantity:
2
Y pO(TWI‘_ o
: > (A-17)
o .

which results in the following combination of quantities in the second and fourth terms

of the energy equation:
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The substitution of equations A-13, A-14, A-15, and A-16 into equation 10,
the division by the quantity in (A-17) and the substitution of CL into the second and fourth

terms results in equation 17 of the main text,
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Appendix B
FINITE DIFFERENCE EQUATIONS

This Appendix provides the detailed derivations of the finite difference
equivalents of the momentum and energy conservation equations, (16) and (17)
respectively. For convenience the following definitions are introduced:
e PG
=y~ "7 29

ro rt

[ x
S:-zuff] p*u
¥

and

L.

These definitions and the assumption that C’I'; =1.0 permit the momentum and energy

equations to be expressed as

u 29 - 1 dp . u 9 du
9 X 2p* dX 2% Jy* 9 ¥ (B-1)

Y _ % o ap Y9 e 2 w0 020 B-2)
85X  Zpr tdx | ZF  |ap* ZgF 99 |~ o9

Before approximating these equations with finite difference relations a
system of grid lines parallel to the X and §* axes must be introduced. As illustrated
in figure B-1, a nodal point coincides with each intersection of these lines. Lines
parallel to the P* axis are termed m-lines and those parallel to X axis n-lines. Each

node is given a double subscript, the first being the number of the m-line passing

through it, and the second the n-line number.

node2 3

’

m-lines n-lines

node1 2

’

A

Figure B-1 Definition of Grid Lines for Finite Difference Solution
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The values of the variables on the m=1 line are the known initial conditions. The
conservation equations express for each node on the m=2 line its inter-relation with
other nodes on the m=2 line and nodes on the m=1 line. If m=2 line nodes are only
related to nodes which lie on the m=1 line, the finite difference scheme is termed
explicit. If an m=2 node is also related to a number of other m=2 nodes, the scheme is

termed implicit (See figure B-2).

-0

O——-—-»—A—*——

EXPLICIT IMPLICIT
Figure B-2

Diagrams of Explicit and Implicit Solutions

The implicit form of finite difference schemes leads to a series of N simultaneous
algebraic equations relating the known initial conditions on the m=1 line and the unknown
variables on each of the N nodes on the m=2 line. After solution of these simultaneous
equations, the variables on the m=3 line are expressed in terms of the known values on
the m=2 line, Proceeding in this manner, a solution to the complete flow field is
marched out. Although simpler to program, the explicit scheme shows unstable
characteristics if the m-lines are widely spaced relative to the n-line spacing. Implicit
schemes show much more stable characteristics and therefore allow much larger m-line
spacings, thus reducing computation times. The computer procedure presented in this
report employs "a system of implicit finite difference approximations which are defined
using the notation described in figure B-3.
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Figure B-3
Implicit Finite Difference Term Definition

The velocity at nodes n+1 and n-1 can be expressed in terms of a Taylor series expanded
about node n, on the same m-line,

2
—u +Ap 24 ¥ G o% + higher order terms B-3
Un+1 = Up T Y 5 2yl g (B-3)
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Neglecting terms of the order (Aw)3 and higher, yields

Ay, Ay, Ay, Ay,
By; ) "n+l T \EV, “n-1 T\Bp; T &9, )'n
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Vo L4, + Y1
and
R = /WJZ
2 AWIYsz + Awl)
yields,
au _ _ -
yF = Ry gy uw) o+ Ry (ug Yn-1
n
Similarly
o6 _ _ _
o = Ry (64 o) * Ry (6, On-1
n

The second derivative term in the momentum equation is

approximated using the following Taylor series expansions,
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+ higher order terms (B-T)
Ay
), - ), - % ()]
v /n-y aw / 2y TR
2
Ay 1 2)2 S'Ju .
+ 4 2 % + higher order terms
Jy* RY)
n
(B-8)

2
Neglecting terms of the order of “— and higher yields,

- (Sm%) = {<§ET> - (sﬂ%> 2
E)\JJ BQJ B\P n+;i le n—% /\lpl + A 5

; 1 (Spe1 * Sp) (Bpyy = Up)
(Sn + Sn"'l) (un - un-l) (B-9)
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Similarly,

3 Qae _ l (Qn+l + Qn) (On+l - en) _
ap” | o | AVt A2 N
(Q +Q,_1) (6570, _7) (B-10)
YT

The velocity at a node located at the intersection

of the downstream m-line and any n-line u, = can be expressed
’

in terms of the following Taylor series,

2
a u
n X+ 3X2 (A'X)2 + higher order terms
n N

]
N

I

e

-+
wlas
|2

(B-11)

Use of the boundary layer equations implies that gradients
in the X-direction are much smaller than those in the¥*-direction.
Therefore it is permissible to use a simplier approximation of
the X-direction derivatives.
Neglecting terms of (AX)2 and higher vyields,

Su Y n~ Y1,n

3 - < (B-12)

This approximation is termed "hackward-difference”.

Similarly,

_ _2,n o (B-13)
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The only terms in the energy and momentum equations which cannot be approximated
using the preceeding equations are those containing the pressure gradient dp

—

dx *
Assuming this gradient varies linearly throughout the AX interval yields,
dP _ 1 fap | dp
X7 (ax l t I (B-14)
m=1 m=2

Momentum Equation

Combining equations (B- 1), (B-9), (B-12) and (B-14) yields

e en M 1 rap , dp_ . M,n 1
I,n AX 4p*1,n dx- m=1 dX m=2 24,*n Azpl + A¢2

Spyg * Sy (u2, n+l ~ u2,n) RS (u2, n~ Yo n-1

& - a7, (B-15)

This equation can be expressed in the form

A +B

n-1 u2,n n-1 u2,n+1 * Cn—l u:Z,n..l = Dn_l (B-16)

in which the coefficients are defined by equations 27 through 34 of the main text,

Energy Equation

Combining equations (B-2), (B-5), (B-10), (B-13) and (B-14) yields

“1,n L,n' _ L 1,n"1,n [R (u } u )+ R (4 u ) 2
AX oYF 2 Mo nvl 2,n 1%2,n 7 Y2, n-1
“,n 1 Q@ * W (92,n+1 " 62,n)
2d)*n Azpl " A31)2 A¢1

N R T T , dp
A7, \4p*1’n X ‘o

(B-17)
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This equation can be expressed in the form

. 6 + B + C 0 =D

2,n " Bn1 v P2t Cpo1t 92,01 (B-18)

n-1

in which the coefficients are defined by equations 37 through 45 of the main text,
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Appendix C
Solution Procedure

The calculation procedure starts at the upstream flow boundary, where the
values of all flow variables must be known or assumed. Specification of the velocity and
temperature distribution, dimensionless eddy viscosity, duct and nozzle inlet
dimensions, and working fluid, defines all initial conditions,

The known initial conditions, m=1 line, are related to the unknown
conditions, m=2 line, by the previously derived equations, and assumed boundary
conditions. These inter-relations form a set of N-2 simultaneous algebraic equations,
where N is the number of n-lines, and the equations are shown in Appendix B. The
resultant matrix of coefficients is tridiagonal in form except for the initial and final rows
which only contain two terms. Rapid, exact solutions to this type of matrix are ob-
tained using the Thomas Algorithm, a successive elimination technique, which is

described in this Appendix.

The solution for the variables on the m=2 line is iterative, because of the
presence of the unknown pressure in the momentum equation. The procedure adopted
was to estimate the pressure gradient, and solve the equations, using the algorithm.
The equations automatically satisfy conservation of mass, momentum, and energy, but
only one pressure gradient yields the correct wall geometry. The duct dimension
corresponding to the estimated pressure gradient was calculated from the m=2 line
variables. The pressure gradient was then incremented by a small percentage of its
initial estimated value, and the calculation process repeated for a new duct dimension.
A third estimate of the pressure gradient was obtained by interpolation between the two
calculated, and the actual duct dimension. In almost all the calculations performed to
date, this value has been acceptably close, within 0,001%, to the actual duct dimension.
If this criterion is not met, a further iteration is applied, and a fourth solution obtained.

The now known variables on the m=2 line become the new m=1 line variables
and the procedure is repeated for another set of m=2 line variables. Thus a solution to
the complete flow field is marched out.
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The difference form of the momentum and cnergy

equation is:

An-l xn + Bn—l Xn+l + Cn-l xn-l = Dn—l (C-)

where X is either u or 8., If the number of n-lines is N,

there are N-2 equations of the form (1) and two equations
expressing the boundary conditions. The first and the last
equations represent the boundary conditions, which in difference

form along the axis of symmetry are:

Ju

o+ = ( or uz’2 = u2,l (C-2)
and
%%* = 0or 8, , = 0, (C-3)
Equations (C-2) and (C~3) can be written in terms of X as follows:
X, = X | (C-9)
At the duct wall the boundary conditions are

u, = 0 (C-5)
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o8 T PN

Equations (C-5) and (C-6) can be written in terms of X as follows:

Xy = KX,

(C-6)

(C-7)

where K is 0 for the momentum equation and unity for the energy equation. Thus, the

matrix form of the equation (C-1) is shown on the following page (Table C-1).

The second equation is

CX *+ A% + BX, = D

Substituting equation (C-4) into this equation yields:

A1X2 + le3 = Dl
L
whereA1 = C1 + Al
The Nth -1 equation is

Cn-2 Xy-2 * Byp Xy * By, X, = Dy-2

Substituting equation (C-T)into this equation yields:

. . . -

)
°N-2 Tw-2 * A2 Xy = Dy,

[] - -
where A o , = Ag_ , + K-B

(C-9)

(C-10)

(C-11)

(C-12)

Thus the N equations (C-8) can be reduced to the N-2 equations shown on Table C-2.
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The Thomas Algorithm

Starting with the first equation, X, can be
expressed in terms of Xa. The second equation gives Xq in
terms of X4. Continuing through allvthe equat}ons until the
Nth -3 equation gives X2 in terms of Xg-1- Combining this
with the last equation gives XN-l‘ Working backwards through

the equations then allows the remaining unknowns to be found.

This procedure is most easily applied by defining the following:

W), = A,
D
1
g =
1 WI
Bn--l
Q . = = n = 2,3---(N-2) (C-14)
n l wn_l ;
- - = ———(N=-2
W A c. Q.3 n | 2,3 (N | )
C g
_ - _-n “n-1 = ——— (N—
gn = Dn Wn - n = 2,3 (N 2)

Equations (C-13) then reduce to:

X-N_l - gN-z and Xn = gn-—l - Qn—l Xn+1 n=(N-2), (N-3),---2 (c-15)

If the values of W, Q and g are calculated in order of in-
creasing n using equations (C-14), then equations (C-15) can be
used to calculate the values of X in order of decreasing X
starting with X _,. To clarify this procedure, the method

is now used to solve the following four simultaneous equations:
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Bl X
W, =
Q =
9, =
hence
A2 X
W2 =
Q, =
9, =
hence

. - -
X, Dy
X3 Dy
) ,
X
4| =| Dy
X D
1 R
= Dl
-0 %3
+oC, X, =
Q
9
- X, Q

(C-16)
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3 4 5
By

Q, = =
3 W,

_ D3 = €3 9,
93 = W,
hence X, = g5 - Q; Xg (C-17)
A4 X5 + C4 X4 = D4

_ Py T Sy 9
94 W,
hence X = 94 (C-18)

Substituting in equation (C-16) yields X3. Equations (C-17) and (C-18) are special

forms of equations (C-15) for N=¢ and n=4.
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Appendix D

COMPUTER PROGRAM

The computational procedure consists of a main program, which is divided
into ten sections, and six subroutines. The program Flow Chart is shown on Figure D-1,
The functions of each section of the main program are as follows:

Section (1): Input and Initialization

(a) Constants which have single, initial value for most applications are defined

with data statements.

(b) The parameters which specify the test conditions are inputed from data

cards.
(c) Dimensional parts of the data are non-dimensionalized.

Section (2): Initial Profiles Generated

* * *
(a) The initialu, 8, 4 , p , E, Y, and ¢ distributions are calculated.

(b) The shear layer and wall boundary layer thickness are calculated using a

search technique applied to the m = 1 line velocity profile.

Section (3): Turbulence Model

(a) The dimensionless eddy viscosity, which will subsequently be used in
calculating the variables on the m = 2 line, is calculated fromm = 1
velocity profile and one of the turbulence models detailed in the main
text.

Section (4): Choice of X-Step

(a) The distance between the m =1 and m = 2 lines is chosen. Initially,
this distance is related to the shear layer width but after this layer
impinges on the wall boundary layer, it becomes a constant fraction of

the duct radius or width.
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Section (5): Calculation of Velocity on m = 2 Line

() The duct radius or width at the m = 2 line, is interpolated from the input
data.

(b) Tmitially, the m = 2 line pressure gradient is set equal to the average of

the pressure gradients at the previous two m lines.
() The distribution of velocity on the m = 2 line is calculated.

Section (6): Calculation of Temperature on m =2 Line

(a) The distribution of temperature on the m = 2 line, is calculated, and from

it the distributions of density and molecular viscosity.

Section (7): Pressure Gradient Modification

() The position of the nth node, in the y-plane, is calculated from the m = 2
line profiles. If this value is acceptably close to the duct wall, the pressure

is incremented by dp.

(b) Alternatively if this requirement is not satisfied, then an improved

estimate of the pressure gradient is made.
(c) Using this estimate, section 5(c) and section (6) are repeated.

Section (8): Transference

(a) The values of u and 6 calculated on the m = 2 line are transferred to the storage
space previously used for conditions on the m = 1 line, in preparation for the

advance to the next m-line.

Section (9): Output

(a) The velocity and temperature profiles are printed out at defined intervals,

and several flow variables are printed at every step.
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Section (10): Termination Test

(a) If the maximum x-value has not been reached, execution is returned to

Section (3), in order to advance to the next m-line. The functions of

each sub-routine are as follows:

CALC:

RADIUS:

TEMP:

YDIS:

LOOK:

CHECK:

MCHECK:

PROF':

This evaluates u and 6 using the Thomas algorithm.

The duct shape is inputed to the calculation procedure, through
this routine. It interpolates this data and calculates the local
duct radius at every m-line,

If the dimensionless temperature variation is a known boundary
condition , it is specified in the routine., This routine is redundant
with the present boundary conditions.

The position of the grid nodes in the y-plane is calculated with this

routine.

The position of the grid nodes in the ¥-plane is assigned in this routine.
The initial flow conditions determine the form of this routine, i.e,

single stream flow, two-stream and mass ratio.

The shear layer and boundary layer width are calculated using a
search technique applied to the m = 1 line velocity profile.

This routine checks the conservation of mass and energy.

This routine checks the conservation of momentum between adjacent

m-lines.

Calculates the initial velocity and temperature profiles.
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FORTRAN SYMBOLS

60

A

B(I)

BB
BE
BH

BY

cc
C

DD

DELTA
DP1
DP2
DP11
DX
E(I)

ENERG

FDUCT
FPRIM
GAMA

IFLOW

ITER
JFLOW

MEANING

n-;l
Bn-1 .

Minimum value of step size AX
Dimensionless jet shear layer inner edge
Dimensionless jet shear layer width,
BY-BE ’
Dimensionless jet shear layer outer
edge

K

n-1

at m = 1 line
dP ) gt m = 2 line

X
at m = 0 line
AX .
E
N

Z Gu P*AY

Mass flow in duct

Mass flow in nozzle

Y

Control variable (zero upstream of point
where wall boundary layer and shear layer
meet, otherwise one)

Iteration counter for inner loop

Control variable with the value one for single-
stream flow and two for two-stream flow



FORTRAN SYMBOLS

LVH

LZ

N

NL, NP,NPP, SQP

NJ
NSTEP
NTEST
PAMB
PCUM
PE
PH20
PS(I)

PR
PRT

PSN
PSNJ
RHO(m, I)
RM

RNU

ROREF

RR(I)
T(m, I)
TCLI

TFLOW

MEANING

Dimensional local velocity head, Z')Ez /28,

L
m

Total number of node points on each m-line

Control Va;'iable,s for axisymmetric flow NL=1,

NP=2, NPP= 0 and SQP= 0.5; and for plane
flow NL= 0, NP = 0, NPP=1 and SQP = 1
Number of node points in jet

Number of downstream steps

Test number

Ambient pressure

Local dimensidﬁless pressure

Pressure at nozzle exit plane

Local dimensional pressure

P

rt
Total z,b* in the duct

*
Total ¥ 1in the jet
*
p

ir
Ho

Py

Duct _w,idthqo:r diameter

6 1
T].'
. : N
Total mass, flow rate, z p*u AY
i=1
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TREF

TSEC

TTP(J)
TTT(J)

TWREF

U(m, T
UCLI

UPOT
URR
USE
Uuu(I)
VHEAD

VIS(])

(D)
YJ
YS

62

T
o

Temperature of secondary flow at nozzle exit
plane

T
Dimensional stagnation temperature at each node,

T + °g

o

T
wr

uO

Velocity at inflection pou.:

u*

Secondary velocity at nozzle exit

u

Reference velocity head, pouo2 / 2g,

*
1)

X

Di stance from duct inlet at which calculation
ends

Distance from duct inlet at which duct width,
RR(I) are provided

Non-dimensional downstream distance with
respect to the initial duct half width or radius
Y

Half nozzle width or radius at nozzle exit

y+



Definition of the Input and Output Parameters

Part (a) Input data

The input data to the program must be prepared according to the following

sequence:

Card No, Parameters Format
1 SQP, NP, NPP, NL F5.0, 315
2 DP1, DP2, DP11 3E13.6
3 X, Xx 8F10.0
4 MK . 15
5 PROFE(D), I= 1, MK 8F10.0
6
7 NTEST 15
8 P01, TO1, PAMB, TOO, AMASS1, AMASSO, 8F10.0

RD, YJ
9
10 (PS(), 1= 53, 70) 6E13.6
11
12 NS 12
13
14 ‘(RR(I), I= 1, NS) 8F10.0
15
16
17 (XX(I), I= 1, NS) 8F10.0
18 |
19 SQP, NP, NPP, NL F5.0, 3I5

Card 19 is the last card to end the calculation of the Program, on which

NPP must be set a value larger than 1.

Cards 1 through 18 are required for each set of data. For data more than

one set, cards 1 through 18 must be repeated in the same sequence.
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An example of input data for two sets of data are shown on Table A-1, The

input parameters are:

- SQP,NP,NPP,NL Control Card for axisymmetric flow
SQP = 0.5, NP = 2, NPP = 0, NL = 1, for plane flow
SQP = 1,0, NP = 0, NPP = 1, NL = 0.

DP1, DP2, DPl Initial guessed dimensionless pressure gradients on m=1, 2 and
zero lines respectively. The initial guesses of the values of DPI,
DP2, DP1 at the initial plane may be assumed equal at any plus

or minus dimensionless value of the order of 10_7 to 10_8.

X - Distance from duct inlet to nozzle exit plane at which calculation
begins, inches,

XX- Distance from duct inlet at which calculation stops

MK- A number which indicates the number of velocity and
temperature detail being printed out.

PROFE(I)- An array contains MK value of downstream positions in inches

where the velocity and temperature detail are required to be

printed out.

NTEST- Test or Run number identity
POI- Stagnation pressure of the primary flow, psia
TOl- Stagnation temperature of the primary flow, °R
PAMB Ambient pressure (i.e., stagnation pressure of the secondary
flow), psia
TOO- Stagnation temperature of the secondary flow, °R
AMASSI- Primary mass flow rate,
AMASSO- Secondary Mass flow rate.
For axisymmetric flow, 1bm/sec.
For plane flow, lbm/sec-in.
RD- Half duct width at nozzle discharge plane, inches
YJ- Full jet width, inches, (Outside dimension of nozzle exit)
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PS(T)-

NS -

RR(D) -

XX -

To take care of the boundary layer problem, the last 18 values to
the wall are required to be specified in the SUBROUTINE PSI.
SUBROUTINE PS(I) already includes the values needed for the
computer calculation. The computer values were selected to
satisfy the following:
(1) grid spacing of the wall should not correspond to a value of
y+ grea'ter than 3. .
(2) neighboring grid spacings should not differ in size by more
than 50%.
(3) close spacing is also required in any region away from the
wall where the velocity gradient is large.
Indicates the total number of duct geometry to be read in the
SUBROUTINE RADIUS

An array contains the total number (NS) of duct width, inches

An array contains the total number (NS) of axial downstream
distance, where RR(I) are provided, inches

Part (b) Output Parameters

The first section of the output repeats the most important input data for

different test or run number,

Velocity ratio

Width ratio

Mass flow ratio

J -

Y(J) -

UJ) -

66
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]

initial velocity of secondary flow

initial velocity of primary flow

initial duct width

nozzle width

secondary mass flow

primary mass flow
Indicates node point counting from centerline to wall

Dimensionless Y coordinate with respect to the local half
duct width.

Dimensional velocity on Jth node, ft/sec



TO(J) - Dimensional stagnation temperature on Jth node, Oop

I- : Print étep-counter at approximately XIN increases
0.25 inches

XIN - downstream distance from nozzle exit plane where

calculation begins, inches

X/BO - ratio of downstream distance with respect to initial
half duct width.

B/BO - ratio of the local duct width with respect to initial duct
width.
PH20 - Local wall static pressure, 9 inches of water
UCENT - velocity of the flow at centerline, ft/sec
TOCENT -~ centerline stagnation temperature of the flow, °r
Yw
AUGMENT - | Local momentum flux, 2 f paldy , divided
0

by initial jet momentum
USTER - Local friction velocity, ft/sec

The selection of intervals at which calculations are made is determined by
a subroutine in the computer program. The data is printed out at approximately quarter
inch intervals. The locations where temperature and velocity profiles are printed out
are specified by the user in PROFE(I) described in the input data.
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PROGRAM LISTING

The program listing included in this report is for the program as run on a
CDC/6600. The program was initially developed on an IBM 360/50. The deck is the
one successfully run on the CDC/6600.

The essential changes to the program necessary to recover the IBM 360/50

deck are:
1. Certain variables should be in 3 real*8 mode
Add
Card 7
JMX40 REAL*8 Y, DABS, DLOG, YB1, YB2
YIS20 REAL*8 ZY, Y
CHE20 REAL*8 Y
- BLC20 REAL*s Y
LEF20 REAL*8 Y
Change

Functions ABS( ), and ALOG( ), should be changed to DABS( ),
and DLOG( ). These occur in cards

JMX2710 JMX3750 JMX4450
JMX3030 JMX4340 JMX4460

Card YIS50 should be Y(1) = 0. 0Do

Output Hollerith symbols should be changed from * to These occur in

cards
JMX460 JMX660 JMX730 JMX2120 JMX5640
JMX470 JMXT700 JMX740 JMX5190 JMX5650
IJMX520 JMX710 JMX2090 JMX5200 JMX5660
JMX530 JMX720 JMX2110 JMX5590 JMX5670
GEM110 CHE330 BLC190
GEM120 CHE340 BLC200

Deck characters are BCD.
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Figure D-2
COMPUTER PROGRAM LISTING

RUN VERSTON 2.7 ==PSR LEVEL 29R=~

PROGRAM NAS(INPUT|0UTPUT'TAPESHINPUT|TAPE6I0UTPUT)

ongons REAL LZ JMX S0
000007 COMMON NP SQP s NPPyNL JuX 60
000003 . . RIMENSION U(2,70 YoTTTI70), T{2:70 1¢S1(70 },52(70 19S3(70 Yy JIMX 10
1PS(T0 Y 4R2(70 Y 4EL(TD Y eRI(TO Do Y70 )9E(T0 Vo JMX a0
2RHO(2+70) s VIS(TAY 4 TTPLT0) »AALTOYy D(T70) JMX 90

LA(T0 YeRIUT0 ) 9CLTO Y oHITO Y »BBB(TO) JMX 100

& -YOLD(Z)oAUGM(70)cPROFE(2n);UJ(TO) »YRL(T0) JMx 110

ooonal F(Xl'Y1)=((2./?.‘)0(1.0.2'x1”2))"3-Y1'Xl JMX 120
c . o JMX 120

c . L4 » SECTION } . ® » JMX 140

C JMX 150

¢ kJ 1S A CONTROL VARTABLE., 1 FOR SINGLE STREAM FLOW WITH INITIAL WAJMX 160

¢ ROUINDARY LAYER, 2 FOR SINGLE STREAM FLOW WITHOUT WeBsLe OR TWO STRJMX }70

[ FLOW WITH A TOP HAT PROFILE JMX 180

C JMX 190

c X =nISTANCE FPAM THE pUCT INLET TO NOZZLE EXIT INCHES JMX 200

c USE= U SECONOARY (FTY/SEC) Jux 210

C xx=DISTANCE FAnM TKE DUCT INLET AT wHICH CALCULATIONS STOP (INCHJMX 220

¢ Raliz REFERENCE VISCOSITY FT/SEC2 JMX 230

Cc PF=NOZZLE EXIT PLANE PRESSURE LBF/FT2 GAUGE JMX 240

o ROREF=REFERENCF DENSITY LAM/FT] JMX 250

[of FAUCT=TOTAL MASS FLOW RATE (LBM/SEC ) JMX 260

I PP=PRANTL NUMRER JMX 270

c PRT= TUARULENT PRANTL NUMBRER JMX 280

c TwaFFeWwALL REFERENCE TEMPFRATURE DEGAR JMX 290

c TeLl= JET TEMPFRATURE AT NOZZLE EXIT OEGeR JMX 300

(o YJ= FFFECTIVE moZZLE EXIT RADIUS (INCHES) JMX 310

[y UCLT =JET VELOCITY AT NOZZLE EXIT FT/SEC JMX 320

c GAMA=GAS CONSTANT= 1.4 FOR AIR JMX 330

C RMz KREFERENCE MACH NUMAER JMX 340

[ TSFC=SECOMDARY TEMPERATURE (DEGsR) JMX 350

[ PRFF=HEFFRENCE PRESSURF LAF/FT2 A JMX 360

c PAMA=AMAIFNT PRESSURE LRF/FT2 ’ . JMX 370

[ NOZ7ZLE RADTUS TN INCHES JMX 330

000014 DATA RNU.RnREF,PREF,GAMA/.0001SBOo.0763.2115..1.6/ JMX 390
ononlék DATA PRyPRTyTRFF y TWREF/04740+915200956040/ ' JHMX 400
000014 RABA CONT INUE JMx  4l0
onenlA READ(5¢80n19) SAQPNPyNPPyNL JMX 420
ooon3? aole FORMAT(FS,0,315) - JMX 430
000037 IF (MPP~ 1) T737,R38,883 o JMX 440
000035 A3A WRITF(6+279) JMX 450
000041 279 FORNAT(lHlo//vlan‘VWO-DIMENSXONAL DUCT FLOWay/910Xstooe coammema=JMX 460
om ceme scesd,y//) JMX 470

000041 TWREF 2540 JHMX  4A0
000043 CC = .08 : , JMx 490
000nN4s GO 70 102) JMX 500
000N4R 717 WRYTE (6,829} JNX 510
000ns) R29 FORMAT(1IH1+//7910X, OAX!SYMMETRIC pucT FLO!-'/olOXo'o-----z—---- -=JMX S$20
loe came®y//) ’ R s e AT JMX 530

000051 TWREF a3 560. JMX 540
000052 CC = +07 JMX 550
[ IMPYT SECTION JMX 560

000056 1021 CONTINUE , JUX 570



RN VFRSTON 2,7 =wPSR LEVEL 29faw NAS

ononca
vono6A
000NARA
00007A
000104
000117
000V 2R
00012s
000133
000133
000157
000157
000203

000203
000208
000210
onoz2ly

000?16
00?16
000274
000230
gog2n

anp232
000?3s
000237
00024
000744
000247
009252
060256
000260
000261

000262
000764
0no26&%
000P6A
000,70
000274
000305
aon3le
nNoe3le
000323
000332
000334
000341
000344
000345
000347
000351
000357
0003523

70

READ(S5s7R17) DP)OP24+0P1} JMX 589
7R17 FDPRMAT(3E13,4) JMX 590
REAN(Sy  73) X XX JMX 600
RFAN(5437) MK JMX 610
RFANIS73) (PROFE(I)sIx14MK) JMX 620
READ(S5437) NTEST JMX 630

37 FORMAT(IS) ' JMXA4Q
T APITELA,39) NTEST JMX 650
19 FORMAT (//425% ¢, INPUT DATA RUN NO. #,15,,/) JMX 660
RFEAD(5473) PO14TO14PAMA,TO0)AMASS) , AMASSO,RD,YJ JMX 870
73 FORMAT (RF)0,0) JMX 6RO
WRITE{6.7) POI.TOI,PAMP.TOO-AMASSloAMASSOoRD'YJ JMX 6590
-~ 7 FORMAT (15Xs %P0} 3 #,FR, 4@ PSIA®, /415X s#T0) = a4FR, 448 DEG Re® +JMX 700
V/915X0#PAMA = B,FB,40% PSTA®, /4 15X,8T00 = 9yFB.,49% DEG, R», JMX  Tlo
P/9ISXeRAMASS] = 4,F 8,4y LBM/S=IN.®3/915X90AMASSO = ®4FRA4# LEBMJMX 720
I/5=THe®s /915X #R0 (HALF DUCT WIDTH) = $sFBady®  INe®y /9 15Xs%YJIFULLIMX T30
4 JFT WIDTH) ® #,F8,464% IN,#y/) JMX T4
IFINP L,EQ. 2) =0 TO 2001 JMX 750
A2 = 2,9%RD =Y JMX T80
GO 10 1201} JMX 770
2001 A2 = 3,14)16/4,0((2,%RD) 8020y je#2) JMX 780
1201 CONTINUE N JMX 790
ASTARa (AMASSO/PAMB) #S0QT (TOO® (53,3/(1,4#32,2)))#1,2e43 JMX  B0O
Y1 = A2/ASTAR JMX 810
X111 3 1, JMX 820

X22 = 03

TOL = L0001 JMX 840
TESTI1=F (X]11,4V]}) JMX 850
TEST2=F (X22y, Y1) JMX 860
?? HALF = (X11eX22)/2, JMX 870
CHEKY=F (HALFyY)) JMX 880
1F (ARS(CHEX1) ,LF,TOL) GO TO 23 . JMX  Aa9p
TF(ARS(TEST1=CHFK1)=ABS(TEST1)) 19423429 JMX 900
29 X272 = HALF JMX 910
TEST2=CHEK] JMX 920
60 10 22 JMX 930
19 X11 = HALF JMX 940
TEST=CHEX] JMX 950
G0 10 22 JMX 960
23 RM? = HALF JMX 970
Pl = PAMB/((I.0.2' RM?"z)"J.S) JMX 940
PAY = (POY/Pl)es((GAMA=1) /GAMA) JMX 990
RM = SQAT((PA] «1,}#(2,/(GAMA=],))) JMX 1000
TELT = TO1/Pa} JMX 1010
UCLT = RM@SURT(1,4932,2453 36TCLI) JMx 1020
PAP={(PAMR /P1)o#((GAMA=],)/GAMA) JMX 1030
TSEC = TOO/Pa? JMX 1040
USFEC = SOQTI(2,9,24%778,832,28(T00=TSEC)) ’ JMX 1050
PF = (Pl=PAMR)®144, JMX 1060
PAMR= PAMp#las, JMX 1070
UJR = USFC/UCLY JMX 1080
AMR ‘= AMASSO/AMASS]) JMX 1090
YJ 5 YJ/2, JMX 1100
NeT0 JMX 1110
NTT=N=2 JMX 1120



RUN VFRSTION 2,3 ==PSR LEVEL 29A--

0001355
000357
00n360
0003

000362
000367
000364
0003RS
0001366
000367
000370
eon371

000372
0001373
ooc74
000375
0003TA
000377
00040n

000640)
000404
00040A
006407
000412
00nals
000617
000420
o0ns2)

000421

000624
000425
000432
000437
000444

000644

000450
000452
000454
000455
00n4asn
000463
0004KA
00neT
000474
000474~

000500
000503
0n0s07
apoS1Nn

(e} s Xe Kl

NNz N=1
PRFF = 2115,
PT = 0.

Toi N1 = Qo
ITFR = 0
BY=n,

IL= 0
JFLOW=2

UREF = ,001
IURFS=Q
BH=zn,

PH?20 = 0,
NSTEP=(Q
IFLOW = 0
URR = 1,
1CORE=D
TOLD(2) =0
DFLTA=0,
KJ=2
UdR=U SECONDARY/U PRIMARY

T RENZUCLIZ (244 #RNY)

117

IF (NP +ENe 2) GO TO 118

AMASS] = AMASS1I®#12,

FOUICT = AMASSN#)12.4 AMASS)

PSN = FNRUCT/(2,*RNU*ROREF)
PSNJ=AMASSY /(2 ,%RNURROREF)
FOUCT = PSN
GO Tn 117
CONT INUE

YOUT 2 RD®2.#REN

FRycy = AMASSY +AMASSO
PSH =FNUCTRUCH 1/ (64284 #RNUS#2*ROREF)
PSNy = AASSTSUCL T/ (6., 2R4#RNUSS2#ROREF)
FDHCT=FDUCT#UCLT/ (ROREF®3,142¢YOUTw#28RNUSS2)
COMTINUE

SPECIFY STREAM FUNCTION DISTRIBUTION

CALL PSI( Ny PSNyNJ,PS,PSNJ)

DO B J=2eNN

NEDENES
JH1=J=1
S1 (N =PSIJP)I=PS )

§2(J12PS(J)=PS(JM])

§3(JY=PS(JUP1)=PS(JM])
R1¢Y=SY (/8241753 (J)
R2 (.11 =521 /S1(J1/S3())
CONTINUE

no 9 I=1sN

F{1) = 0,
X =X SUCLI/Z(RNU#124)
XX=XXRUCLI/(RNU®12,4)
YJY JHYCL I/ (RNy#124)

NAS

JMX
JMX
JMX
JMX
JMX
Jmx
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMx
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JIMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX

1130
1140
1150
1160
1170
1180
1160
1200
1210
1220
1230
1240
1250
1260
1270
12R0
1250
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1425
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1630
1620
1640
1650
1660
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RUN VFRSTON 243 ==PSR LEVEL 29f«= NAS
000S12 CALL RADIUS(X,YOUT,]4REN) JMX
000s1g YTaYoUuT JMX
000517 NTP=N=3 JMx
000521 : BLEND = 4,9YT JMX
¢ BLFNDING LENGTH IN RADTI TJIMX
0nos21 xBLFND=0, JMx
000524 XRN=X/YOUT MK
c sNeTI.LISATION AF CONSTANTS JMX
000526 TF (IR 6T40990) JFLOW=] JMX
000531 IFtJFLOWLEOYINJ=N JMX
000535 TFIJFLOWER L) ce=0409 JMX
c INITIALISATION OF NDP/DX VARIABLES JMX
000540 - VHFAN=UCL 14 #2%Q0REF /A4 e 4 JMX
0n0543 TIn=(TSEC-7CLTY /{TWREF-TCLI) JMX
000547 PRFF=PREF /VHEAN JMX
000550 PAVRZPANR VHEAD JMX
000551 PCiIMzPE/VHEAD JMX
000551 NN2Nal JMX
00055% URR = 1, 3 JMX
(o} JMX
c JMX
c . . - JMX
c L - * SECTION 2 L4 o . JMX
c JMX
c * L 3 * [ ] » * » » 3 * L} ] JMX
c INTTIAL FLOY CHARACTERISTICS AT M=] LINE, JMX
c VFLACITY ANU TEMPERATURE ON M=} LINE JMX
000556 CALL PROF(UsTyNJoNyUJRyTURyKJIHUCLI) JMX
c - - JMX
000564 CONA= (TWREF=TCLT) /TREF JMR
000571 CONR=TCI 1/ TREF JMX
000577 CONF=198,7,TREF JMX
000574 C0N0=1"COME ) T oJMX
000574 CONL 2 (GAMA_Y jwRM™  w#2 ,(T4REF,TCLIL1,; JHy
000607 N0 51 I=y1N JMX
000610 RHN (T o [) = (PCUMSP Mg} /{PREE® (CONA®T (10 ) +cONg) ) JMX
00042) RHN (P9 1) =RHO (1,7 ) IMy
000623 s1 V!<(I)-(T(1vI)'CONA’CONB)0*1.S'COND/(T(]oI)'CONAOCONBOCONE) JMX
[ JMX
000641 CALL YDIS{Y+sPSsRHOYIN) JMX
DOOAAS NJR=YOUT/YJ i JMX
000547 WRTTE(Ay1051]) JMX
DONASY Tn8)  FORMAT(1H1,# PRINT OUT INITIAL VALUES#,//) - JMX
00nAS2A _ WRITE(6,7232) LIJRyDJRIAMR JMX
000665 7232 FOAMAT(20Xs9VELOCITY RATIO = #5Fla.ds/s20XsoWIDTH(DIA) RATIO = #yJMX
1F14,84/020X9®MASS FLOW RATIO 2 #4Flé.44/) JMX
c "JJK 1S THE NUMBER OF THE GRID NODE AT YJ PLUS 2 JMX
000665 T JJKENJe2 JMX
c . e L] L 1) » » » . L) LA IMx
[ PRINT OUT INITIAL VALUES ’ JMX
c JMX
000667 60 TO 1748 JIMX
c - ° - . » - a ® . » L4 L] JMX
¢ INITIALISATION ENDS +QUTER LOOP REGINS JMX
000670  1an  CONTINUE JMX

72

1670
1680
1690
1700
1710

1720

1730
1740
1750
1760

1770

1780
1790
1800

1810 .

1420

1830 -

1850
1860
1870
1880
1890
1900
1910
1920
1939
1940
1950
1960
197

1980
1990
2000
2010
2020
2030
2040

2050
2060

2070
20R0
2090
2100
21190
2120
2130
2149
2150
2160
2170
2ia0
2190
2200
2210

‘1840 -



RUN VFASTON 2,3 ==PSR LEVFL 2QR-~ NAS

000670 NSTEPSNSTEP+] JMX 2220
c JMX 2230

¢ CALCULATE FRICTION VELOCITY JMX 2240

c JMX 2250

000672 IF(NSTEP.EQ.1)GO TO 631 JMX 2260
¢ JMX 2270

c JMX 2280

000671 IF(IFLOWLEN.1)GN TO 88 JMX 2290
¢ JMX 2300

000A7s CALL LOOK(JJKyNN U YsDELTAyBHyRY¢NyCCoIFLOW ¢ XBLENDYJeBE) JMX 2310
c EVALUATES SHEAR LAYER WIDTH ECT, JMX 2320

[ JMX 2330

000711 a8 CONTINUE JMX 2340
¢ JMX 2350

¢ SECTION 3 INSERTED MWERE JMX 2380

¢ » & & SECTION ] & & & JMX 2370

C. JMX 2380

c » FEVALUATE TURRULENT VISCOASITY USING MIXING LENGTH @ JMX 2390

c VERSION FOR PIPF FLOW (AS PER APRIL 17, 1972 ) JMX 2400

c JMX 2410

000711  IF(IFLOA,EQ,1)G0 TO 774 JMx 2420
0007123 ) IF{JFLOWLENLIIGO TO 778 JMX 2430
c JFLOW=1 INNICATES A PIPE FLOW JMX 2440

000715 SOEL TAmY (N)=0ELTA JMX 2450
00nTYIT INM= JMX 2480
000720 AZ1 m +Q9%DELTA : JMX 2470
000722 DO 45 I=24NN JMX 2480
000721 1P1=te] JMX 2490
00072% tMinl=1 . JMX 2500
000724 §A2° DELUZABS ({U{1+IP1)=U{Y¢TM1II/U(L1)) JMX 2510
0007138 IF(OFLULLE«s 0010160 O 1360 JMX 2520
000737 IF(Y(I),LT,BEXGO TO 1360 JMX 2530
000747 TF(1LER,2)G0 TO 796 JMX 2540
c IF POINT 1S RETWEEN SHEAR LAYER AND wALL B, L. GO 1O 1360 JMX 2550

000744 TF (Y (IM1) o BT oBY , AND,Y(T)LT,RRELTAIGO TO 1360 JMX 2560
c 1F POINT IS IN WaALL Be Lo GO TO 1373 JMX 2579

00075% IF(Y (1) .GE.GDELTA)GO TO 1373 JMX 2580
000757 g0 To 796 JMX 25%0
c wall VISCOSITY JMX 2600

000760 1173 CONTINUE : JMX 2610
000 7TAN YS=(Y{N)=Y{]))*UREF JMX 2620
000764 LZ=0,619(1,0-Exp(eys/26,0)) 8Ly IN Yy (1l D)) JMx 2630
000777 TF(LZeLToAZ1) [INMEINMeL : T JMX 2640
001009 IFULZ6ToAZ1)ILZ=2A21 JMX 2650
001006 . 60 TN 762 JMX 2660
001007 1960 E(1)=0. . JMX 2670
00101} 60 Tn &S JMX 2680
c? JET VISCOSITY JMX 2690

00101 96 LZ=CC ®HH JMX 2700
08§01; 767 |r-?m- ABS ((Y{I) =Y {IML))®(UL1eTPLI=UL1 eI/ L(YITP Ny (l)ye JMX 2710
1 (YCIPI =Y (IMI))) e (Y (IP1)=Y (TS ULLa DI cttloIMIN 700V (L) aY (TMT) ) & JMX 2720
2UY(IPL)=Y(TML) )Y L 22 JUX 2730

001044 45 CONTINUE JMX 2740
0n104Y GO TO 48 JMX 2750

c PIPE FLOW MIXING LENGTH JMX 2760



a0, VFAGTION 2,1 ==PSR LEVEL 29A=e NAS

JALNeT 778 JNM=«} JMX 2770
oninsn 1T=0 JMX 2780
AninsSt AZ ® 409eDFLTA JMX 2790
001151 N0 19 Js24NN JMX 2800
pon1nss JaNel=J JMX 2810
001957 1P1=1+1 JMX 2829
onl10681 IM]=]=] JMX 2830
001062 IFLTFLOW,ENL1)IGN TO 4172 . JHX 2840
001061 UNN=, 0080€1(1y1) ' JMX 2880
001N06A UINaARS(U{1+TMD) =U({1,4IP1)) JMX 2860
001073 TF{UNGTUNN )} TO Rl40 JMX 2870
on1076 G0 To 190 JMX 2880
001078 4177 YDeY({N}=YI])} JMX 28990
001101 YNz) e=¥YN/YN) JMX 2900
001104 TF(XBLENDJLT,BLFND) GO TO 4172 JMX 2910
oel1107 AZs{ ol4=eNBRYNGS =, DY) BY (N) JMX 2920
[IARBE GO 10 Hl40 JMX 2930
001114 4173 AZ  sCC #RHO((,14=40BYYNRA2L, 068V RS4) WY (N)=CC *AH) #XBLEND/BLEND JMX 2949
001132 A140 IF(IT.EN.11G0 Ta 832 JMX 2950
0011734 YS=(Y(N)=Y{]))®UREF , JMX 2960
001140 .7 --al'(l.-Exp( =YS/726 NIV RIY(NY=Y{I)) JMX 2970
001153 INMaINMe JMx 2980
001154 TF(L7+GELAZ)ITm JMX 2999
0011640 AZ1= Z JMX 3000
00116% IF(LZ.LT,A7)6G0 T0 11 . JMX 3010
001167 R32 aAZlaaAZ JMX 3020
081165 1V F(lla ARS((Y(I)<Y(IM]1))#(lj(1lyIP]l)~ Uy D))/ (Y(IP1)mY(I))® JMX 3030
T AYUIP) =Y (IMIN ) o (Y (IP1Y =Y (T))® (U (1oD)=Ul1oIMIY)ZC(Y LI} =Y{IMI))® JMX 2040

. PAYIIPL)=Y(IM1))) ) #AZ1®AZY JMX 3050
001214 10 COMTINUE JMX 3060
001221 48 CONTINUE JMX 3070
[of JMX 3080

c FINAL CARD OF SECTION 3 JMX 3090

001221 A31 CONTINUE JMX 3100
c SECTION 4 INSERTEQ WERE JMX 3110

[ » * * SECTION 4 . * A JMX 3120

c JMX 3130

c EVALUATE Dx STFP (FOR EJECTOR FLOw AS PER FER. 19) JMX 3140

c JMX 3150

go122Y DXsRH® 4 JMX 3160
001223 ABr,O&40aY {N) JMX 3170
001224 " 1F(DX+LT+RR)OX=RA JMX 3180
00123 7KaY (N} /R, . JMX 3190
001234 IFIDXeGTeIK)DX2ZK JMX 3200
001234 [FINSTEP . T+1D0)NX=, 540X JMX 3210
nol124>2 TF(NSTEPLT»20)0Xn,2%DX JMX 3220
001746 IFINSTEP.LT30)NXn 58X JMX 3230
001252 TF(TURES,EN,1)Nx=, Ie0y JMx 3240
001254 TFI{XROLGT. IZ-O)DXxDXOZ. JMX 32S0
V01252 1URES=0 JMX 3240
0n)261 1?2 XXoDX JMX 3270
001726S XHLFND-XHLENDODX JMX 3280
001267 XRO=X/YT ) JMX 3299
¢ - JMX 3300

C FINAL CARD OF SECTION & JMX 3310

74



RUN VFASTAM 2.3 -TPSR LEVEL 29Rae. NAS

001270
001272
001277
on127A

001301
001302

001302
001304
00130%
001326

001330
001330
001332
001334
001338
001342
001347
001354
001357
001342
001365
001367
001372
onlars
001402
001404
001408
001417
gola21
001423
001432
0014464
001447
001447
001461
001477
001477
001503
001506
001512
nol1sla
001514
001522
001527
001%32

sO000

a0

7347

«001

13

219

4 * SECTION § [ L] *

NETERMINE AOUNDARY CONDITIONS ON Mol LINE
U(2:N)B0 40

Y(1)=Q,

CALL RADIUS(XyYOUT,2¢REN)
NP2=(DP)1eDPL} /2,

ICHX=(

1TER=]

CALCULATE VELOCTTY U ON Mo} LIQE

E1tY) = 0O,

DO T347 J 24N
ELLIEY (JIHONP #U1,J)PRHO(1+J) /7 (2.,2P5(J))
NTKaNTT=])

ITERATION STARTS

CONTINUE

NO 13 Ja2,NTT

JPysJel

JM1s el
v1-r|(JP])O(VIR(JPl)ORHO(l.JPl)'E(JPl))
y2=F1 (JM1) o (VIS (JMY) +RHO (1, UML) RELIM]))
Y3IsE) (JI#(VIS{J) sRHO(L 2 D) RELUN)

Y4z (Yle¥Y3)/S1(Y)
YSm(Y3eY2)/52(0)
YorY4/(S3( ) *2,)
YTaY5/(S3(J)*2,)
yaiYﬁ'U(loJ)/PSIJ)
Y9aYTaU(1,J)/
atomisutls I NRT
A{IMY)==Y8

Cl{JM]1)m=¥Y9
N{IML)I=U(14J) #e2/0X=DP2
A(1)mA(1)eC(])

TFINP LEQe 2) GO TO 119
NIGE (YINNI=Y(NY)/Z(YINTTYI=Y(N})

Z(2.%RHO() 0 YY)

NRARSDPI® (Y [NN) ##2=y (N) #82<( YINTT)®822ay(N)202)%01G) /74,/VISINN)

GO 70 219
CONTINUE
NIGEALOG(Y (NN)ZVIN) Y ZALOGLY INTT)/YIND)

DBARIDPI'(Y(NN)IO?-Y(N)!OZ-QV(NTTl'.Z-Y(N)"Z)OUIG)IB./VlslNNl

CONTINUE
A(NTK)=A(NTK) oDIG®R (NTK)
N(NTK) aD(NTK)=RAR®B (NTK)
CALL CALC(asByCoDoHyNN)

D0 1834 Ju2NTT
U(2eJ)mrH (J=1)
IFtU(2¢J) oLEes001) TURESS] .

‘F(“(ZOJ’.LE.'OD)’U‘Z'J,-QOOI
CONTINUE
H{2e])mU(242}

JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
IMX
JMX
JMR
JMX
JMX
JNX
JMX
JMX

S JMX

JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMx
JMX
JMX
JNX
JMX
JMX
JMX

JMX
JMX
JMX
JNX
JMX
JNX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMx
JMX
JMxX
JMX
JM
JMx
JMX
JMNX

3320

3339
3340
3350
3360
3370
3380
33990
400
410
3420
3430
3440
3450
3480
3470
3480
34990
3500
3510
3520
3530
3540
35%0
31560
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720
3730
3740
3750
3760
3770
3780
3790
3800
sl
3820
3830
3840
3850
k11 1]

75



pUN VFBSTON 2.7 ==PSR LEVEL 29Ree NAS

01833

00)Ran
001547
001543
001544
001553
001562
001570
001573
001574
001601
0014013
001604
00161)
001A14
001620
001621

001672
00)167s
001704
001720
001723
001727
001732
0017134
001740
001742
00175n
00175%
001761
001762
001762
061767
001774

002014
002020
0020624
002072%
002030
002032

002034
002035
002036
002040

76

(3 Xg lbe Wa

1938

16

s X Rel

g0

4778

UI2yNN) 2U ({24 NTT) #D1G+DRAR
A b SECTION 6 . ] .
EVALUATE TEMPERATURE WISCASITY AND DENSITY FIELDS

TRIS SECTION SHOULD FOLLOW SECTION 7 FOR INCOMPRESSIBLE FLOW

NO 1935 J=2sNN
JPisyel

JMlajel
Yi=E1{JP1I*(VIS(JUP])/PR4E(JPI*RHO (| vJP]) /PRT)
Y2aFl (UMI) (VIS (UM])/PR+E (UMI)SRHU {19 JM]1 ) /PRT)
YI=E1 (NS (yIS(J)/PRe(E(J)*RHO (19 J) ) /PRT)
Yés(Y1*Y3)/S)1 (D

¥YS5={Y3eY2)/S2(J)

YosYe/(S3{U)*#2,)

YT=YS/(S3(J)*2,)

YH2YA®U(1,J) /PS{J)

Y9aY7#U (12 ) /PS ()

A(UMY) aU(19J) /DXaYBeYS

R{JM])==YAR

ClUM}) ==Y9

PDIIMI) 3T {YeJIRU(10J)/DXeCONL ®0P2 = UG e/ (2.#RHO(19J) )

TolVISIIN «E(L) *RHO(Y o J) ) #RHO {19 J) #CONL @

PIR2ZIDF(UL20JP1I=U(25J) Y oRITII®(ULZ0J)=U(20uM]) ) ) R02e

AYLI*ONP R ) BU (L) /L& ®PS(J)*PSLY))

NIGEL.

BOUNNS{Y (Ne)) =Y (N=2) ) # Y {N)#2,eY (N=])aY (N=2))/4,
DRAASCONL*PRIBNAUND® (UREFOVISIN]1) ) &#%4,/ (RHO(1sNa1) 02 ,)

TF(NSTEPLEQ.1)NDRARED,

AINTK) =A (NTK) +D7Ged (NTK)

NIHNTK) =0 (NTK) «DRAR®B (NTK)

A(1)=A{1)+CH])

CALL CALC{AB+CoDoHaNN)

N0 16 Jx2,Nyy

Ti2,Jd¥=H (J=))

T(2sNN) =T (?sNyT)#01Ge08Ag

TPeN) AT (20N=])

T(?511aT(2,2)

N0 So I=xlyN

RHO () o 1) =RHO {24 1)

RHN (2o 1) (PCUMsPAMB) / (PREF® (CONA®T (2]} «CONR))

VIS{II&S{T(1o])®CONA+CONR) »®] ,S#COND/{T{1+1)#CONASCONROCONE
LI ¢ SECTION 7 . * . ’

s & & CALCULATE PRESSURE GHADIENT
CALL YOIS(YsPSyRHDUsN)

IFCITER,GT.9160T0 6732

ITER=ITER]

YIFST= ARS{YOUT=YI(N))

YPPT=sYOUT®,0000)

TF(YTEST.LT.YPPT )GO TO 6732

IF(TCHXLED,0)G0 TO 4775
G0 TOD 6000

NPR1=DP2

YB1sY (N)

JMX
JMXR
JMX
JMX
JMX
JMX
JMX
JMx
JMX
JMX
JMy
JMX
JMX
JMX
JMX
JMX
JMX
JMX
Jmx
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMx
JMX
JMx
JMX
JMX
JMX
JNX
JMX
JMX
JMR
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JNX

3870
3889
3890
3900
3910
3920
3930
3940
3950
3960
3976
kLY
3990
4000
4010
4020
4030
4040
4050
4060
4070
4080
4099
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
4230
4290
4300
4310
4320
4330
4340
43S0
43690
4370
4380
4390
4400
44190



s VFR&TON 7,3 =-PSR LEVEL 29a-- " NAS

ar2e?
ne2ne
ne2nse
cn2nas
un’Asn
¢npnsI
00”057
0027AD
QnZNAY
002°k]
00627h8
un2nba
onPAAA
on2a7n
602101

002101
0n>210s
002112
002111
Gn2121
0021130

002161
Gn21hae
002165
002170

0022463
002204
0027210
002212
002214
002215
002218
002217
002221
002223
002233
002234
002235
002237

002251
002254
002262

T40

6000

nP22NP2%,9

ICHX =2

GO Tn 6001

vSz ABS(YNUT=YAY)
VNF= AHS(YOUTaY(N))

1!

Y

275

216

A IO OO

573?

j7an

90

fin

0
Y
n
G
Y

F(VNE«GT.VS)IGO TO 235 A e :
CYPTN - _ .
PA2=DPARY .

A1=Y (N]

PA1=0P2

0 To 236

R2=Y (N)

NPR?=DP2
NP2zNPH]1+(YOUT=-YB1)# (DPR2=DPB]) /(¥YB2~-YB1)
60 TO 6001

I
1

TFRATION ENDS

F(NQTEP EN.1)DP120P2

PCUM:PCUM*((DPEODPI)’DX/?.O)

JaNTT

RZ= Pp(J)'(U(20J01)-U(?oJ))091(J)'(U(ZOJ"U(zoJ'l)’

32397’tl(Jl‘(VYQ(J)0RH0(1;J$'F(J))

*

URRs (Y (J) BE NP eNPPY Y (M) B8 (NPeNPP) ) SDPL1/{(2,¢FLOAT(NP) ) #RHO .

Lo BY (W) #ONL) B2/ (RHA (19 J) #Y (N) #8NL)

URR=zUCLT# SNHT(URR)

TOLN(2) = URR/UCLI

NEL Y=Y (N) =Y [NN)
UREF =SORT ( (U(14NN) /DELY-DELY®DP1/4, /VIS(NN))ORHO(l.NN)/
. ey

B

IS (NN))

- d SECTION 8 . L *
“ * » » * . L) [ L] - ] . & " 0w

REPLACE M LINE VALUES W{TH Ms) LINE VaLUES

% ® SECTION 9 * # &

® OUTPUT SECTION &

‘XIN = XRO®YT/ (2 ,*REN)

IF{ NSTEP +EQ. 0 ) GO TO 453
IFINSTEP .EQs 1) GO TO 908
IF(XIN +GEe PI)} GO TO 908

GO TO 7142

CONTINUE
U 3 IL #)

YINa Y(N) /YT ..

UCL = U(2,1)%uCLI

TCL = T(241)*(TWREF=TCLT) ¢ TCLI+ UCL#®#2/12000.~ 460,

AUGM(1) an,

DN 1111 1 = 24N

IM] = J-)

AUGM (L) = AUGMETIMY) ¢ (U(2,1)+U(20IMI))#(PS(T)+PS(IM]I))®(PS(]}~

t PSeImMly)

CONTINUE
AUGMET = AUGM(N) /{PSNJ®2,86,283624NL)
PHZ0 3 PCUM®VHFAD #,1923

JMX

JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMx
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMx
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMY
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX
JMX

4420

4430
4440
4459
4460
4470
4480
4490
4500
4510
4520
4530
4540
4550
4560
4570
45R0
4590
4600
4610
4620
4630
4640
4650
4660
4670
46B0
46990
4700
4710
4720
4730
4740
4750
4760
4770
4780
4790
4300
4810
4820
4830
4840
4850
4860
4870
4880
48990
4900
4910
4920
4930
4940
4950
4960

T



iy VFESTON 2.1 --VPVSR LEVEL 29R== NAS N
NR2PAE DFL ® DELTA®RNN/ (UCL1I®ROREF) JMX 4970

on2270 “OWRTTE(Aeb3) Ty RINyKRO,YINyPH20,UCL, TCLyAUGHET, URR '~ JMX 4980
gn2 116 3 FORMAT (/95Xs1a48F13,3) ~JMX 4999
002116 PT = PI+ ,25 JMX 5000
002320 DO S7 Ta 1eMK TJMX 5010
npPi2? IF(XIN «GE, PROFE(I)) Gn TO 902 B T S JMK 59207
0r2325 57 CONTINUE - .. Co . - St T "JMX 5030
002327 GO YO 7142 ) o JMX 5040
©02327 458 CONTINUE Foores oM soso
002327 WRITE(6,752) ) ] JMX S060
002333 DO 999 Jal,sN.l SR A ) T JMX 8070
002335 YRL(J) = Y({J)/YOUT : . . JMx s08D
002337 UJLJ) = Ui2eJ) sucLI e ’ s ¢ JMX 5090
002342 LVH = UJ(J))##2/12000.-460, : -t T JMX 5100 -
02346 TTP(JI =T (29 J)#(TWREF=TCLI)#TCLI ©JMX 5110
pn2353 TTT(I) =TTP(J) +LVH JuX 5120
002356 9n9 WRITE(6961) JaYRL{ ) sUyly)sTTT L) JMX 5130
0n21374 WRTTE(64757) JMX 5140
002377 GO TO 7142 JMX 5150
002400 9n2  CONTINUE JMX 5160
002400 PROFE(TI) a S0, JMX 5170
0n2402 WRITE(64351) JMX 5180
002406 351  FORMAT(//415X,#VELOCITY AND TEMPERATURE DISTRIBUTION ARE PRINTED JMX 5199
1 OUT AT THE CORRESPONDING X INe. POSTION®:/) JMX 5200
002404 WRITE(6+752) JMX 5210
002412 NO 709 J=l4N JMX 5220
002414 YRL{J) = Y({J)/YOUT JMX 5230
002416 UJ(J) =U(2yJ) suCLI JMX 5240
002421 LVH = UJUJU)I*#2/12000.~4A0, JMX 5250
002425 TTPLUY=T (2, ) (TWREF=TCLT)eTCLI JMX 5260
0024132 TITLUI=TTP(J) eLVH ’ JMX 5270
002435 709 CONTINUE JMX 5280
002437 DO 1213 J= 14Ns2 JMX 5290
002440 WRITE (64610 JoYRLIJIpUJIJ)»TTT L) JMX 5300
002452 1= J¢l JMX 5310
002455 IF(1 +€N. N} GO TO 4311 JMX S320
002457 Gp TO 1213 Jux S330
002457 4311 WRITE{6461) I2YRLII)sUJLINSTTTL(]) JMX 5340
002473 1713 CONTINUE JMX 5350
€ THE FOLLOWING CARD IS INSERTED IF A MASS »ENERGY CHECK REQUIRED JMX 5360
¢ CALL CHECKU(Y2sE4UsRHOsYTsFOUCT o TTP3TTTINNSUCLTWUUR) JMX 5370
402476 CALL BLCAEK INyU»PS,Y DX 1DP2yUCL1+ARHYTOLD +URRRHOsAA) JMX 5380
002511 CalL CHECK (Y2oEwUsRHO YT yFDUCT e TTPs TTTaNNyUCLT UJR) JMX 5390
602524 ) WRITE(64757) JMX 5400
002530 7142 DP11=DP} ’ JMX 5410
002532 DP]2DP2 JMX 5420
002533 no 17 JaisN JMX 5430
002534 Ul JI=U2ed) JMX 5440
002540 17 TO e aT(20J) JMX 5450
002544 ToLD (1) = YOLD(2) JMX 5460
c JMX 5470
C » & & SECTION 10 & & » JMX 5480
¢ s TERMINATION TEST # » JMX 5499
c JMX 5500
002545 IF (X +GT. XX) GO YO 1R JMX 5510

78



RUN VFRSTOM 2471 «=PSR LEVEL 29Ae~ NAS

002551

002551
002551
002552
002554

002554
002556

002554

002554
002564

c
C
[

@0 To 100 .
RETURN TO START OF OUTER LOOP
1R CONTINUE
GO TO A8RA
ARY WRITEL6HITIT) B )
7717 FORMAT(/ /% END OF CALCULATION®/% contenunstunananaatl)
FORMAT STATEMENTS,

A FORMATY (OS5X o I1646XeF10e608X,F14,5,2K9F1845)

787 FORMAT(//45Xs# 1 x N, X/B0 B/80
~  1H20 UCENT(F/S8) TOCENTIDEG.R) AUGMENT USTAR(F/S)#y/)
752 FORMAT ( 25Ky 0 J Y(J) utd)

1 T(hry ® '

§TOP

END

JMX
JMx
JMX
JMX
JMX
JMX
JMX
JMx
JMX
JMX
JMX
JMX

PJMX

JMX
JMX
JMX
JMX
JMX

5520
5530
5540
5550
5560
557¢
5580
5590
5600
5610
5620
5630
5640
5650
5660
5670
5680
5690

79



qUn VERSION 2.7 ==PSR LEVEL 208-=

NAS

PROGRAM LENGTH INCLUOING 1/0
013414 .

FUNCTION ASSIGNMENTS
F = 000006

STATEMENT aSSIANMENTS
7 - p026as 9

12 - 001243 le

22 - 0AD24Y 23

39 - pn2635 45

63 - 0n3013 73

117 - NN0&ss 118 -
219 - 001477 235 -
351 - 003020 458 -
Tao - 002043 752 -
778 - 001047 796 -
B3R - 000015 883 -
1021 - 000054 1651 -
1360 - nnlon? 1373 -
2001 - 000211 4172 -
4775 - 002016 6000 -
7142 - nn25190 7232 -
7817 - on2631 8019 -

BLOCK NAMES AND LENGTHS
- 000004

VARTARLE aSSIGNMENTS
A ané6nIs AA

AMR - 007221 ASTAR e
az - 80740g Azl -
BB e no7312 8BA -
BH e antT234 ALEND =
B7 - on734y C -
CONA e nAT2ARS CONB -
CONL = pn727y 0 -
DELTA =« anT242 DELU -
DUR - 007272 DPB} -
bP11] - 0n7186 oP2 -
E1 - DnnAS4y FOUCT =
HALF = 007204 I -
IFLOW = nAn7237 IL -
1.3} - 007300 I7 -
J - 007252 JFLOW -
JPl - 0072753 KJ -
MK - 007141 N -
NN - 0nT2?74 NP -
NTEST = 007163 NTK -
PAMR - on714A6 PAy -
PE - npT217 PH20 -

80

RUFFERS

000500
001742
000266
001044
002643
no0e21
002064
002327
003067
001011
002552
002744
000760
001076
002045
nn2752
002577

005621
007175
007277
006465
on72s7
006251
no7266
noS727
007302
007333
0n71s8S
0nT724S
007162
007230
007304
007231
007243
007222
000000C0O1
007315
007210
007235

10
29
4R
88
119
236
631
757
829
902
1201
1748
4173
6001
7347
Bl40

AMASSO
AlLIGM

A
RSELTA
AOUND
[
COND
DBAR
DELY
DPRZ
DX
GAMA
1CHX
M)
ITER
JJK
LVH

NPP
NTP
PA2
PI

001216
002551
000256
001221
000711
001447
002070
001221
003051
002616
002400
000216
002203
001116
001330
001305
001132

007171
006575
007174
007275
007330
007153
007270
007327
007342
007340
007311
007146
0073146
007301
007226
007273
007351
007251
000002C01
007256
007214
no722%

NAS

11:
19
7.
6]
100
162
279
737
762
832
908
1213
1934
4319
6732
7717
8884

AMASS]
AUGMET
]

BE

By
CHEX)
CONE
OEL
016G
oP1

€

H
1CORE
INM
TURES
JM]
Lz

NL
NSTEP
NTT
PCUM
POl

001169
000262
002633
003044
000670
000726
002603
000045 -
n0lolld
001163
002215
002473
001527
002457
00210l
003035
000016

007170
007347
00gly
007273
po7227
007205
007267
007350
007326
007154
005063
006357
007241
007276
007233
007254
003244
000003C01
007236
007223
007264
007164



RUN VFRSTION 2,7 =«PSR LEVEL 209Ra=

PR
Ps
RN
RM2
R2

$3
TEST1
TOLD
TSeC
U

uJe
URR
VNE
XIN
x22
Yh
YPPY

YTEST
Ya
Ya

STARY OF
002562

nn7I47
nn63re
aANTIT2
onT2nA
np4433
nNna2v7
nn72n2
nnd&s73
0n7215
nn32as
noT220
007240
0n73%6

*0nTia3

007200
noT3lo
nnT3I2
0073
007320
107324

CHONSTANTS

PREF
PSN
REN
RNU
Sup

T
TEST2
700
TTP

START OF TEMPORARIES

003108

START OF
003164

INDIRECTS

UNUSER COMPILER SPACE

062200

LI I BN U I B N PR B S B BT I D B BN N ]

007145
noT246
007244
007143
000001C0}
003567
0oh7203
007167
005513
007345
007307
007216
007338
007261
004768
007344
007038
007176
08732
00732

PROFE
PSNJ
RHO
ROREF
s1
teL
tJr
T01
14
ueLt
UNN
VHEAD °
X

o
1{:}]
vJ
Ys
y2
Y6
x

006703
007247
005171
007144
004003
007348
007263
007165
003461
007213
007306
007262
007157
007160
007334
007173
007303
007316
po7322

. 007313

007150
007207
00721}

004647

004111
007212
op7201
007151
007152
0n6v27
007232
005405
007260
007177
007337
0n72s0
007255
007317
007323

81



aun VFESTON 243 ==PSR LEVEL 29pes

SURROUTINE YOIS5(Y4PS1RHNsUaND

n AIMENSION Y(T0),PS(T0) . ANOI2,%0),U(2,7
8883{0 COMMON NP+ SUP yNBP N, 1700, Uiy T0)
oocnln y{(1)=0.0
goo0nl no S0 I=2,N
000012 2212, 9FLOAT(NPY ) /(RO (241210 8ULZoTe1) sRHO (2, 1) 8V
00nn23 7YY UI=1) 0 (NPenPP) o Zu(PS(1)ePSi])=PS(l=1)eP$
000040 500 v([) = JY#ESQP
000050 RETURN
000050 END
RUN VFRSTON 2.1 ==PSR LEVEL 29Aes vo1$
¥nIs
SUHPRAGRAM LENATH
000106

FUNCTION ASSIGNMENTS
STATEMENTY ASSIANMENTS

BLOCK NAMES AND LENGTHS
= DNOONA

VARTAALE ASSIGNMENTS
1 - AN01I03 NP = 000000C01 NPP - 000002C01 S¢pP
4 = 000104 zZy - 000105

STARY OF CONSTaNTS
000052

START OF TFMPORARIES
000054

START OF INNIRECTS
000073

UNUSEN ENMPILER SPACE
073300

82
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RIN VFARSTION 2,3 «~=PSR LEVF| 29Re~

e SURRGUTINE Cal,C (AsBeGeNoHy )
¢ AS PER MAY 19 1971 )
¢ .
¢ LI . THIS EVALUATES RESULTS USING THOMAS ALGORTTHM [}
0ao0 1) DIMENSION a(70 )oB(70 )4C(70 %ouﬁvg ?»L(yo;.w17o Vo070 )eG(70 )
goanl) NenJ=2
ononl2 NimJ=]
000014 wil)=sA(l)
000n)R GU1YaD(1Y /W ()}
poon1? Do 1 x=2sN2
000020 KluKel
00o0n21 Qi) mB (K1) /WiKY)
000025 tx).A(K).C(x)oo (X}1)
00003 1 G mID(K)=GUKI®GIK]Y) /W (K}
00(0N4A3 HI{N2)8G (N2}
0n0nss NizJ=3
000044 00 2 Ks] N3
0000%0 KKeN2=K
0000S? 2 u;kx)-G(KK)-O(KK)0H(KK~II
000062 RETURN
000062 END

RUN VERSION 2,7 ==PSR LEVEL 298am CALC

caLe

SUADRYGAAM LENATH v ST T
000437

FUNCTION ACSIGNVUENTS
STATEMENT ASSTANMENTS

BLOCK NAME® ANND LENATHS
VARTARLE AGKIANMENTS

G » POO3?I K »

N1 . 0A0432 NE - 8
w - 000107

3 XK - 000436 K} - 0004dé
i NI - 000‘35 -] - 000215

START QF CONSTANTS
000064

START OF YFMPORARIES
0p0n6s

STarT OF f{anIRECTS
00007y

UNUSEﬂ COMPILER SPACE
073

CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL

L
CAC
CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL
cAL

10
20
30
40
50
60
70
a0

100
110
120
130
140
150
160
170
180
190
200
210
220

83



RUN VFRSINN 2,3 ==PSKR LEVEL 29Rew

[2Xs EaTe)

000013

000013

000015

[LIGR K

000021

000023

000024

000025 5
000030

000031 10
000034
000034
onnnse
000054
00006) 1
000065
000067
000073 20
000077

000100

000102
000102

—
wnN

@ un

SUBROUTINE PROF (U, ToNJyN,UJRG TIR,KJ,UCLT)

PRO

VERSION FOK SINGLE STREAM FLOW WITw 4 WALL ROUNOARY LAYER IF xJ=1BR0
VERSION FOR TWwO STREAM FLOW

NIMENSION U(2970)9T(2970)

TF{KJENG1IGO T 12
N0 10 I=mleN
TF(1.GT+NJ })GO Y0 §
U{ls1)=m1,0
T(Ye1)m0,0

G0 YO 10

U1 T)mUJR
T{ls1)mTJR

CONTINUE

GO 70 8

READ (5,13 (U()1,1),1al,N)
FORMAT (6E13.6)

NO 15 I=1.N
T(1+1)8040

no 20 I=14N

N2 DUl
Ti(2e1)2T{ )
Ul NI =0,0

1J(2,N) 80,40

RETURN

END

RUN VFRSINN 2,7 =«PSR LEVEL 298=~

PROF

SURSPAGRAM LENGTH

oory2s

FUNCTTON ASCIGNMENTS

STATEMENT ASSTANMENTS
) - AN0N2S 8 = 000065
13 - ¢nola? 15 = 000061

BLOCK NAMEQ ANP LENGTHS

VARTLA|LF ASSIAMVENTS
1 - 69123 KJ = 000000

STAPT OF CONSTANTS

000104

STaST OF TEMPORARIES

[ABRI

3T40T O0F INAIRECTS

goolls

UNUSENR efMPYLES SPACE

073100

84

10

ucLt

000031

000001

pROF

12

(TOP=hAT PROFILE ) OR SINGLE
STREAM FLOW #1TROUT A BOUNDARY LAYER IF KJs2

000034

pno
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRQO
PRO
PRO
PRO
PRO
PRO

. PRO

PRO
PRO
PRO
PRO
PRO
PRO

10
20
30
40
S0
&0
70
ag

100
110
120
130
1480
150
160
170
180
190
200
210
220
230
240
250
260
2ro



qun vERSTNM 2,3 ~=PSR LEVFL 29R--

SURROUTINE PSI( Ny PSNeNJPS+PSNY)

c

0o00nl1n NIMENSION PS(7n) o
c JN 1 IS THE NUMBER OF NODE POINTS IN JET

onanln JN = 11

ooonin NJa JNe)

oo0n1? PS{1) =N,.0

000013 DO 30 I = 2eNJ

000018 PStI) = PSNJ/2.%(1,-C0S(3, 1#16/FL0AT(Jn)0F|oAT(1 0

po0n3? 0 CONTINUE

goonls FS = 0,19 (PSN=PSNJ)

snon3a J sNJel

000040 . Ke NJ*JN

000N4? PO 40 1 = Jeg T

000064 PS(1) 3PSt NJ) » FS®{1,=CNS5(3.1416/(2.,8JIN)*FLOAT(I=NJ)))

000063 A0  CONTINUE i

000N6S DFLPS =,85% (PSN=PSNJ) /FLOAT (N=K=18)

000071 - J axe]

000073 - K = N=18

oo0nTes ' MO 50 I = JiK

000077 s PS(1) =PS(]~ 1) +DELPS

000102 &0 CONTINUE -

000108 - FSAx , 0S5 (PSN=PSNJ)

000107 J = Kol

ono01l RFAP(S¢200) (PS(I)sIunJaN)

0007130 200 FOPMAT(6F£13,6)

000130 DO A0 I 3 JyN

000135 PS{1) = PS(K) + FSA®PS(I)

000141 &0 CONT INUE !

000143 DN 101 I=m]1oN

0noJ4s ps(y) = SQRTIpsS{[)}

00015% 1n] CONTINYE

000140 RETURN

00016n END

RUN VFASTON 2,3 ==«PSR LEVEL 298e~ PS1

PSI

SURPRNGAAM |ENGTH

000225

FUNZTTON ARSIGUMENTS

STATTVENT ASSTANMENTS
anelT4

250

BLOCK NAVMES AND LENGTHS

VARTABLE ASGIGYMENTS

QEL3S
J

ANQP24 FS = 000221 - FSa = 000225 t - 000220

nonz22 JN - 000217 K - 000223

STACT oF CONSTANTS

052162

STLRT OF TevPORARIES

000174

START OF INNPIRFCTS

0007158

UNURER COMPTLER SPACE

07270n

PSI
PSI1
PS]

PS1
PSI
PSI
PSSt
PSI
P51
PS1
PS1
PS|
PSI
PS1
PS1
PS1
PSI
PSt
PSI
PSt
PS1
PSt
PSI
PS1
PS1
PS1
PS1
PST
P51
PST
PSI
PST
PSt

10
20
39

40

50

&0

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330

85



RUN VFRSTION 2,3 ==PSR LEVEL 29A-e

SURROUTINE RaDTHS X YOUT oK Z 4REN)

Ai PEQ MAY 19 1971
NIMENSIGN RR{25) ¢ XX (25)

000007
goonny 60 Tolle2) K2
000014 REAN(516)NS
poone? FORMAT(12)
000022 REAN(593) (RR(T) 4 Iu],NS)
000n3s READ(S5+3) (XX(])sIm]4N§)
oonnsn 3 FORMAT (BF1040)
000050 wRITE(6,20)
000054 P00 FORMAT(//+25X,#nUCT GEOMETRY®,//,8X,4DUCT DIAMETER OR HEIGHY
1 DISTANCE FROM NOZ2LE EXIT (IN)#,//) ) o
000054 DO 25 1Ia 14NS
THE FOLLOWING ¢aARD IS INSERT IF WaALF WIDTH OF THE DUCT IS USED
000060 RR(T) =RR{I)e*2,
000062 WRITE (69 7) RR(I)oXX(])
000n72° 7 FORMAT (10XsF10,5425X4F10,5)
saon?? 25 CONTINUE
000077 N0 & I=]14NS .
000101 RR(7)=RR (1) *REN
000103 XXCP)mXX (1) ®RENS2,
00107 =1
000110 1FIX,GT XXINSYIGO TO S
00G114 TFIX,GTaXX(I¢1))InT0]}
000120 YOUT=RR (1) + (X=XX(]))®(AR (T #1)=RR(TID/ZIRXLTeL}mKX(]))
000131 RETURN
000132 END
RUN VFRSION 2,3 =«PSR LEVEL 29R==~ RAOIUS
RANDTUS

SURPROGRAM (ENGTH

000766

FUNCTTON ASSIGNMENTS

STATEMENT ASSIGNMENTS

1
-]

BLOCK NAMES ANP LFNGTHS

VARTARLE ASSIGNMENTS

I

00014 2 - 000110 3 ~» 000140 ] = 000131
ano1ls 7 - 000160 20 - 000142
000245 NS - 000264 RR - 000202 xx - 000233

STAQT OF CONSTANTS

000134

START OF TFMPORARIES

000164

STARTY OF INNIRECTS

000174

UNUSEN COMPTLER SPACE

073400

86

GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEM
GEm
GEM
GEM
GEM
GEM

220
230
2a0
250
260
279
240



RUN VERSIONM 2,3 ==PSR LEVFL 29R==

000014
o00n1s
00001LA
000017
000020
000021
000072
000023
000025

000054
000107
000134

000172
00017%
000174
000200
ann20)
000207
000202
000203
00020s
000204
000206
000216
000214
000237

000232
000233

RUN VFASTION 2,3 «=PSR LEVEL 29A=e

CHECKX

3471

?19

39

272

SURROUTINE CHECK(YsEsUsRHOWYTHFDUCT, TTPoTTTvNNnUCLIoUJR)

COMMON NP4 SUP WNPP 4 NL '
NIMENSION Y(T0)E(TQ)s)i2070)94RHO(2,T0) 4 TTP(TO)97TT(70)
ENFRR=0,

TFLOW'Q.

VISCINa(,

NEL2,0.

nO 36471 Js1,WN

JplaJtl

TFLOW =TFLOW ¢ (Y(JP1)®*® (NP+NPP)
12 {RHN(24 JP1) +RHN (29 Y))
Pelll{2,JP1)+U(2,0y) 84 o
Vr§c1N=VISc1N0(Y(JPI)OY(J))’(E(JplfielJ))’(U(2n JP1)=Ul24 )
17(TTR(Ja 1) TTP 1y /2,

NEL?= OEL?‘(U(ZuJP))OU(ZoJ))'(V(JPI)‘.(NPONPF)-Y(J)"(NPONPP))
12y IPIISU(24J) ) *(a5/UJRY=1,) #eS/UJR

FNFRG=ENERG* (TTT (D) o TTT(UPY) IS (Y (JP1)®® (NPeNPP) =Y (J) #% (NP+NPP))
1R (U(29JP1)eU(2+0))#(RRU(P,JPY)+RHO(24J)) /8,

CONYINUE

1F (MNP LEQ, () a0 TO 219

FRNFRGSENERG/ (FDUCT#YT#a2)

TFLOW=TFLOW/ (FDUCTeYT#%2)

AQ To 319 .
CONTINUE

PSN = FOUCT

FNFRG=ENERG/PSN

TFLOW=TFLOW/PSN

~ONTINUE

VISCIN=VISCIN®, 900158082

NELZ=DEL2 *%,5#,000158/UCLT
WHITF(6,3472)ENERG, TFLOW,yIgCIN,DEL2

=Y (J)## (NPeNPP))

FURMAT (/96X +%T0F = #1F14,696X1*TOTAL FLOW = #4F) 4,60
16xe8y ISCINa# E14 6,2x,eDEL2a9,E14,6)

RETURN

FND

CHECK

SURPOAGRAM LENGTH

onceds

FUNECTION ASSIGNMENTS

STATEYENT ASSIANMENTS

215 - one2n2 319 - = 000206 3472 = 000248
BLOCK MAVFS AND LENGTHS - - Tttt o

- 000004
VARTAQLE ASSIGNMENTS
CEL2 =~ anoenl ENERG = 000376 J - 000402 JP1 = 000403
N - 000002 NP = 000000C01 NPP =~ 000002C01 PSN - 000404
TFLOW = 600377 TTP - 000000 TTT - 000001 UCLI = 000003
uye - angnNna VISCIN = 000400

STAPT OF CONSTANTS

cen23s

S5TART OF TFMPNRARIES

000260

ST22T OF INNIRECTS

0gnles

UNUSEN COMPTLEP SPACE

er230n

CHE
CHE
CHE
CHE
CHE
CHE
CHE

CHE

CHE
~ CHE
CHEe
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE
CHE

10

LY)
So

70

a0

Q0
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
369

87



RUM VFRSION 2,3 ==PSH LEVEL 29R«=

SURROUTINF RLCHFK (N UsPS,Y,nX +sDP2+UCLTRBRTOLD +URRVRHO,AA) BLC
openly DTMENSION U{2470)9PS{70)s pUX(70)3RHO(2270) vAA(?O)vY(70l¢BEH(70)BLC

L4 |70L0(2) BLC
onool? COMMON NP o SQP yNPP yNL RLC
000017 PO} J = 14N BLC
060020 NUYX(J) = (Ul290)=U{19d)) /DX BLC
000Nn34 1 COMTINUE BLC
aoonly AA(Ll) = Q. #LC
ananén no 2 Ja 24 N HLC
600n4? JHY = =] “HLEC
000Nse ’ AAlJ)HAA(J-1)0(DUX(J)'PS(J)QOHX(JM])'PS(JMl))'(PS(J)-PS(Jﬂl)) BLC
000061 RAR(J) aDP2 BYLJ) o2 (NPeNPP) /(2,%FLOAT (NPeNPP)) BLC
000075 2 COMT INUE RLC
000100 ==RHO{2+1)%( TOLD(2) +TOLD(1} ) SR28Y (N)BENLS,25 BLC
000114 ADR=RBE (N) / (=aa (N)) i ‘BLC
000121 BC = B=AA(N) BLC
000124 WRITE(6s4n) PRCYRBBIN) +ANA BLC
Do014? 40 FORMAT (/9 10Xs#FLUID FURCES 3 #4E13.648 PRESS. FORCES = #, BLC.

1 E13, 640 RATIO OF THESE TWO = %,E13,64/) BLC
000y42 100 RETURN BLC
0001423 END BLC

HUM

RLCHEK

SUHRPRNGRAM LENGTH
000342

FUNCTTON ASSIGNMENTS
STATEMENT ASSIGNMENTS

- NANIR] 100
BLOCK NAMES ANN LFNGTHS

- NN00N4
VARTARLF AGSTGMMENTS
AA - 0000NNS A0B
B¢ - n00361 DUX
NL - 000043CO1 NP
ToLn = 0n0o00ON2 ucLl!

START OF CONSTANTS
000148

START OF TFMPORARIES
000165

START OF INDIRFCTS
000210

UNUSEN cOMPILER SPacCE
072700

88

VFRSTINAN 2,3 ==PSR LEVEL 29R=-

000142

000340
000227

A
J

000000C01 NPP

000000

URR

BLCHEK

000337 :1:1)
000335 @ JM]
000002C01 RMWO
000003

000001

. 000336

000004

10

40
50
60
T0
80
90
100
110
12¢
130
140
150
160
170
180
190
200
210
220



RUN VERSTOM 2,71 ==PSR LEVFL 29Re=

SURRNUTINE LOOK (JJK¢NNeU oY oDELTA)BHRY ¢NsCCo IFLOWIXRLEND,YJ4RE)

C
c FOR FJUECTOR FLOW AS PER FER, 19
c
0000,0 NIMENMSION 11 {0070} 4Y (70)
c sEARCH Fap INFLECTIQN woINT
000020 N0 770 JaJJKeNN
0ngn2 uaJ»1
00an23 Ka.Je
anon2s nZ-(U(lvJ)-U(I.M))/(Y(J)-V(M)&-(U(loM)-U(loK))/(Y(M)-Y(K))
0ON044 . IF(NZ46T404)GO TO 771
000N4A ?T0  CONTINUE
000050 TT]1 IF(D7LT40+)60 YO 776
€ - NO INFLECTION POINT
000052 JJuN=M «]
000NSR UPATaU (] 4 M)
000057 O TFLY (M) LLE.BY)GO TO 776
000062 AELTAaY (N)=DELTA
0n0nes TF(Y(M),GE, BELTA)GD TO 776
Cc SEARCH FOR SHEAR LAYER OlLTER EDGE
a00070 MYzMel
0non7? NO 1319 Tay,MyY
000NTA UTY3 (UL sM=T)=UUPOT) /LUl 41)=UPOT)
o010 TFNTY6T4,003)60 TO 1320
000104 1319 CONTINUE
000110 1320 MPzMa]+]
DooNIN JJk=MpP
000114 AYR(Y(MP=]1)=Y(MP) ) ®(,0038({(}+1)=UPOT}~
TUCY ¢ MP=1) ¢UYPOT) (U () ¢ MP =)=l (], MP) ) ¢Y (MP=1)
¢ SEARCH FOR SHEAR LAYER TNNER EDGE
000133 N0 772 Ia3M
00013, UTT=(Ulle1)=ylly 1)) /(U1 1)=UpQT)
000140 TF(11TTe6T44003;60 TO 773
000144 772 CONTINUE
00014 773 RE=Y (1= o (YD) aY([«1))O(U{lel)=U{lel=l)m
1,0038 (U{1+1)=UPOT))I/(U(Ts1)aU(lo]el))
0npl16A 1IF{T.EQ,3)8Emp,
00017 RFRAC=KE/Y
000173 IF(RFRAC.LE.+050) CCmelng
000177 RHZRY=RE
C SEsRCH FOR EOGE OF WALL ROUNDARY LAYER
000202 nO 774 Isl,aJdd
000203 UKK= (UPOT=U(]1sMa1)) /UPOT
000211 TF(UKKLGT,,010160 TO T7%
000214 774 CONTTINUE
000214 T7S5 KisMe]w=]
000221 QEITA=Y(KY)-(Y(K[01)‘Y(KY))'IU(IQKI)'o99O.
TUPOTY/Z{ULT o KT ¢ ) =U(1oXKT)]}
000236 IF(RY4GEL,RELTAYGO TO 774
000240 NELTA=Y (N) «HELTA
000?419 MZ3K [=MP
0pn2es IF(M7.LE1)GO TO 776
000547 A0 To 779
€ TFLNwal tHERF Is NO INFLECYION POINY
RUM VFRSION 2,3 ==PSR LEVEL 29f0e= L0o0K
000250 776 IFLOws]l o T -
too2s82 XBLEND=(,
pan2s3 77T PETURN
Inecese END

LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF
LEF

" LEF

LEF
LEF
LEF

10
20
kI
40
60
70
80

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
EL1/]
290
400
410
420
430
440
450
460
470
4RO
450
500
5190
520
530
540
550

560
570
SRO
$90

89



RUN VFRSION 2,7 «=PSR LEVFL 2qR=w

LOOK

SURPRAGAAM |ENATH
0002325

FUNCTTION ASSIGNMENTS
STATEMENT ASSIANMENT
1A8! - 000050
71T - 0AN0283
BLOCK NaMFe ANR LFNG

VARTAALE ASSTANMENTS

BE - 000004
ce - 000002
J = 000148
M - AONI0K
N - 6000
ury - A0S

STARY OF CONSTANTS
000256

START OF TEMPOARARIES
000764

START OF INDIRECTS
0007277

UNUSENR COMPTILFR SPAC
072400

90

S
73
1320

THS

RELTA
02

JJ

MP

UKK
XBLEND

E

44 4 80

000146
000110

000313
000310
npo31l
000317
000322
000004

778

BFRAC

MY
uroT
YJ

[ IO B I B |

000216

00032]
00031%
000307
000314
000312
000005

LooK

776

:34
IFLoOW
K1

MZ
urr

000250

000000
000003
000323
000324
000320
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Mixing Section Dimensions for 1.875'" Throat Size

Table 1

X ty X Xy X *y
Inches Inches Inches Inches Inches Inches
-3.000 -0.937 1.960 1.062 1.280
-2.937 4,496 -0.875 1.922 1.125 1.268
-2.875 4,288 -0,812 1.886 1.187 1.256
~2,812 4,128 -0.750 1.850 1.250 1.244
-2.750 3.982 -0,687 1.814 1.312 1.234
-2.687 3.860 -0.625 1.782 1,375 1,222
-2.625 3. 740 -0.562 1.746 1.437 1.210
-2.562 3.628 -0.500 1,715 1.500 1.200
-2.500 3.510 -0.437 1.688 1,562 1.192
-2.437 3.412 -0.375 1.658 1.625 1.182
-2,375 3.310 -0,312 1.632 1.687 1,174
-2.312 3.226 -0.250 1.608 1.750 1.162
-2,250 3.140 -0,187 1.586 1,812 1,154
-2,187 3.064 -0.125 1,562 1.875 1.146
-2.125 2.998 -0.062 1.540 1,937 1.138
-2,062 2,918 0.000* 1.519 2.000 1,130
-2.000 2.840 0.062 1,502 2,125 1.116
-1.937 2,778 0.125 1.486 2.250 1.100
-1.875 2.708 0,187 1.470 2,375 1.086
~1.812 2.646 0.250 1,452 2,500 1,077
-1.750 2,586 0.312 1.438 2.625 1.066
-1.687 2,520 0.375 1.422 2.750 1.058
-1,625 2.464 0.437 1.406 2.875 1,048
-1.562 2,404 0,500 1,394 3.000 1.042
-1.500 2.350 0. 562 1.380 3.125 1,038
-1,437 2,296 0.625 1.366 3.250 1.034
-1.375 2.246 0.687 1.354 3.375 1.030
-1.312 2,196 0.750 1,340 3.500 1.024
-1,250 2,152 0.812 1.328 3.625 1,018
-1,187 2.110 0.875 1.318 3.750 1.014
-1,125 2,070 0.937 1.304 3.875 1.010
-1.062 2.030 1.000 1.288 4,000 1.007
-1.000 1.990 8.000 0.938

11,000 0.938
23.500 1.593

B _—
Nozzle discharge plane at x = 0, 000
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Table 2

Variation of Individual Integrated

Traverse Mass Flows For Each Test Run

Run Variation of Integrated Traverse Number of Traverse
Mass Flow Rate Around An Locations
Average Value
1 +2.2%, -3.0% 4
2 +3.5%, -2.3% 5
3 +3.4%, -3.9% 9
5 +0%, -0% 3
6 +2.3%, -2.8% 4
7 +41%, -2.8% 5
9 +5.6%, -2.6% 5
10 +4.0%, -2.2% 5
11 +3.8%, -2.6% o
Average +3.6%, -2.8%
w/o Run 5
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Table 3

Location of Test Data for Each Test Run

Run Run Run Run Run Run Run Run Run Run Run
1 2 3 4 5 6 7 8 9 10 11
Test Conditions T4 -
and Mass Flows T5 TbH TS5 - T5 T5 T5 - T5 T5 -
F11 F11 TFl1 - F11 F12 Fl12 - F12 F12 -
Static Pressures Fi13 F13 F13 Té Fi13 F14 F14 Té Fi14 Fi4 T6
Centerline Veloci-| F15 F15 F15 - F15 Fl16 F16 - F16 F16 -
ties and Temper-
atures
Velocity Profiles F17 F18 Fi19a - F20 F21 F22 - F23a F24 -
F19b F23b
Temperature
Profiles - - F25 - - - - - F26 - -
F217 F27
Eddy Viscosity - - F28 - - F28 - - - - -
Sensitivity F29 F29
Flow Rate _ - FAT - - F27 - _ _ _ _
Sensitivity

T Stands for Table
F Stands for Figure
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Table 5

Comparison of Experimental and
Analytical Mass Flow Rates

Mixing Mixing Percent | Analytical | Comparison{Comparison
Throat Section Section |Difference| Mass Flow Of
Run Mass Flow | Mass Flow In For Traverse Orifice
Width |Rate From | Rate From | Measured | Best Static To To
No. Traverse Orifice Data Pressure | Analytical |Analytical
(inches) Data Data Match Mass Flow | Mass Flow
b/ sec. in.|1b/sec. in. %_@ b/ sec. in., - -
1 1.25 0.408 - -- 0.382 +6.4% -
2 0.341 0.320 +6.7% 0.322 +5.6% - .6%
3 0.357 0.3535 +1.0% 0.351 +1.7% +.7%
5 0.384%* - - 0.395 ~-2.9% -
6 1.875 | 0.434 0.417 +4,0% 0.420 +3.2% -.7%
7 0.458 0.447 +2.5% 0.443 +3.3% +.9%
9 0.501 - - 0.485 +3.2% -
10 0. 525 -— - 0.508 +3.2% --
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Table 6

Tabulation of Static Pressures For

Runs 4, 8, and 11

Distance
From Nozzle Run No. 4 8 11
Discharge Nozzle Pressure psia 35, 61 31.80 35. 68
inches Throat Height 1.25" 1.875" 1.875"
Wall Static Pressure in Inches of Water Gage
-1.62 ~-8.05 -6.8 -10.4
-1.25 -11.2 -9.1 -13.7
-0.87 -13.7 -10.7 -16.3
-0.46 -17.1 -13.0 -19.5
+0.03 -19.5 -14.2 -21.5
+0. 56 -19.5 -13.9 ~20.9
+0. 99 -20.7 -14.2 -21.5
+1.50 - -21.5 -13.9 -22.4
+2.00 -28.0 -16.5 -26.6
+2.50 -32.2 -17.7 -28.6
+3.00 -35.7 -18.6 -30.1
+3.50 -37.5 -18.3 -30.1
+4, 00 -39.5 -18.6 -31.0
+4.50 -40.7 -18.3 -31.3
+5. 00 -41.9 -18.3 -31.6
+5. 50 -42.7 -18.0 -31.9
+6.00 -43.1 ~-18.0 -32.5
+7.00 -48.7 -18.6 -33.6
+8, 00 -54.3 -19.2 -35.4
+9, 00 -55.8 -18.5 -35.4
+10. 50 -58.1 -17.17 -35.1
+12. 00 42,2 -13.0 -28.6
+13.00 -30.1 -9.1 -23.3
+15.00 -13.2 -2.5 -15.1
+17.00 - 2.3 +2,2 - 8.3
+19, 00 + 4.9 +5.9 - 5.1
+21.00 +9.9 +8.6 + 0.7
+23. 00 +13.2 +10.9 v 3.7
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Figure 2

Picture of Primary Nozzle
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Figure 3

Picture of Nozzle Positioned in the Mixing Section



Figure 4

Picture of Mixing Section Discharge
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Nozzle
Mixing Section Side Plate

Top-Contoured Plate

Bottom-Contoured Plate

Table Top
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Solid Side Plates
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Figure 5

Extended Inlet on Ejector Test Rig
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Figure 7

Picture of Right Side of Ejector Rig
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Figure 8

Picture of Left Side of Ejector Rig
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10. 5" - Inches of Water Gage

Wall Static Pressure at x =
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Figure 12 Comparison of Experimental and Analytical Mass Flow Rates for
Runs 6, 7, 9, and 10
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Solid Lines are Analytical Results
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Solid Lines are Analytical Results

24

.

22

18 20

16

14

- Inches

Tischarge

R R I T S E v FE AR A a s SeRRa SR RUR N SRR RRSSY FE 2R $AN S 4YY

P

[IIIERERR TN

Analytical

19

10 ]

O

{

Axial Distance from Nozzle

b ~{+~ g

3-M-

1

ae

P

+20

-10

L]

988D a038 M JO SOYOU] - 9INSSVIJ ONIBIS em

\

Figure 14 Wall Static Pressure Distributions for .Mix

Section

ing

with 1, 875" Throat

111



Maximum Velocity - fps
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Analytical Wy, = 0,382 Ib/sec, in.
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Velocity - fps

Analytical Wy, = 0.322 Ib/sec. in.
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Velocity - fps
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Velocity - fps

Analytical Wy, = 0.351 Ib/sec. in,
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Velocity - fps

Analytical W, = 0,395 Ib/sec. in.
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Velocity - fps

Analytical W, = 0,420 Ib/sec. in.
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Analytical Wm = 0,443 Ib/sec. in.
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Velocity - fps

Analytical W_ . = 0.485 Ib/sec, in.
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Figure 23a Velocity Profiles for Run 9 for 1.875" Width Mixing Section
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Analytical Wm = 0,485 Ib/sec. in.
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Velocity - fps

AnalyticaLWm = 0.508 lb/sec. in.
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Figure 24 Velocity Profiles for Run 10 for 1.875" Throat Mixing Section
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Wall Static Pressure - Inches of Water Gage
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Figure 27 Wall Static Pressure Sensitivity to Flow Rate and
Eddy Viscosity for Run 3 and Run 6 -
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Figure 29 Velocity Profile Sensitivity to Eddy Viscosity
For Run3 and Run6at x = 7,0"
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As A Function of Throat Mach Number
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