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ANALYSIS AND TESTING OF HIGH ENTRAINMENT
SINGLE-NOZZLE JET PUMPS WITH VARIABLE-AREA MIXING TUBES

By Kenneth E. Hickman, Philip G. Hill, and Gerald B. Gilbert

SUMMARY

The use of jet pumps is of increasing interest for boundary layer con-
trol or control force augmentation in V/STOL aircraft. In typical applications, a
small mass flow of primary air at pressures up to 400 psia can be used to entrain
a much larger mass flow of secondary air at ambient conditions. The primary
nozzle flow is supersonic while the secondary flow is subsonic. The jet pump
system design objectives may be maximum entrainment, maximum thrust aug-
mentation, or some combination of the two. Little information is available in the

literature to guide the designer of jet pumps for such applications.

In this investigation, an analytical model was developed to predict the
performance characteristics of axisymmetric single-nozzle jet pumps with variable
area mixing tubes. The primary flow may be subsonic or supersonic. In the region
upstream of the section where the central jet reaches the wall, the analysis is based
upon the hypothesis that the mixing phenomenon is fundamentally similar to the
mixing of a free turbulent jet with the surrounding fluid. The eddy viscosity values
used in the analysis are adjusted to allow for the effect of the duct walls on the
mixing process. Integral techniques are employed in a computer program to solve
the continuity, momentum, and energy equations to determine the variation of flow
properties along the mixing tube. Wall boundary layer effects are included in the

analysis.

Downstream of the section where the jet reaches the wall, the velocity
profile is assumed to approach asymptotically the profile for fully developed turbulent
flow in a pipe. Viscous forces are present throughout the flow so no distinct boundary
layer analysis is employed. The eddy viscosity is assumed to approach the fully-
developed flow value asymptotically. Wall friction forces are calculated from the
fully-developed pipe flow friction coefficient. Integral techniques are employed as

before to determine the variation of flow properties along the mixing tube.




An experimental program was conducted to measure mixing tube wall
static pressure variations, velocity profiles, and temperature profiles in a variable
area mixing tube with a supersonic (M = 2,72) primary jet. Static pressure varia-
tions were measured at four different secondary flow rates. These test resulis

were used to evaluate the analytical model.

The analytical model yields good predictions of wall static pressure
distributions, velocity profiles, and temperature profiles along the mixing tube.
Therefore, the analysis is believed to be ready for use to relate jet pump perfor-

mance characteristics to mixing tube design.



Section 1

INTRODUCTION

1.1 Background

A number of STOL aircraft boundary layer control systems now under
consideration employ jet pumps to entrain large flows of secondary air and direct
them over deflected flaps to achieve lift augmentation. Some proposed VTOL air-
craft systems also employ jet pumps for direct lift or control force augmentation.
The primary, high-pressure flow for the jet pumps can be provided either by bleed

from main engine compressors or by an auxiliary power unit.

The use of jet pumps as primary components of V/STOL aircraft
systems makes necessary the development of new design techniques for these
devices. In aircraft applications, it is essential to be able to minimize the size
of jet pumps for particular primary and secondary flow conditions. Jet pumps
for boundary layer control systems generally must have high entrainment ratios—-
the secondary flow often must be over 10 times larger than the primary flow--but
pressure rises of only a few psf are needed. The primary flow may be highly
supersonic. Thus, design procedures which have been developed in the past for
the more conventional low-entrainment, high-pressure rise industrial jet pumps
are not suitable for V/STOL aircraft jet pump design.

1.2 Previous Work

In an earlier program, Dynatech R/D Company carried out an analy-
tical and experimental investigation of high-entrainment ratio air-to-air jet pumps
for the Ames Research Center of NASA (reference 1). This investigation was
limited to jet pumps with constant-diameter mlxmgTubes An analytical pro-
cedure and a computer program were developed to predibt the performance of
such a jet pump over a range of operating conditions. The accuracy of the analysis

was confirmed by comparing predicted performance to test results for a number



of multiple-nozzle jet pump configurations at different primary flow pressure and
temperature levels. Procedures were demonstrated for matching a jet pump to

its duct system for maximum entrainment or thrust augmentation.

The selection of the constant-diameter mixing tube configuration allowed
considerable simplification of the analysis, design, and construction of the jet pump.
However, it is unlikely that constant-area jet pumps give the best performance for
all applications. Almost no information is available to indicate the extent of per-

formance improvements which can be achieved with other mixing tube configurations.

A method for predicting the flow behavior in jet pumps with arbitrary
mixing tube shapes and incompressible flows was reported by P.G. Hill (reference
2). The method is based upon the hypothesis that the mixing phenomenon in a jet
pump has a fundamental similarity to the mixing of a free turbulent jet with the

surrounding fluid. Therefore, as in a free jet, the turbulent Reynolds number--

- Jet velocity x duct radius
T eddy viscosity

Re

-—will remain constant with distance as mixing occurs. This is a rather gross
simplifying assumption but the resulting flow predictions are good. Static pres-
sure variations and velocity profiles computed on this basis agreed well with test
data for Helmbold's converging-diverging mixing tube. Once the static pressure
distribution is known, the jet pump performance can be predicted without further
difficulty.

The analytical methods of reference 2 are limited in application to in-
compressible flow in axisymmetric jet pumps having a single primary jet. These
analytical methods must be modified to include compressible flow effects if the

methods are to be useful for the designer of V/STOL aircraft jet pump systems.



1.3 Objectives of This Investigation

The specific objectives of this investigation are as follows:

o to develop an analytical procedure for predicting
the performance of high-entrainment-ratio com-
pressible flow jet pumps with arbitrary mixing
tube geometry.

° to obtain test results with jet pumps having
variable-area mixing tubes so that the analytical
methods can be checked.

The analytical procedure is formulated to allow prediction of the per-
formance of a particular jet pump nozzle and mixing tube combination over a range
of primary and secondary flow conditions. To select the best jet pump design for
a particular application, the analysis can be used to predict the performance for
a number of different mixing tube shapes. Comparison of the performance char-
acteristics will show which geometry is best. The off-design performance of the

jet pump can be determined by using the same analytical procedures.
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SYMBOLS

area, £t2

U.
diameter of jet at which U = Ug + —21—, ft
wall friction coefficient

nozzle flow coefficient

£

UR

free jet profile value = fy (7); equation (1)

dimensionless eddy viscosity =

velocity profile at the end of Part 1, equation (7)
dimensional constant = 32,2, Ibm-ft/Ibf-sec?
auxilary velocity profile, equation (7)

velocity profile for fully-developed flow in a pipe
boundary layer shape factor

specific heat ratio

suction duct loss coefficient

entrainment ratio = W,/ Wy

number of equal-radial-increment annuli used in integral
analyses, equation (36)

static pressure, lbf/ft?
stagnation pressure, Ibf/ft2

secondary flow stagnation pressure after correction
for suction duct losses, Ibf/ft2

tube radius, ft
radius at nozzle exit section, ft

gas constant x g,, ft2/sec2-° R



Reynolds number based on mean velocity; equation (50)
turbulent Reynolds number

momentum thickness Reynolds number

parameters defined by equations (29) and (30)

stagnation temperature at any radius in mixing zone, ° R
relative stagnation temperature at centerline of jet, ° R
stagnation temperature of flow adjacent to the duct, ° R
difference between stagnation temperature at any radius
in the jet and the stagnation temperature of the surrounding
flow, °R

temperature ratio = T, /Too

velocity, ft/sec

velocity at centerline of jet, ft/sec

velocity at centerline of jet relative to Uo, ft/ sec

relative velocity at centerline of jet at end of transition
section, ft/sec

relative velocity at centerline of jet at beginning of transition
section, ft/sec

velocity of outer stream, ft/sec

velocity ratio for transition zone = Ujo/ Ujoo
terms in equation (37)

mass flow rate, secondary flow, lbm/sec
mass flow rate, primary flow, lbm/sec
coefficient matrix; equation (37)

axial position along mixing tube, ft

length of the transition zone, ft



Y(K)

Subscripts

00
1
core

eff

noz

SD

radius, ft

derivatives in equation (37)

velocity profile shape parameter

width of shear layer, it

boundary layer displacement thickness, ft
eddy kinematic viscosity, ft2/sec
dimensionless radius = y/6 or y/R
boundary layer momentum thickness, ft
velocity ratio Uo/Uj

density, lbm/ ft3

shear stress, lbf/ft2

kinematic viscosity, ft2/ sec

v'alue at top~-hat section

primary flow

dimension at end of transition zone
effective radius or area of mixing tube
value at mean area of transition zone
primary nozzle exit area

suction duct upstream of mixing tube



Section 3

ANALYSIS

3.1 Purpose

The purpose of the analysis developed in this section is to predict the
performance characteristics of compressible flow jet pumps with variable-area
mixing tubes. The jet pumps may have supersonic or subsonic primary flow
issuing from a single nozzle located along the axis of an axisymmetric cylindrical
mixing tube. The secondary flow and the mixed flow downstream must remain

subsonic. The primary and secondary flows are taken to be the same perfect gas.

A particular objective of the analysis is to predict the variation in
static pressure along the length of the mixing tube. Knowledge of this pressure
variation allows calculation of the thrust augmentation of the jet pump, an es-

sential parameter for jet pump application studies.

3.2 General Description of the Analytical Model

The analysis is based upon the incompressible flow jet pump analytical
model developed by Dr. P.G. Hill (reference 2). This analytical model, with its
associated computer program, was modified in the present study to account for
compressible flow effects. The formulation of the analytical model is described
in this section. The computer program which is based upon the compressible

flow model is described in Appendix B of this report.
The following initial assumptions are made for the analysis:

1. The primary and secondary flows are the same

perfect gas. S

2. No heat is transferred across the wall of the

jet pump.



3. The jet pump consists of an axisymmeiric, cylindrical,
variable-area mixing tube with a single primary nozzle

located along the axis.

4, The primary and secondary flow conditions and the
nozzle geometry are assumed to be such that no
normal shocks or moisture condensation shocks

occur in the primary flow.

5. The secondary flow and the combined flows after
mixing are assumed to remain subsonic throughout

the mixing tube.

6. The velocity of the primary jet at the nozzle exit is

greater than the velocity of the secondary flow.

7. The static pressure is constant across any section

perpendicular to the axis of the jet pump.

Dr. Hill's analysis identifies three distinct flow regimes in a jet pump.

These regimes are shown in figure 1; they may be described as follows:

10

Part1 - A region in which the jet is approximately self-
preserving and is immersed in a potential outer stream which
may be accelerating or decelerating, depending on the shape

of the duct and the rate of entrainment of mass into the jet.

Recirculation Zone - A possible region in which recirculation occurs,
following a deceleration of the outer stream. At the beginning

of this zone the "edge" of the jet has not yet diffused to the wall

and the secondary fluid recirculates through the jet. The pres-

sure gradient is generally observed to be negligible in this zone.



Part 2 - The region downstream of the point (fairly distinct

in many cases) at which the jet attaches to the wall. An adverse
pressure gradient is generally established but the relatively high
shearing forces near the wall tend to accelerate the fluid against
the pressure gradient. If there is a zone of recirculation, it is

terminated in a short axial distance by these high shearing forces.

In addition to these three regions, there is a relatively short transition
zone between the nozzle exit and the section at which a subsequently self-preserving

velocity profile is attained.

In Part (1) the jet velocity profile can be approximated well

by
o _ ¥y
Uj fo (6 ) at any x (1)

where U =  velocity at radius y

UO = outer stream velocity

Uj = jet relative velocity at centerline

X = axial position along mixing tube

y = radius

) =  width of shear layer (see sketch)

— 5

-

U, —

Uo

Velocity Profile at Station x
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The functional relationship fgy (v/9) is determined quantitatively from

velocity profiles measured in axisymmetric jets discharging into free space.
fo (n) = 1.0004 - 0,01757 - 8.3821n2 + 16,580673

-12.7871% + 3.6087° (2)
where n=y/6 (Partl)

The same relationship holds in the recirculation zone but the axial pressure gradient

in this region is assumed to be zero.

The relationship above is used to describe the velocity profile at a parti-
cular axial station in Part 1 of the mixing tube flow. The continuity, momentum,
moment-of-momentum, energy, and boundary layer equations are used to determine
the changes in Uj, Ug, 6, temperature, and pressure which occur from station to
station along the mixing tube. To solve these equations, the temperature profile
must be known so that the density variations across the section can be determined.
Following Abramovich (reference 3), the stagnation temperature profile is taken to

be the square-root of the velocity profile.

T -T

0 oo _1/2(y )
o N ¢ ®
0j
where T0 = stagnation temperature at 5
any radius in the mixing zone ‘—3{ g
To = stagnation temperature of sur- P
rounding secondary flow
T —
oj = relative stagnation temperature at 2]

center of jet

12



The solution of the moment-of-momentum equation requires shear
stress values to be known as a function of radius. These values are obtained as

follows:

=€p U/ 0y (4)

_
!

where T = shear stress
€ = eddy kinematic viscosity ,

density

©
1

The value of the turbulent Reynolds number is assumed to remain constant across
the flow at any axial station in Part 1, This allows calculation of the eddy viscosity

from the following equation:
where Rer = turbulent Reynolds number

At the beginning of Part 1, the jet mixing process is not significantly affected by
the presence of the mixing tube walls. Therefore, the value Repp = 147, from
incompressible free jet mixing tests, can be used. Further downstream in Part 1,
as the jet approaches the walls, the mixing process is altered from a free jet to a
free wake type of mixing. The change in the mixing process is accounted for by
using the following equation to determine the eddy viscosity at any station in Part 1:

U;6

3 -
€ = ﬁlrr_F- [1 + E (l-e l.lh)] (6)
U
where A= Uo
i

Boundary layer growth must be taken into account in order to predict
wall static pressure variations with accuracy. Boundary layer displacement
thickness variations are obtained in the analysis by using the methods of Moses
(reference 4). The equations used are described in Section 3.4 in this report.

13



In Part 2, the jet has reached the wall. The free jet mixing velocity
profile is no longer appropriate. Instead, the velocity profile is assumed to follow

the relationship;
U/Ug = f2 (n) + v 82 (M) (7)

where Uc = jet velocity at centerline

fo (1) = velocity profile at the end of Part 1

n=y/R

R = mixing tube radius at the axial position considered

v = v (x) adjustable shape parameter

go (1) = auxilary velocity profile

At the beginning of Part 2, v is set equal to zero and the velocity profile matches
the velocity profile at the end of Part 1. The auxilary profile gy (1) is chosen so
that, as y approaches 1.0, the U/ U, velocity profile approaches the profile for
fully-developed flow in a pipe.

go (M) = gg(n) - f2 M) (8)

where gg(n) = velocity profile for fully-developed flow in a pipe

No boundary layer calculations are made in Part 2. Viscous forces are
present throughout the flow so no distinct boundary layer exists. Wall friction forces

are calculated from turbulent pipe flow correlations.

The continuity, momentum, moment-of-momentum, and energy equations
are used to determine the changes in U, v, temperature, and pressure which occur
with distance along the mixing tube in Part 2. The solution of the moment-of-
momentum equation requires determination of the eddy viscosity as a function of
radius and axial position. Because the flow in Part 2 becomes asymptotic to fully-
developed pipe flow, the eddy viscosity must be asymptotic to the fully-developed

flow value.

14



7 /7T wall = Y/R = 1 as v (x) approaches 1.0 (9)

1 Cgg m
Egf= - 3 it (10)
an 88 (m)
where Eof = €2f/ U R = dimensionless eddy viscosity distribution

€9¢ = eddy kinematic viscosity for fully-developed pipe flow

Ciq = Twall = wall friction coefficient
2

% p Ue

An arbitrary function is used to make the eddy viscosity distribution in Part 2 con-

tinuous with that at the end of Part 1.

E=E (1- 72) + ’)’2E2f (11)

where E; = dimensionless eddy viscosity at the end of Part 1

calculated from equation (6)

The paragraphs above have described the basic approaches used for the
analysis of flow behavior in the variable-area compressible flow jet pump. The
fundamental assumptions for the analysis have been identified. The sections which
follow present the sets of equatiéns which must be solved in each of the three regions
of the flow; the transition zone, the region upstream of jet attachment to the wall
(Part 1), and the region downstream of the point of attachment (Part 2).

3.3 Transition Zone Analysis

The transition zone begins at the primary nozzle exit plane and has a
length of approximately 20 jet nozzle diameters. At the nozzle exit plane, the
static pressure in the supersonic primary flow may be different from the static
pressure in the surrounding secondary flow. We assume that before mixing of
the two flows begins, the primary jet expands or contracts isentropically until
its static pressure matches that of the secondary flow. At the station where this
accommodation is complete, the velocity profile is assumed to resemble a "top-

hat' as shown in figure 2. Then mixing of the primary and secondary flows begins.

15



The transition zone continues downstream to the section where the potential core
in the jet ends. At this point, the f, (y/8) profile has been attained and the stagnation
pressure at the center of the jet begins to fall because of mixing with the secondary

flow.

The flow conditions at the end of the transition zone are determined
by solving three simultaneous non-linear algebraic equations which are developed
from the continuity and momentum equations written for the transition zone as a
control volume, and from the condition that the stagnation pressure remains con-

stant along the centerline of the primary jet.

The length of the transition zone is measured from the primary nozzle
exit section to the point where the f, (v/ 8) profile is attained. This length is
designated as X, qpe and must be specified as input data for the analysis. For in-

compressible flow, equation (12) may be used (reference 3).

_ Uoo
Xcore ~ 4. 08 60 (1 + U: ) (12)
joo
where 8o = radius of primary jet at top-hat section

Ugo = secondary flow velocity at top-hat section

Ujoo = primary jet relative velocity

For compressible flow with a supersonic primary jet, the value of X,ore Will
depend on whether the jet is under- or over-expanded as it leaves the nozzle, A
suitable replacement for equation (12) is not known to be available, s0 X,qpe Was
arbitrarily chosen to be equal to the mixing tube inlet diameter. This length is

equivalent to about 18 primary nozzle diameters.

The transition from the top-hat profile to the fo (y/ 6) profile is assumed
to occur in a control volume of essentially constant area, The effective mixing tube

radius at Xcore iS calculated by taking the boundary layer thickness into account.

16



Reff = Reore - OHp (13)

where B=04, + 0.001 X, e (14)
Reff = effective radius of mixing tube at X, gre
Reore = radius of mixing tube at x,qpe
© = boundary layer momentum thickness at X;gpe
8, = inlet boundary layer momentum thickness

Hg = inlet boundary layer shape factor = 1.4 assumed
The flow area available for the secondary flow at the top-hat section is given by
equation (15).

R .
Aeff = TR”gff = Anoz Anoz = Aprimary flow (15)

IR

where Aeff = secondary flow area at top-hat section

Apnoz = area of primary nozzle exit section

The velocity of the secondary flow at the top-hat section is calculated from equation

(16).

Upp = Yo 16)
00 po Aetr (
where Uoo = secondary flow velocity at top-hat section
W0 = mass flow rate of secondary flow
Py = density of secondary flow

The value of Py in equation (16) is the density corresponding to the local static pres-
sure and temperature. It is computed by an iterative process using the known values
of inlet stagnation pressure and temperature and the appropriate perfect gas relation-

ships. The same calculation yields the value of the local static pressure.

17



The primary flow conditions at the top-hat section are calculated as

follows:
_k_
. - ( Py ) k-1
= am
1 ol Po1
where T1 = static temperature in primary flow at top-hat section
Tol = specified primary flow stagnation temperature
P, = specified primary flow stagnation pressure
Py = static pressure from secondary flow calculations
U, = 2 K R, (T ,-T 1
1= V21 BgTor - Ty (18)
where U1 = primary flow velocity at top-hat section
Ujoo - Ul - Uoo (19)
where Ujoo =  primary jet relative velocity

The flow conditions at the end of the transition zone are computed by
using the continuity and momentum relationships and the assumption that the stag-
nation pressure is unchanged at the center of the jet. The stagnation pressure of the
secondary flow outside the mixing region is assumed to remain constant during
transition. The stagnation temperature of the secondary flow outside the mixing
region, and the stagnation temperature at the center of the primary jet, are assumed

to remain constant.

The values of Ugo, Ujoo' p1,Wo, and W1 are known to begin the analysis
which determines the velocity profile at the end of the transition zone. The continuity,
momentum, and constant centerline pressure equations at the end of the zone may

be written as follows on the next page.

18



R

eff
Continuity: Zﬂf pUydy = Wo +W1
o]
R
o u? WlUl WoUoo
. p _ —m - +
Momentum: 2w g ydy +(p %JAm (p1 130) Am + g, g,
o]

Constant Stagnation Pressure Along Centerline: Pol = constant

where Am = szeff

(20)

21)

(22)

The velocity profile at the end of the transition zone is given by equations (1) and

(2). The temperature profile is given by equation (3).

To permit equations (20), (21), and (22) to be solved simultaneously

using standard computer subroutines, these equations were rewritten in terms of

the following dependent parameters:

- Y

Uy = U ;
joo

U

A = >
Ujo

6 o

R eff An |

(23)

(24)

(25)



The continuity, momentum, and constant centerline stagnation pressure

equations in final form are as follows:

Continuity:

Let

WO+W1

mass 9
TR eff P oonoo

It can be shown that

6.2
Cmass ~ —— [Ur (ﬁ) (Zl - SZO) + Ur SZO]

Poo
where —lik_l
N - 2,207
P og (1 -S40 Urx )
2
S = k-1 U00
00 2 kR T
, g 00
_ A
520 T-§ UZ Az
oo T
1
(A + f))2ndn
Z, = =
1 S 1/2 2 2
A 1+ i, %8 U A+ f)
T .
'ﬂ' = __OJ__
T
00
Momentum:
_go(p—Poo) Am+W1 U1 + Wo U0
Let C =

2 2
mom
T Reff P oonoo

It can be shown that

20

C = R Too
‘mom (—ﬂp“p—'— - 1) _g2—
00 .
joo

5
") [Ug )7 (2 - 38,9) + U 7‘320]

(26)

27

(28)

(29)

(30)

(31)

(32)

(33)



1
where , o+ fo)z 27 dn
. =S' (34)

1+ Tt /2 5 1P+ 1)
0 0 o0 T (o)

Constant Stagnation Pressure:

k-1

2 .2
- SOOUT * , = P°1 ko (35)
SooToo 2 2 Poo"APSD
1-—p— U, d+X
ol r

where APSD = suction duct losses (see section 4.2.3)

The Z integrals are evaluated by using the following summation:

) s N,
— ~ 1
Z, = 3 E (p— ) 2m (36)
s i k
i=1

where nS = number of summation strips, each of the same A7

Ni’ Di are defined as follows:

Equation K N; D;
S 1/2 2 2
; - +
Continuity 1 A+ £ 1+ ’ﬂ'foi SooUr (A foi)
Momentum 2 A+ foi)z same

Equations (27), (33), and (35) are solved simultaneously to yield values of Ur’ A,

and 6/R at the end of the transition zone. The value of the static pressure at the

end of the zone is then determined from equation (28).
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3.4 Flow Analysis Upstream of Jet Attachment

In Part 1, the zone between the end of the transition zone and the
section where the jet reaches the wall, seven variables are determined by in-
tegral techniques. These dependent variables are Uj’ A=T o/Uj’ 6, the static
pressure p, the relative stagnation temperature at the jet centerline Toj’ the

boundary layer momentum thickness ©, and the boundary layer shape factor H.

The values of these variables are obtained by solving seven simul-

taneous equations of the following general form:
7
Z W(J,K) x Y(K) =V 37)
K= 1

a coefficient matrix

1l

where W({J,K)
Y ) = the derivatives of the dependent variables with

respect to ,x/Ro

a set of terms not containing any of the dependent

variables, evaluated at the x/Ro station of interest

=
=
I

22



The Y(K) values are listed below:

U, T
Y (- o =2l
U, T
Y(1) = . Jo’ Y (5) = > 007

v@) = —2& N
@ el

R

(o)

’ (Ré_) ¢ H

Y(3) = — Y(7) = —m——
) 5
X
(%)

\ (38)

The J simultaneous equations used to evaluate these derivatives are as follows:

J=1: Poo= stagnation pressure in the flow outside the jet = constant

2

3

: momentum equation for the complete flow
: continuity equation

: energy equation

: moment-of-momentum equation

: boundary layer momentum equation

: boundary layer moment-of-momentum equation

b (39)

/

These equations and the W(J, K) coefficients are given in detail in Appendix A.
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The velocity profile for the jet in Part 1 is given by equations (1) and (2),
with the distribution function f ° taken from free jet data (reference 5). The jet
temperature profile is given by equation (3). In the jet (0 < r = 0) the shear is

obtained from equation (4) with the eddy viscosity given by equation (6).

Outside the jet (5 < y < R), wall shear forces are assumed to be

negligible in the momentum equation for the complete flow. The boundary layer

momentum thickness © and the shape factor H are calculated from the following

equations:
dUu C
do ) o _ _f
a} + (2 + H) T dx ) (40)
dH - -HH + 1)(H2 -1) 1 dUo + Hz—l Hcf _0.06 (H-1) (41)
dx 2 UO dx S 2 (H +38) Re0.1

The friction coefficient in these equations is taken from the Ludwieg-Tillman

skin friction equation (reference 6):

—0.26810-. 678H

Cf = (.246 Re (42)
where RG = Reynolds number based on momentum thickness
These equations are based on the assumption that the outer (potential) flow at
velocity Uo is incompressible, and use has been made of the relation between
the boundary layer and jet mixing parameters given in equation (43):
1 1% - 1L dr 1 dUi (43)
U0 dx A dx Uj dx
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The equations above allow the boundary layer development to be
calculated simultaneously with the main flow mixing. Thus, the boundary layer
displacement thickness is taken into account when the momentum, continuity,

and energy equations are integrated across the mixing tube cross section.

The seven equations (39) are solved simultaneously to yield the values
of the derivatives (38). Then the derivatives are integrated using Runge-Kutta-
Merson techniques. This integration yields the desired values of U]., Uo’ é, p,

Toj’ 6, and H at selected values of X/RO along the mixing tube.

If a region of recirculation is present, the value of U0 becomes nega-
tive. The development of an analysis for the flow behavior in a recirculation

zone was not included in this investigation.

3.5 Flow Analysis Downstream of Jet Attachment (Part 2)

After the jet reaches the wall, the jet velocity profile is assumed to
follow the relationship given in equation (7). At the beginning of Part 2, the value
of the shape parameter ¥y (x) is set equal to zero and the velocity profile is given
by f9 (1). The functional relationship f2 is defined so as to be identical to the final

velocity distribution in Part 1.

fo (M + Afyp (M)
fo ()= i (44)

In this equation, f,p (7) is the boundary layer profile at the end of Part 1, estimated

by using a power law for the boundary layer:

u= U, (—6-13[-—)11 (45)

The exponent n must satisfy the values of momentum and displacement
thickness calculated for the boundary layer at the end of Part 1, The resulting

equation for f,y follows.
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Hy -1

2
R (Hy-1)
fhe = 1-17 (46)
6. H.(H + 1)
171V
where 6 = boundary layer momentum thickness at the end of Part 1

H1 = boundary layer shape factor at the end of Part 1

The velocity profile in Part 2 includes the auxilary profile go (7). This
profile is defined by equation (8) so that, as vy approaches 1.0, the Part 2 velocity
profile asympototically approaches the profile for fully-developed turbulent flow in
a pipe.

In Part 2, the values of five variables are determined by integral
techniques. These dependent variables are the velocity profile values U, and v,
the static pressure p, the temperature ratio T, and the temperature of the flow at
the outer radius of the mixing tube, T,,. The values of these variables are obtained
by solving six simultaneous equations of the general form given by equation (37).

The dependent Y(K) variables are listed below:

Uc

2 (750 o (B—)
Y(1)= — Y(4) = :

9 (Ro ) 9 (Ro )

5 (22 o () i
Y(2) = ——=— (not used) Y(5) = ——20— (47)

8(Ro ) 9 (Ro )

Too
9

Y@y = 2L v6)= __ Tooi

a(—ﬁB— a(Ro )

where Pogi and Tooi are the constant values of Poo and Too in Part 1. The variable
Y(2) above remains zero throughout the Part 2 analysis; this variable is a redundant

parameter which remains from an earlier version of the computer program.



The equations used to evaluate these derivatives are as follows:

J=1 = continuity equation

J= 2 = energy equation -

J=3 = momentum equation for the complete flow

J= 4 = moment-of-momentum integral equation (#9)
J=5 = centerline velocity-temperature relationship

J=6 = wall velocity = 0

These equations and the W(J, K) coefficients are given in detail in Appendix A.

The form of the stagnation temperature profile must be known in order
to solve the first four equations (48). For simplicity, the temperature profile was

assumed to be the same as in a free jet.

To-Too - 1/t ) inpPart2 (49)
Toj
This approximation is justified by the test results in Section 4.3 of this report.
Wall shear stresses are included in the momentum equation for the

complete flow., The wall friction coefficient used in the analysis is based upon pipe

flow correlations which yield equation (50).

Crgp = _Z_Wju = 0.048 ( —E——c % Re: % (50)
5 c
where Re,, = ﬁVD Reynold's number based on mean velocity
U = mass-average mean velocity
Ug = centerline velocity
v = kinematic viscosity
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This wall friction coefficient is only an approxjggif\n tothe actual value because
the velocity profile near the wall in Part 2 of the jet pump mixing tube is generally
not identical to the fulll;developed pipe flow velocity profile. Comparison of
analytical predictﬁ?;o measured wall static pressure values indicated that

equation (50) gave values of Cgq which were too high. Therefore, the analysis now

employs an arbitrarily reduced friction factor.

Coq = 1/2 Cfdf (51)

The moment-of-momentum integral equation includes a term which

represents axial shear forces between adjacent stream tubes. These shear forces

are determined from the eddy viscosity relationship given in equation (11).

The fifth equation in the set, the centerline velocity-temperature rela-
tionship, is based upon the test results obtained during this investigation. As shown
in Section 4.3 and Figure 16, the following equation may be used to supplement the
energy equation in Part 2.

ax T (b2)

1
T. U dx
j c

The sixth equation (48) sets Uo, the velocity of the flow along the mixing
tube surface, equal to zero. This equation was added to eliminate Y(2), the redun-
dant variable in equation (47), during the solution of the six simultaneous equations
(48). The solution of these equations yields the values of the derivatives (47). The
derivatives then are integrated using Runge-Kutta- Merson techniques. This inte-
gration yields the desired values of Uc, ¥, P, Toj, and Too at selected values of

x/Ro along the mixing tube in the region after the jet reaches the wall.
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Section 4

TEST PROGRAM

The objective of the test program was to provide data which could be

used to evaluate the analytical model. The test conditions are summarized below:

Primary Flow

stagnation pressure: 348 psia
stagnation temperature: 807°F

nozzle throat area: 1.587 x 1074 £2
nozzle geometry: see figure 3
mass flow rate: 6.76 1bm/min

Secondary Flow

inlet stagnation pressure: laboratory ambient (30.06' Hg)
inlet stagnation temperature: laboratory ambient (92°F)
mixing tube geometry: see figure 4

pressure rise: regulated by discharge

throttling device

This section of the report describes the jet pump test arrangement, instrumenta-

tion and data reduction procedures, and the results which were obtained.

4.1 Test Arrangement

The jet pump test arrangement is shown in figure 5. The primary
flow was supplied by a 2-stage reciprocating compressor. Electrical heaters
were used to increase the temperature of the flow up to about 800°F. The
primary flow was delivered to a single nozzle directed along the axis of the

mixing tube.

The momentum of the primary flow entrains a secondary air flow

from the room into the bellmouth inlet and then into the mixing tube. Here, the
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two streams mix together and the stagnation pressure of the secondary stream is
increased. The flow from the mixing tube passes through a conical diffuser and

exhausts to the atmosphere through an adjustable t irottling cone.

The individual components of the experimental jet pump are described

below:

1. Calibrated bellmouth inlet section

This component consists of a wooden bellmouth,
metal connecting tube, and fiberglass primary flow
inlet section. The bellmouth differential pressure
was calibrated in terms of flow rate by using an
orifice and blower available in the laboratory. The
calibrated bellmouth permitted direct measurement

of secondary mass flow rate for all jet pump tests.
2. Mixing tube

The mixing tube geometry was chosen rather
arbitrarily before the computer program became
available as a design guide. The basic Helmbold
mixing tube geometry (reference 7) was selected
because this geometry has been tested thoroughly
in the incompressible flow regime. The incom-
pressible results provide a guide to the flow behavior

which may be expected in the compressible flow regime.

The Helmbold mixing tube was scaled down so that
all dimensions were 0.892 times their original values.
This scale was selected so that the mixing tube would
match an existing discharge diffuser and the mixing
tube throat velocity would remain subsonic for all flow

rates expected in the test program. The smooth curving
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profile of the Helmbold tube was approximated with
cones and cylinders as shown in figure 4 for ease

of fabrication.
Discharge diffuser

A conical diffuser with an area ratio of about 2.8
and a total included angle of 7.1° wasg added at the end
of the mixing tube to maximize static pressure recovery
and allow high entrainment ratios to be achieved. Changes
in the axial positioning of the throttle cone in the diffuser
exit produced a variable system resistance so that the jet

pump could be tested over a range of secondary flow rates.
Nozzle geometry

Figure 3 shows the geometry of the converging-diverging
primary flow nozzle. The area ratio from throat to exit
section is 3. 24, the area ratio corresponding to one-
dimensional isentropic expansion from 350 psia to 14. 7
psia. When the jet pump was assembled, the exit plane
of the nozzle was at x = 0 where x is defined on the mixing
tube drawing, figure 4. The mixing tube diameter at the
nozzle exit plane is 5.341 in. The nozzle flow coefficient,
according to the definition below, was measured to be 0.929.

Wl
= 53

CW W1 (33)

ideal
where W1 = measured nozzle flow rate at design
pressure and temperature
W1 = isentropic flow rate through nozzle throat
ideal

at design pressure and temperature; based

upon one-dimensional flow assumption
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4.2 Instrumentation and Data Reduction Procedures

4.2.1 Instrumentation

The instrumentation used to determine the performance of the experi-

mental jet pump is shown on figure 6 and described in table 1.

The jet pump inlet bellmouth was calibrated for use as a flowmeter.
The calibration was accomplished by connecting the bellmouth and the suction
duct to the inlet of a blower by means of an orifice run and throttling arrange-

ment. The bellmouth flow equation follows:

W, = 229.5 \[p Ay (54)

differential pressure, in. HZO gage

Il

where /_\hb pb

Py inlet density, lbm/ﬂ:3

The mixing tube was provided with 21 static pressure taps along its
length. Four additional static pressure taps were located in the discharge dif-
fuser. Provision was made for traverse probe measurements at five of the static
pressure tap sections. The location of all of these taps is given in table 2. The
exact dimensions were measured at geveral stations in the mixing tube after its

construction; these dimensions are also given in table 2.

The Kiel-temperature probe which was traversed to measure the
velocity and temperature profiles had a stem diameter of 1/8". The probe was

small enough so that probe blockage effects were negligible during the traversing.

4.2.2 Data Reduction Procedures

The measured data were used to calculate the following jet pump

parameters:
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w
m = W—O - jet pump entrainment ratio
1

U vs (—1%) - velocity profiles

To Vs ( -1%-) - temperature profiles
X . . s

p vs (R_) - mixing tube static pressure variations
o

The stagnation pressure and temperature profiles were measured at
all traverse locations in a plane perpendicular to the axis of the primary flow
feed pipe (see figure 6). At the station in the mixing tube throat (x/RO = 9,25),
a traverse also was made in the plane of the feed pipe to confirm that the flow

was axisymmetric as desired.

The wall static pressure and the traverse probe stagnation pressure
and temperature measurements were used with the appropriate compressible flow
equations to allow calculation of the velocity profiles at traverse stations 2 through
6. ‘As a result of a thermocouple failure during the test runs, no temperature data
were obtained at traverse station 1. Because the temperature profile is required in
order to calculate the velocity profile, it was necessary to prepare an approximate
temperature profile for this station. The procedure used is described under Test
Results in Section 4. 3 of this report.

4.2.3 Suction Duct Losses

Results from previous tests of the bellmouth and suction duct assembly
(reference 1) and static pressure data from the present test program indicate that
stagnation pressure losses in the suction duct upstream of the mixing tube are of

the order of 2 in. H20 for the tested secondary flow rates. These losses may be
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accounted for in the jet pump analysis by using equation (55) to calculate the
secondary flow stagnation pressure at the primary nozzle exit section in the

mixing tube:

2
P_ =P -K i ooUSD
02 00 L 2 g
or
W
Poa = Poo "By 5 A2 (55)
8oP00"*sD
where P02 = stagnation pressure at primary nozzle exit plane
POO = stagnation pressure at suction duct inlet (laboratory
ambient)
KL = suction duct loss coefficient
Poo = density corresponding to suction duct inlet
stagnation state
USD = suction duct velocity (assumed uniform)
ASD = suction duct cross-sectional area

For the suction duct in the experimental jet pump, the value of KL is 0. 33.

4.3 Test Results

The jet pump was tested at four values of entrainment ratio, 17.0,
19.4, 21.0, and 23.6. The corresponding values of primary and secondary
mass flow rates are given in table 3. The inlet pressures and temperatures
were constant throughout the test and were as listed at the beginning of this

Section 4.
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Wall static pressure values measured along the mixing tube are listed
for all four entrainment ratios on table 3. These values are plotted in figure 7.

The operation of the jet pump was reasonably steady (i.e., wall pressure
fluctuations were small) when the entrainment ratio was 21. 0. Therefore, this
condition was selected for the velocity traverse measurements which require long
periods of steady operation. The velocity profiles for traverse stations 2 through

6 are shown in figure 8. The associated temperature profiles are shown in figure 9.

Traverses 4 and 5 were taken at the same station in the constant-area
throat section of the mixing tube. The axes of the traverse were 90° apart so that
any departures from axial symmetry in the flow could be detected. The slight
departures which were observed are due to heating of the secondary flow as it passes
over the primary nozzle feed pipe upstream of the mixing tube inlet. These departures
have a negligible effect on jet pump performance and will not interfere with our

comparison of measured and predicted flow behavior through the jet pump.

Because of a thermocouple failure during testing, no temperature data
were obtained at traverse station 1. The stagnation pressure measurements at this
section cannot be used to determine the velocity profile unless the temperature
profile is available. An approximate velocity profile for traverse station 1 was
developed by using the analytically-predicted temperature profile together with the
measured stagnation pressure values. The resulting velocity profile is given at the

end of the next section of this report.

The mass flow rate through the jet pump as determined by the calibrated
inlet bellmouth was compared to the mass flow rate obtained by integration of the
velocity profiles for stations 4 and 5. Agreement was within 1% (149. 8 1Ibm/ min.
from integration vs. 148.8 lbm/min. from the bellmouth). The measured velocity
profile at station 6 was used for a similar comparison. Integration of this profile
gave a mass flow rate of 158, 8 1bm/ min. , about 7% greater than the bellmouth

measurement.
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U, T.
The values of ﬁL— and —TJ—— calculated from the measured velocity and
jo jo
temperature profiles are plotted in figure 10 to show
atures vary with distance along the mixing tube.
identical over most of the mixing tube length.

how the centerline velocities

and temper The velocity and temp-

erature ratios are nearly
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Section 5

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

5.1 Mixing Tube Wall Static Pressure Variations

The mixing tube wall static pressure measurements are the most valu-
able results for evaluating the accuracy of the analytical model for use in jet pump
design. The prediction of this pressure variation is the primary purpose of this
investigation because knowledge of this variation permits calculation of the pressure
force on the mixing tube wall. This force must bs known in order to solve the

momentum equation during jet pump system optimization studies,

The analytical predictions of mixing tube static pressure variations are
compared to test results for four entrainment ratios in figures 11, 12, and 13. The

analyses were carried out with two different values assumed for x the length

core’
of the transition region at the primary nozzle exit, and for two values of the second-
ary flow rates for each test; the values determined from the test results using the

bellmouth calibration equation (54), and values 2% lower. A key to the three figures

follows:

Figure No. Xcore/Ro Secondary Flow Rates
11 2.5 from (54), reduced by 2 %
12 2,5 from (54)
13 2.0 from (54), reduced by 2%

The mass flow rates given by equation (54) and used to prepare figure 12 cause the
analytical predictions of static pressure to fall below the measured values in the
throat section of the mixing tube ( R_x_ from 7.34 to 10.7). The assumption that the
secondary flow rates are 2% lower fields better agreement as shown in figures 11
and 13. The choice of X ore to be 2.5 RO rather than 2.0 RO causes only a small
difference in the predicted static pressure levels. The differences are largest in

the diffuser sections downstream of the mixing tube. throat.
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From these results, it was concluded that further comparisons of
analytical and experimental results should be based on the assumption that the true
secondary flow rates are 2% lower than the flow rates given by equation (54). An
uncertainty of + 2% in flow rate is not unreasonable for the bellmouth calibration.

The 2% flow correction brings the analytical predictions very close to the experimental

results except for the static pressures downstream of the mixing tube throat.

5.2 Velocity and Temperature Profiles

The variation of predicted centerline velocity with distance along the
mixing tube is shown in figure 14 for three alternative values of X ore’ 1.0, 2.0,
and 2.5. The measured values of centerline velocity at traverse stations 2-6 are
also plotted in the figure. A value of Xoor e/ Ro between 2.0 and 2.5 appears to

make the analytical prediction fit the test data most accurately.

The variation of predicted centerline stagnation temperature with distance
along the mixing tube also is shown in figure 14. A value of xcore/Ro between 2. 0
and 2. 5 will make the temperature predictions fit the test data upstream of the
throat section of the mixing tube. At traverse stations 4, 5, and 6, the measured
temperature levels fall about 30° F below the predicted centerline stagnation

temperatures.

The analytical results (Uc, Uo’ ﬁé— , fz, 8y and v ), together with the
known free jet profile f0 (n), allow direct co?nparison of the velocity and tempera-
ture profiles predicted by the analysis to the velocity and temperature profiles
measured during the test program. The velocity profiles are compared in figure 15,
and the temperature profiles are compared in figure 16. The predicted velocity
profiles agree reasonably well with the measured profiles. The measured and
predicted temperature profiles agree well for traverse stations 2 and 3, but the
prediéted temperatures near the centerline for stations 4, 5, and 6 are somewhat

higher than they should be.

Stagnation pressure measurements only were obtained at traverse
station 1. These measurements, coupled with the analytical temperature profiles

predicted for this station, can be used to develop an approximate velocity profile-
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The procedures used were as follows:

1. The stagnation pressure data from the traverse probe, together
with the local static pressure tap reading, were used to determine
the Mach number and T/ T, ratio at each y/ R position in the
mixing tube cross-section. This data is given in table 4.

2. From the analytical solution for X.ore = 2.5 Ro’ the predicted
value of R—é at the traverse station (—ﬁ& = 2.5) was found to be
0.2118. TRe local value of —g—— is 0.8%9. These results allow the
y/ R positions of the traverse p())robe near the duct centerline to be
interpreted in terms of the y/6 values for the free jet velocity
profile of equations (1) and (2). Using the analytically predicted
values UC = 3019 ft/ sec, U0 268 ft/ sec, Toc = 1267° R, and
T _ = 552° R, the free jet velocity and temperature profiles can

00
be used, through equations (1), (2), and (3), to determine the

predicted values of velocity and stagnation temperature for each
y/ R position within the jet mixing region. The corresponding
static temperatures can be determined from the T/ TO ratios in
table 4. The speed of sound is calculated from the static tempera-
ture. The predicted flow velocities and speed of sound values are
used to calculate Mach numbers for each y /R position within the
jet mixing region. These predicted Mach numbers are compared
to the "measured " Mach numbers in table 4. If the predicted and
measured numbers agree, the associated velocity and temperature

profiles afford a good approximation to the true profiles.

3. The same calculation procedure was followed using the analytical

- ; 5
ore ~ 2.0 RO. The predicted value of R at the

traverse station was 0.287. The other predicted valuesoernployed

solution for X,

in the analysis were as follows:

It
Il

2227 ft/ sec. 1041° R

T
c oc

o 261 ft/sec. T,

U

552° R

i
1l

U
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The predicted and "measured” Mach number profiles for traverse station 1 are

compared in figure 17. The predicted profile based upon the assumption that

X = 2.0 R is closer to the measured profile than the x = 2.5 R_profile
core o core o)

although the predicted centerline velocity is too high. The predicted velocity and

temperature profiles for both x assumptions are given in table 4. The

core
predicted values were obtained using a secondary flow rate which was 2% less than

the value given by equation (54).
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Section 6
CONCLUSIONS

An analytical method has been developed to prediét the performance
characteristics of axisymmetric single-nozzle compressible flow jet pumps with
variable area mixing tubes. The primary flow may be either subsonic or supersonic.
The analysis is divided into two parts. In part 1, the region between the primary
nozzle exit and the point where the jet reaches the wall, the analysis is based upon
the hypothesis that the mixing phenomena in the jet pump is fundamentally similar to
the mixing of a free turbulent jet with the surrounding fluid. The eddy viscosity is
adjusted to account for the inﬂﬁence of the duct walls as the jet approaches the walls.
In part 2, downstream of the point where the jet reaches the wall, the velocity 7
profile is allowed to vary from the free jet profile at the end of part 1 to a profile
which asymptotically approaches the fully-developed turbulent flow profile in a
pipe. Integral techniques are employed in both part 1 and part 2 to solve the contin-
uity, momentum, moment-of-momentum, and energy equations to determine the

variations of flow properties along the mixing tube.

An experimental program was conducted to measure mixing tube wall
static pressure variations, velocity profiles, and temperature profiles in a variable
area mixing tube with a supersonic (M = 2. 72) primary jet. Static pressure varia-
tions were measured at four different secondary flow rates. These test results were

used to evaluate the analytical model.

Analytical predictions of wall static pressure distributions along the
mixing tube generally agreed well with the test results for all four entrainment
ratios. The predicted wall static pressure values differed slightly from the
measured pressures downstream of the constant-area throat section. The velocity
profiles along the mixing tube were predicted accurately by the analysis. The
analytical temperature profiles were not as accurate; the predicted centerline
temperatures downstream of the throat were too high. These discrepancies are
considered to be minor in view of the comparatively extreme mixing tube geometry
used for the test case, Thus, the analysis is ready for use to calculate the pressure
force on the wall of a variable area mixing tube. This permits the momentum
equation to be solved accurately in jet pump-duct system optimization and design

studies.
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The analysis in part 2 of the jet pump makes the assumption that the
temperature profiles are similar to free jet temperature profiles., A very simple
and approximate form of the energy equation is employed. A more accurate energy
equation, perhaps augmented by assumption of a different form for the temperature
profile, might lead to greater accuracy in the prediction of wall static pressures

and temperature profiles in this region.
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APPENDIX A

Equations for the Flow

Al - Part 1 - Upstream of Jet Attachment

is as follows:

W(J,K) * Y(K) = V(J)
k=1

The general form of the flow equations, as described in Section 3. 4,

The 7 variables are tabulated below, using the convention that the superscript (')

represents 9 .
°(r)
K= 1 2 3 4 5 6
\
U, 5 ! _L' TQ o
Y® =\g-) * (R) (p ) T (R
jo o] 00 00 o

1

The W(J,K) coefficients and V(J) terms are determined in this section.

Al-1 Equation for J = 1; Constant stagnation pressure in the flow outside the jet.

Udu
g0

-p

R T + AU dOU) =0
g P AR

Normalizing:

U, du, U,

g dp + A = A= + =L A} =0
2 p U, . .
Ujo jo jo jo
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_ Tgioo _ k-1
Let BP-= 5 = 558
. o
jo
2
= Jo
§ =
o] k
2 k-1 RgToo
U.2 9
Then To = T00 1- S0 —J-—z A = Static temperature in the flow
Ujo outside the jet

The final values follow:

5 U
W(l,1) =2 —[—]J— W(1,5) =0
jo
uv. ¥
W(1,2) = A -[-IJ—— W(1,6) =0
jo
W(1,3) =0 w(1,7) =0
2
U." 5\ BP
w(l,4) ={1-8 45 A7) = V(1) =0
o 2 p
U,
jo

A1-2 Equation for J = 2; Momentum equation for the flow

Y-

2dp _ d_ 2
-TR I - j pU" 2rydy
o
1 2
g2d 4 \_p g2 62’/“““0) Zndn L (R%-82n”
dx dx RgT00 j 1+ Tt 1/2_S Eﬁ O )2 U.2
o °y 2 0 1-§ —J }\2

jo oy 2
jo
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C2|C1

where A +f =
(o]

2
1/2 Uj 2 _ Tn _  Static Temperature @n
1+ TE" -8, g A+ = T . ~ ‘Stagnation Temperature @ = 1.0
jo
v,2 T
1- S j }\2 _ _o _ Static 'I:emperature atn =1.0
oy 2 Too Stagnation Temperature
jo

Let

y (7\+f0)2 2n dn
Z =
12 / o2
(o)

1/2 j 2
1+ -8, —L—U 5 (A+)

jo

In the computer analysis, this integration is approximated by a

summation across the jet:

S
N
2 iJ
Let Z, = — — 1.
1J ng z :DiJ i

In this equation Ni and Di are average values of the numerator and denominator
across the ith equal-radius annular segment of the jet. The following additional

definitions will be used:

DL T
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A —2_ _1__ iJ
331 D.. or i
5 4= iJ
7 =2 E _NiJ)aDlJ "
4 n D 2 3A i
S iJ

Additional parameters which simplify the equations are defined as follows:

_ A
Sz - 2
Uj 9
1—S0 — A
U.
]0
R Rtube _ B H
RO RO R0
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5.0 o
R RO R
Employing these definitions in the momentum equation, the following expression is

obtained after reorganizing, normalizing, and differentiating:

]
R T .U, 2 2 ,
_dp "goo _|P,o_d |2 _9” S5 9
dx 5 *2g 5 Z1pt (- M8y *2g 7 Zyy
pU]. j R R
]
52 U
— 1] 1
v [Zgg G t(3g t Ly A H (2o g T
R jo
2 o _am.H'ay.o 8 o'
+[R(me BHI{G)ZRR]Asz
2 58S 98
6 ' 2 3y 2 !
+] 1- R2 szx +A ER AV an UJ.

The final values follow:

2 [oz 27 | aas 3
W(2,1)=(—§-> 12 gz |+ |1- ‘52 2 2

s
R T, 22 T~ T 7T,
<_J_> R <_J__> i
. T, T,
jo Jjo jo

5 2 52 852
Ww(2,2) =<-§> (Z32 + Z42) +{1- R? S2 + A Yy
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P 2 2 BP* P
_ o0 6 4] 00
w(2,4) = 5 [——Rz 212 + (1- —5 )x Sz] t —

5
w(2,5) = R_2 (Zgo + Zgo)

w(2,6) =-25% S,A

R
=09
W(2,7) =-2% S,

1
R tube s 2
R 2

V(2) =- 2

Table A1l lists the values of Ni’ Di’ and their derivatives which are required to

evaluate the Z parameters in the previous equations.

Al,3 Equation for J = 3; Continuity equation

R
WO + W1 =27 f p Uydy where R = (Local Duct Radius -6H)
()

1 2
(A + £ )dn 2 .2
W +W = — U, 52 0 — B0
0 RT j 2 2
& °1+Tf1/stJ- aet)? 15 (L) Af
o ol\U, ( o ““o\ T,
Jjo jo
or W o+W, = =R U |62z, +®R2-6)S
oW1t ®T j 13 2
g~ 00
1
where (A + fo) 2ndn
Z13=[ 7
o e l/2is L) per)?
o Yo Ujo (A+H)
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jo
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Table Al lists the values of Ni’ Di’ and their derivatives which are required to

W(3,7) = -28

2

evaluate the Z parameters in the equations above.

Al-4 Equation for J = 4; Energy Equation

R
W CT +W.CT_ =27 f PUC T ydy whereR = (local duct radius
o p 00 1 7"p 0j p o oH)
o -

or R
W, Too+ Wy Ty~ 27rfPU T ydy
0

1

o [ 1) (1T P onan 5
WT +W.T. =rL-U |6 + (R%-6%)S
0~ 00 17 0j Rg j / 2 2
o] 1/2 i 2
1+Tf "7 8, @J—> (A +1f)
Jo
-28, OHR
o) AT YA
Let Z,, = , -

14 0 \2

0 1/2 j 2

1 +'ﬂ'f0 - SO(Ujo> (A+£)

Then, the normalized energy equation may be written as follows:
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W T +W_T R U 2 2 2
(0002 101) g _P i 6 7 +‘Rj"6_2' s.-28, 2
TR2U poo Poo Ujo R 2 14 R R 2 72 Ro

o jo ° ° °

If this equation is compared to the normalized continuity equation in Section Al-3,
it is seen that the right- hand sides are identical except for the substitution of
214 for le. This means that all of the W(4,K) coefficients are identical to the
W(3,K) coefficients except for the substitution of Zi 4 for Z13 in all expressions.
Table Al lists the values of Ni’ Di’ and their derivatives which are required to
evaluate the Zi 4 parameters.

Al-5 Equation for J =5; Moment-of- Momentum Integral Equation

The momentum equation for an annular section of the jet can be derived
as follows.

[/ L

CONTROL VOLUME

y ngydxdy + 2w vdxdy /
u— ? —Jeu+ %d.
p @ R
pv- 2wy dx p+ ax
y
o dx

_dp o7 =24 4y u
721 dydx ax dx (2rydy) +2;rryay dydx Prx dx u- 2rydy

+ov 27 ydx—g-;— dy

or

_4dp 3T _, du du
T- X YTYEY TP ax WA hy
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To derive the moment-of momentum integral equation, this momentum equation is

multiplied by ydy and integrated across the jet:

6
[
[o}

5 8 5
du 24 gy =f AN g4y &2
5 x ydy+fpvy 5y YW 5y Y [dx y dy
(o) o ‘o

Noting that u = Uj()\ + fo):

then

in which
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9y 5 on
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In order to evaluate the radial velocity, v, it is necessary to use the

continuity relation. Employing a control volume of radius y and length dx, the
continuity equation may be written as follows

2
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in which v =

n
v, = (.20 ep
4 T T oF aa i
(o]

With these definitions, the integral

5
U of
0 =/’ pvy 1 ydy
A | 7w 2\ ;8 3 om
TR 71— \K,
g 00 0 g~ 00
1
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= ovy 2 ndn
- Z |3
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The pressure gradient term may be rewritten as follows:

5 2.3
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U,
T= Pe 8—;— =pPe —5L 2 where ¢ is the eddy kinematic

) on
viscosity
5
9y L 9, RT R
pU, o U o p
i o jé
RT R
g 00 0
1
e fe Do L %% ndn
U6 &6 D on
o J

1
of
where AT = -/% -%- ﬁ ndn =0.377 as in incompressible jet mixing
avg
o

U.6

E = ( < ) is the inverse of the local turbulent Reynolds number.
] javg

Assembling all the terms, the final moment- of-momentum integral

equation is as follows:

1
U. U, ' '
-1 _J 5 P
U, (Ql * R, +R, Uj0> FAQy Ry + 5= Qg+ Ry +Ry)) e

BP

u.2
3
;f—z
Jjo

EA

+TR,, = T
56 ~ (5/R) o



The values of the coefficients follow:

U.
= 3 =
W(5,1) =Q, +R, +R, v W(5,5) = R
W(5,2) =Q, *+ Ry, W(5,6) =0
W(5,3) =Qg + Ry, + Ry, W(5,7) =0
EA
_ BP - T
W(5,4) =R, + — Ve = R
3 }
u. 2
jo

Al-6 Equation for J = 6; Boundary Layer Momentum Equation

The boundary layer momentum equation, equation (40), is discussed

in Section 3. 4 of this report.
A1l-7 Equation for J = 7; Boundary Layer Moment-of- Momentum Equation

The boundary layer moment-of-momentum equation was used to derive
the shape factor equation (41). This equation is discussed in Section 3. 4 of this
report,

A1-8 Initial Conditions for the Part 1 Analysis

The initial conditions for the Part 1 analysis are established from the
transition zone analysis described in Section 3.3. The initial values were set

as follows:
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U. T T ,-T

=1 TOJ = OIT 00  From transition
Jo 0o 0o zone Analysis
A = A From transition Re— = T{e— Calculated from

zone Analysis ° ° Equation (14)

s _R (& From H = 1.4 Input value to program

R Ro R :
° transition

zone analysis

AP
P _ _ _k 2] _ sD
P [1 S0 &1 A [ B

00

A2 - Part 2 - Downstream of Jet Attachment

The general form of the flow equations, as described in Section 3. 4,
is as follows:

W(J,K) * Y(K) = V{J)
K=1

The 6 variables employed in Part 2 are tabulated below. The superscript (') represents

the derivative

_ Ue ‘ Y, ' . p ' . T oo |
YX®) =17 T Y P . T T
jo c ooi ool

where Pooi and Tooi are the stagnation pressure and stagnation temperature for the

wall streamline at the end of Part 1 just as the jet reaches the duct wall.
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The variable Y(2) remains zero throughout the Part 2 analysis; this

variable is a redundant parameter which remains from an earlier version of the

computer program.

The W(J, K) coefficients and V(J) terms are determined in this section

of the appendix.
A2-1 Egquation for J = 1; Continuity Equation

R
WO+W1=/Pu'27rydy
o

1
W +W T
1 _ p 2 00 Uu
g R.T UcR/T g 2mdn
0 g oo c
o
Now L = £ (M) +ve, (M)
U 2 Y8y
T Uc : 2
— =T JEm - s | 5% [fzm) tvg, (n)]
00 jo
Ty~ Too
where —T = ﬁo(ns (Free jet temperature profile) is assumed to
o hold in Part 2 as a simplification of the

analysis.

The value of Too used in the definitions of BP and So’ and throughout the Part 2
analysis, is the stagnation temperature for the wall streamline at the axial position

selected. T00 varies with x in Part 2.
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Let D= T
00
R T
BP= £-9°
2
U,
Jo

p
Tooi Rg Wo W Pooi c R2 7
ooi R 2 "€ U]o (Too ) U]o R 2 11
o] o
T .
ooi
1
(£, +vg,) 2ndn
where Z = 2 2
11 D
o}

In the computer analysis, the integration is approximated by a summation

across the flow:

ng N
z, == E o
1J ns DiJ i

i=1

In this equation, Ni and Di are average values of the numerator and denominator

across the 1Ell equal-radius annular segment of the flow.

The following additional definitions will be used:

y__2 Nig i

— ni
2 Uc ns —— D, 2 C
0 T i= iJ 0 T
jo jo




iJ
Mg Ng
- _BZU=2 1 BNUn+l _NiJ aDiJ'n
J 9J oy n D dy i n 2 "9y
g M iJ 8 e D
i=1 i= iJ
ns
7 = 9244 - 2 _ Ny 9Dy .
8J T n 2 i
00 8 D 00
o = iJ @
T T
ooi ooi

Employing these definitions in the continuity equation, the following equation is

obtained after differentiating:

- L P P P
0 = (=L Uj 2 7+ Ye P oot R2 7. +2 P ooi _E_g_
P T 2 11 U T 2 “11 T U
ool 00 Ro jo 00 Ro 00 jo
T T
ool ool ool
' _L _.E_ U 2 U !
- (Too ) Pooi 0 Uc R2 7.+ Pooi ¢c R c
T ) 7T ¥ U0 2 M (Too ) Vo & | 2 Yso
T . 0 T °
ool oof
i T '
+ Pooi Uc R2 (Z., +Z )-y' +7 ( 00 )
Too Ujo R02 71 91 81 Tooi
oof
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WD) = o+ 7y, W(L,5) =Z ., +Z,
C
(U' )
jo
211
W(1,2) =0 W(1,6) = Zg, - 7m
T
001
!
W(1,3) =2, +Z,, <3R_
_ 0
V(1) =- 2 (B.) Z,
z R
w(1,4) = —il °

Table A2 lists the values of Ni’ Di’ and their derivatives which are required to

evaluate the Z parameters in the previous equations.

A2,2 Equation for J = 2; Energy Equation

R
constant = / fu T0 * 2nydy assuming constant specific
o heat throughout the flow

Using the substitutions for p, the velocity profile functions, and m as in Section

A2.1, the energy equation may be rewritten as follows:

1
. 2 [ [t +ve,m)
constant = UR — T 2ndn
R.T c D o}
g 00 o

As in Section A2. 1, the free-jet temperature profile is assumed to hold:

T

TZO = 1+IVEm
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With this, the energy equation becomes:

1
Ly tvey) AT
constant ===— U R 2ndn
Rg ¢ D

o

p C R

Z
1)ooi Ujo R 2 12

constant =

1/

1 %y ondn

] _/- (£, +vE,) (1+Tf,

where 12~ )
0

After differentiating with respect to RX— , the energy equation takes the following

form:

p UC R2 Uc 7 Too
I 1
P T 7 |22 T ) * @oa * ZeT * Zrpt 2o v+ Zgp\ T
ool jo Ro jo ooi
U RZ
Collecting terms and dividing each by L c -
P U, R
y ooi “jo 0
_ 12
W(2,1) = 7 + Zgy
(ﬁ"—) W(2,5) = Z, +Zg
jo
w3 =0 w(2,6) = Zg,
(RYR,)
w(2,3) = Z,,+7 V(2) = -2Z
72 92 12 —_(R/RO)
Z12
W(2,4) = ———
( ITP_' )
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Table A2 lists the values of Ni’ D,, and their derivatives which are required to

evaluate the Z parameters in the equations above.

A2, 3 Equation for J = 3; Momentum Equation

R
2 dp _d 2
-TRUg - 2rRT_ = &= fpu 2 7 ydy
o

Using the previously-developed substitution for p, the velocity profile functions,

and n:
ro2lm e vg,m)
2dp _ - 4a P 2 _2 2 2 ')
- R Ix ZRTW = " T Uch 5 ndn
g oo o
2
pU
1 c P .. D
Let T = C,, = where e
v fa 2 €o o RgToo
The momentum equation may be rewritten as follows:
2 dp_ 2 P d p 2 2
-R - RC., U S = U, R°Z
dx fd "¢ RgToo dx RgToo c 13
1
where (f2+'yg2)2 ond
213 = f )
o
Normalizing:
2 2
2 U U, U 2
Ry, ,p,\' R c,2 1 d p jo _c¢ R
- @) -5 Cq ) = 5 3 213
Ro Pooi Ro fd Ujo IDT)pc:i BP d%) Pooi RgToo U R
X jo 0
Differentiating: .
1
B ) B ey 2 'l} ML IS SRS
Ro Pooi Ro fd Ujo Pooi BP BP Pooi Ujo Ri
1
U U 2
c c R
+(U.) 25— g— =7
jo ool “jo R/ + (see next page)
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ool
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!

c

U 2

P o R
M <5 T [Zslv—
ooi Ro jo

U 2
Collecting terms and dividing each by Pp g 5 R 7 —;—P- ;
ooi U, R
jo )
2213
W(3,1)=(Uc) +Zoq W(3,5)—253+Z63
U,
jo

213

w(3,2) =0 W(3,6) = 7% +Zgg

00

(Tooi)

W(3,8) =Zgg + Zyg R
C R

- fd o
BP Z13 V@ = - %3 R
W(3,4) = + R R
I N | 2 (P _ o Y
P oot S P oot
o 2
U
jo

Table A2 lists the values of Ni’ Di’ and their derivatives which are required to

evaluate the Z parameters in the equations above.
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A2.4 Equation for J = 4; Moment- of- Momentum Integral Equation

The moment- of-momentum integral equation is taken from Section Al. 5
of this appendix:

[ ua_ud+Rp AT Ra(md Rd 24
puy 5= ydy VY 5y Y4y = ydy - xyy
(o] (o] (o]
Noting that, in Part 2, u=Uc (f2+ 'Ygz)
4
(%)
B4 -1 y'itrey e (22 ag2>’1 Yo/, U2
x R_ Ve WTYE) -g\Fg tY53 (R)Ry
ls) _ (o]
R
O
au=U a1, . 8g2>
8y R \an 'Y 37
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then fpu 3x Y /
A goo
n 2
1 g (f +v8) 2% m Zan
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“ R 0o c D
g (o]
R
1] e
pUZR® U <RO
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gTOORO UC L (‘RR’_) 3
(o]
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(fy + 18y 2
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Following the analysis in Section Al.5, the second integral is evaluated as follows:
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With these definitions, the integral

R

du
/va 8y ydy
(o

may be evaluated as follows:

R
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The pressure gradient term may be written as follows:

=
Il

=
I

R 2.3

U "R
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dp yzdy= p c p' 1 BP
dx R T R p 3 2

g 00 o U

0 C
2

U,

jo

The shear stress term may be evaluated as follows:

R
T8 (ry)
By YW= Ty’ / Tydy

du Ue (2% o8y
T= P 5 = PEg 5 + vy 5 where € is the eddy kinematic

dy n n
viscosity

R

9(Ty)

oy YW 1
R af 9 RT R

0 = —(1/2)C,, -2 - [pe L2 +y €2 ) Jg 00”0 ndn

P U 2R3 fd R U Rz on an p
Rg 00 cR (o] c

ndn
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2 D

9f og
y (—a‘zﬁ ty ‘an'z‘> ndn
where A'r = - E
(o)

_ €
E2 = —UcR in Part 2

Assembling all the terms, the final moment-of-momentum integral
equation is as follows:

UC' UC L' 1 BP /s
— 1 e
Q *Ry+ g — Ry HV [Q4+R79] o RT3 2~ |* T Rse
c jo U,
7
Uy,
= 1_2'0_ A — ____Cfd RO
R T 2 R

The values of the coefficients follow:

U
W4,1)= Q + R, + 3—9— R, W(4,5) = Ry
Jo

W4,2)= 0 W(4,6) = 0
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Wt,3) = Q4 + Rog Ve = - 7R {Qe. FRio* R11]
(%
O,
+ R_O A - &d_ 39_
R T 2 R
W(4,4) = R + 13 BP2
U,
Uy

A2.5 Equation for J = 5; Centerline Velocity - Temperature Relationship

The experimental measurements made during this investigation have

shown, as in figure 10, that for any value of —RX— in part 2,
o)
T, U
=~ Tcr- x const Note U_ = Uy in Part 2 Because U_= 0 is assumed
jo jo ©
1 jo - 1 jo
+ &) = U(E)
T, (o} U. o
Jo Jo
T Tooi 00
now T T T
jo jo ooi
1 \
Tj Tooi Too 00
S0 T /- T. [0 7T +T| 7
jo jo ooi 001
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finally,

= &)
=) ()

The values of the coefficients follow:

1 1
w(5,1) = W(5,5) = - ==
c T
U,
jo
W(5,2) =0 W(5,6) = - 1

00
T .
001

W(5,3) = 0
V(5) = 0

W(5,4) = 0
A2. 6 Equation for J = 6; Wall Velocity = 0

The value of Uo is assumed to be zero throughout Part 2. Therefore,

1

U
0

v ~°
C

and W(6,1) = W(6,3) = W(6,4) = W(6,5) = W(6,6) = V(6) =0

w(6,2) = 1
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Table Al

Values Required to Determine Z Parameters in Part 1

J=2 J=3 J=4
Momentum Continuity Energy
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— 1 £
oT oi
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Table A2

Values Required to Determine Z Parameters in Part 2
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Appendix B

THE COMPUTER PROGRAM

B.1 General Description

The computer program has 10 sections. The general functions of each

section are described below.

MAIN: The program begins and ends in MAIN. Input data concerning the jet
pump geometry, inlet gas flow properties, free jet velocity profile, and stations
along the mixing tube where output values are desired, are all read in by MAIN
and by two subroutines called by MAIN--DIFFEQ and SUB. MAIN converts the
units of the input parameters into other units which are more convenient for

subsequent analysis.

After conversion of units, MAIN computes the primary and secondary
flow conditions at the top-hat section as described in Section 3.3 of this report.
Then MAIN sets up the initial trial values for the velocity profile after transition
and calls VBO4A to perform the iterations required fo obtain an accurate solution

for the profile.

After the transition zone analysis has been completed, MAIN sets up
the initial conditions for the flow analysis upstream of the point of jet attach-
ment to the wall. It also defines the stations along the mixing tube for which
data will be printed out. MAIN then calls RUNGE to carry out the solution for

the remainder of the flow analysis.

SUB: The first section of SUB, called when J = 3, reads in data on the

mixing tube geometry--inner diameter vs. length. The diameters are converted
to radii and all radii and length values are made non-dimensional by dividing by
Ro' The second section of SUB, called when J =1 or 2, finds the duct radius
and slope at any axial position x specified as an input value to the subroutine.
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The procedure used is linear interpolation between the nearest upstream and

downstream radii which were read as input data by the first section of SUB.

CALXFG: The purpose of CALXFG is to perform the computations required
to set up the three transition zone equations (27), (33), and (35) for solution

by VBO4A. The three equations and derivatives of each of the three equations
with respect to the three variables Ur’ A, and (.‘B/Re f are computed in CALXFG.

VBO4A, VDO2A, and SPNIST: These subroutines are library routines employed

to solve the three simultaneous non-linear algebraic equations (27), (33), and (35).

A two-page discussion of these subroutines is included at the end of section B. 3.

DIFFEQ: The DIFFEQ subroutine is divided into two parts. Part I establishes
the 7 simultaneous equations (39) which must be solved to determine

the flow conditions upstream of jet attachment, The equations used

are outlined in section 3.4 and detailed in appendix A.1. When the simultaneous
equations are set up, DIFFEQ calls subroutine SIMQ to solve the equations for
the values of the 7 derivatives in equation (38). Then subroutine RUNGE is called
to integrate the derivatives using Runge-Kutta-Merson techniques. This integra-
tion yields the values of U]., UO, 5, p, Toj’ 6, and H at stations closely spaced

along the duct.

Part 2 of DIFFEQ establishes the 6 simultaneous equations (48) which
must be solved to determine the flow conditions in the mixing tube downstream of
jet attachment to the wall. The equations used are outlined in section 3.5 and
detailed in appendix A.2. Subroutine SIMQ is called to solve for the ¢ derivatives
in equation (47). Then subroutine RUNGE integrates the derivatives to find the

values of Uc’ v, p, T
duct.

oj’ and T00 at stations closely spaced along the

SIMQ: This is a library subroutine which is called by DIFFEQ to solve
simultaneous linear equations to find the values of the Y (K) derivatives in equations
(38) and (47).
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RUNGE: The RUNGE subroutine performs a Runge-Kutta-Merson integration
procedure to integrate the derivatives of the Y(K) quantities which are developed
by DIFFEQ and SIMQ as described above. RUNGE also calls the subroutine PRINT
to print the desired output values of jet pump flow parameters at each mixing

tube station (XOUT) which has been specified by input data and equations in MAIN.

PRINT: This subroutine contains instructions for printing the computer jet
pump flow parameters at selected stations along the mixing tube downstream of

the transition zone.

B.2 Input Data Format

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

following sequence:

Card No. Parameters Format
1 NS 312
2 GG({I), I= 1, NS 10F5.4
3 SDLOSS, ASD , } 2F10.3
4 THETA, SHAPE, VISC, RZERO 4F10.6
5 1-CARD MESSAGE identifying solution desired 80H
6 DELTAX, XTUBE, TURBNO, NSUB, NGAM, 3F10.4, 2I5,
XCORE, ANOZ 2F10.5
7 POO, TOO, PO1, T0l, AMASS1, AMASSO, 8F7.3
AG, RG
8to 8+ 1 X(I), A() , 2F15.4
8§ +1+1 0.0 } omit if NSUB = 2 2F15.4

Cards 1 through 7 are required for each solution desired. The cards from 8 on are
required to define a new mixing tube geometry for analysis. If the same mixing
tube geometry is to be used for additional solutions with altered flow conditions, the
cards from 8 on do not have to be included for these additional solutions. The input
parameter NSUB tells the computer whether the cards from 8 on are included with

a data set, i.e., whether the same mixing tube geometry is to be used for additional

solutions.
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NS

GG(I)

SDLOSS
ASD

THETA
SHAPE
VISC
RZERO
DELTAX
XTUBE
TURBNO
NSUB

NGAM

XCORE
ANOZ

POO

TOO

PO1

TO1

80

The input parameters are described below.

number (= 10) of equal-radial-increment strips used to approximate the

jet mass flow, momentum, and energy integrals across the jet
average values of % (n) for I = NS equal-radial-increment strips for
the turbulent pipe 18w velocity profile

suction duct loss coefficient; KL in equation (55)
suction duct area, ftz; ASDin equation (55)

boundary layer momentum thickness at x = 0, ft

boundary layer shape factor atx = 0

gas kinematic viscosity for secondary flow at inlet, ft2/ sec

mixing tube radius at nozzle exit section; x = 0, ft

steps of x/ R0 at which data printouts are desired in the mixing tube
mixing tube length, ft

turbulent Reynolds number value = 147

control instruction: if 1, a new mixing tube geometry is read in

if 2, the tube geometry from the previous
solution will be used.

control instruction: if 0, incompressible flow solution (not operable)

if 1, compressible flow solution

length of the transition zone divided by R o
primary nozzle exit flow area, ft2

stagnation pressure upstream of the suction duct losses, psia
stagnation temperature of the secondary flow, °R
stagnation pressure of the primary flow, psia

stagnation temperature of the primary flow, °R



AMASS1
AMASSO
AG

RG

X(I)

A(D)

mass flow rate of the primary flow, lbm/sec

mass flow rate of the secondary flow, lbm/sec

specific heat ratio of the gas

gas constant, ft-1bf/lIbm-°"R

x stations along the mixing tube at which A(I) values are defined, ft

ft

diameter of the mixing tube at the corresponding Xstation’

Output Data

A complete sample of output data from the computer program is given

in section B.5 of this appendix. The first section of the output repeats the input

data and thus requires no comment. The remainder of the data is summarized

below.

F (I)'s:

values of f0 (n) atn=0.05, 0.15, 0.25, ....... .o 0,95

CONDITIONS AT BEGINNING OF THE TRANSITION SECTION

U
00

’
joo
and primary jet momentum = W, U; where U, is the velocity achieved

lists values of Uoo’ Poo’ U. Too’ Poo (psfa and in. HZO)’ A

joo’ 00

by isentropic expansion of the primary flow to the static pressure at the

end of the accomodation process, Pyoe

81



The next portion of the printout monitors the solution by VB04A of
equations (27), (33), and (35) for the transition zone. Each iteration employing
CALXFG is recorded. The VARIABLES are the values of Ur’ A, and (S/Reff
determined during the particular iteration reported. The FUNCTIONS are the

values of the functions:

Cmass - Cmass c -C o Pconst - Pconst
new old , mom . ew mom 14 , new old
C C
massold mom old constold
where Cmass is defined by equation (27)
C is defined by equation (32)
mom

k-1

P01 k
Pcons‘cls P
00

() is the value for the current iteration.
new

( )01 q is the value for the previous iteration.
If these functions are computed to within ERR times the "old" value of Cmass’
C , or P , VBO04A is judged to have converged satisfactorily. In the present
mom const 6

program, ERR is set at 10", an excessively tight tolerance. As a result, the
message ""VB04A ACCURACY CANNOT BE ACHIEVED" is often printed out. Following
this message, the values of the VARIABLES and FUNCTIONS for the current iteration

are printed. These values are used as the first values for subsequent calculations.

Four lines of print follow the end of the VB04A material. The first
line restates the valuesof XX(1) = Ur’ XX(2) = A, andXX (3)= 6 Reff in numerical
form. The second line compares the values of EN, a dimensionless jet pump
parameter developed in reference 2, before and after transition (EN vs. EN2).

W1+ Wo

N =
2 2
JZWRO poo [go(p— Poo)TrR eff * W1Ul+ WoUo:]

E
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The two values should be identical; differences which exist provide a measure of

the accuracy of the transition analysis. Following the EN values, the values of

Spand Bp (see appendix A, section Al. 1) are printed. Then the final values of

U. and U__are given.
jo co

The printing continues with a tabulation of values along the mixing tube

given by Part 1 of the analysis. The parameters listed are as follows:

AREA;

X
X/RZERO; values of ;;— beginning with —;ﬁ
0 o
" th b
local value of ___u2 €
WRO

PH20;
U0;
UCENT;

UR;

LAMBDA;

DELTA/R,;

TOCENT;
TOWALL;

THETA/RO;
SHAPE;

wall static pressure, in HzO relative to P00
value of Uo’ secondary flow velocity
value of UC, velocity of flow at the centerline

value of Uc/Uco

Uo
value of A = i

J
value of &/ R0

value of stagnation temperature at the duct centerline
value of stagnation temperature in the secondary flow
outside the mixing region

value of 6/ Ro

value of H

When the Part 1 analysis indicates that the jet reaches the wall, the
message "DELTA/R = 1 -- DIFFERENTIAL EQUATIONS CHANGE" is printed.
The local value of Uj’ called CL, is also printed. Next, two lines are printed as

follows:

83



F2(I)'s: values of fz(n) at n =0.05, 0.15, 0.25,--—--~ ,0.95
G2(I)'s: values of gz(n) atn =0.05, 0.15, 0.25,-==——~ ,0.95

The printing concludes with the tabulated results obtained from the

Part 2 analysis. The parameters listed are as follows:

X/RZERO, AREA, PH20, UCENT, UR, TOCENT, TOWALL; same as in Part 1

TOWALL/TOO; stagnation temperature of wall streamline divided by secondary

flow inlet stagnation temperature, T00

R u2
AUGMENT: the value of the local momentum flux, f —gL— 27rydy, divided
)
o

by the primary jet momentum, W; Uy, which is printed out earlier.

GAMMA; local value of vy
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B. 3 Listing

Cod bkt gk Ak ok Akoh ok ko ok Wk kkk ok ke dkekok ok ko okkokokk kg kok ok ko kR ok ke kk kxk kX X
C COJET, ANALYSIS OF FLOW BEHAVINR IN AXISYMMETRIC COMPRESSIRLE FLOW
C FIECTNRS WITH VARTABLFE ARFA MIXING TUSBES
M EZEEIRLES L LR L #t****ttt******#********#**t*t*tt*##***##t#ttt**t**##t**ttt&
CCHMAIN TURPAND, CF, EN4NPART,C, JRUNGE, M
1, PO0,POY1,TOO,TOL, AMACH,AG,RG  —~ e T e . S
2 «AMASSY, AMASSG, T
3~ SO0y CMAG, CMOM,  CENR- T e e s e -
4 S0, BP, CM, VISC1
COMMON ZA, IR, 1JJQ, DORIN - Sor S TmTmome—m—— e
& +MASRAT,RZERD,AFAC, CFD, HD, F, Al, AAZERD, TF, FP, GP
T, SDLOSS,ASD : - et T s
8y AUGL, UL, UCENT
DIMENSION YE1017TOLTION w YMIN( IO Yy XOUT {201 ) yMARKYES) - ——~ -
1 4DY{50), F(10)
DIMENSION FF(3),X¥{3), ERR{3), AA{3,10), WORKI10} -
1 4A1{10), FX(10}, TF(lO)
5 JFPLLGY, GPULOY — - T T
REAL MASRAT

c JET- MIXING WITH PRIMARY "AND ~SECONDARY STREAMSOF THESAME PERFECY GAS
C AND CORPECT NOZZLE EXPANSION
€ "~ READ DATA TTTTT I T o n mT o T

o CONTINUE

— " CALLL DIFFENQ (1,X,Y,y0Y}) - ~ -7 s m o e
READ{5, 18, END=200)THETA,SHAPF,VISC ,RZFRO

€ THETA = INLET B.l o MOMEMTUM THICKNESSyFYT———————— "~~~ —— 777"

C SHAPE = INLET B,L. SHAPE FACTNR

C — VISC = KINEMATIC VISCOSITY, FT**x2/S€EC ————— 7 7~ T

C R7ZERQ = TNLET CUCT RADIUS, FT

~ 18 T FORMAY (4Fl1Q.6) —— T oo T T T o T T
REAN(5,19)

T "ONF-CARD TO IDENTIFY THE-SOLUTTON —
19  FORMAT{80H

1 —— —
c DUCT GECMETRY AT INLET
------- A= 3,1416%RZERO*RIERD - : e e e
c APPROXIMATE ND7ZLE AREA FTx#2

REAN( 5, 151 DELTAX s XTHAE—TURBND, NSURNGAM (XCORE y ANCZ —  — ——
c NGAM=0 SUPRESS CAM44 =1 DO MOT
C———NSUB = 1— READ NEW MIXING TUBE PROFILE DATA——-—=-2 DO NOT S s

15 FORMAT(3F10,4,215,2710.5)
——-—-READ(5, 16 P00, TO0 ,PO1s TOL yAMASS1, AMASSOGAG,RG —~ -~ =~

c PO - PSIA

= T0 = DEGR —-

c AMASS - LBM/SEC A

-C--—— RG-= FY=LRF/LBM-DEGR — - e e —_

16 FORMATI8F7.3)
e WRTTE(6419) s - e e e e S
WRITF (6,17 )DELTAX,SHAPE,RZERN, XTURE 4 NSUR, THETA, TURBND,NGAM, WISC,
1AGy2G,P00, TOOsPOY,TOL1, AMASSO s AMAS S ANDZyXCORE— —— —— - <= — == ===
17 FORMAT(///45X, THDFLTAX=,F1044,3X, EHSHAPE=,F10s 6 14X 6HRZERD=,F100 61
e 12HE T, /45Xy 6HXTURE= yF104 %0 4%, SHNSUB=, 15,0X,6HTHETA=,F10s 642HFT4 /7y -~
25X, THTURBNO=  F1C4 & 4X, SHAGAYM=, 151 10Xy SHVI 3C=F11a ko OHFTX%2/SEC /
————-39X, 3HAG =y F1Ce 4+ 26X, 3HRG = F Lire 44 1 SHFT=LBF /LRM=DEGR, / /¢ - : R
48X, LHPOO=y F104 4y 4HMPSTA, /¢ AX 44T 00 =, F1Q04 4 4HDEGR 4/
58X 4HPOL ey F1Ce 414 HPSFA s/ 3 BX  4HTOL = (F10a 4y 4HDEGR ¢ /g — o om o =
65X THAMASSO=,F 1044y THLBM/SEC o /4 5X s THAMASSL= 4 F1G o &4 THLAM/ SEC /4
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- TTX ¢ SHANDZ= s F104 59 SHFT® %2, 7, 6Xy 6HXCORE g F100 4 o/ /) -— - —ommmi s omome e

¢ THETA = INLET Bol. MNMENTUM THICKNESS, FT

C - -SHAPE = INLET Rel. SHAPE FACTOR- - -

c VISE = KINEVWATIC VISCASITY, FT##2/SEC

C——-RIFRO = INLET--DUCT -RADIUSFF

c ANOZ = APPROXIMATE NOIZ7LF ARFA FT*%2

€~ XCORE = LENGTH NF POTENTIAL CORE/RZERQ——————-m oo e o

c DUCT GECMETRY AT INLET

———— NS = 10 - e e e
JPOLY = 5

¢ CALCULATION OF F(I) FROM POLYNCHIAL

AAZERN= 1.0 )04
""""""" TAL(1)= -0.01757

Al(2)= -8,3821
TR ) 2 16456806

Al(4)= 12,7877
T T Al(S)= 3.6058 - -
CTR = -,05

T 77 DC 837 1=1,NS T
CTR = CTR + Q.1

—o o Ff (I = ATCOJPOLYY T ) Tt T T
FPLI) = FLOATUJPOLYIXFLI)

— DO 808 J=2,JPOLY"
JJ = JPOLY -J +1
T TR = FUI)%CTR + AL LS T T T T s e T .
FP(I) = FP(I)*CTP + FL3AT(JJ)*A1(JJ)
8C8 ~ CONTINUE - T T T T T T
' F{I) = FUI)*CTR + AAZERD

——— TF{1) = SORT(FLINI— - -
8C7  CONTINUE
T WRITE (6,402 (F(T), [ =1yNSY = ===
403 FOPMAT(SX,EHFIT)1S,5X,10F10a4, /)
- = 3,1416%RZERO*RZERG - S
pox =P01 %144,

—— ——=P00"= ‘POO* 144, o

RG =RG*32, 2
T AMASS1=AMASS1/3242 T T oo
AMASSO= AMASSO/32 2
T XYZ=0,0 0 - T oo T
6C ™D (1D,111,NSU8

— 10 —CALL -SUB{XYZ,R,DR,3,RZERD} ST e

11 JRUNGE = 4
<o NPART=1 e e -
c

b S . N

c TO DETERMINE TOP HAT PARAMETERS

€

c- TO DETERMINE EFFECTIVE DUCT AREA AT END OF CORE

o= CALL SURIXCORE,R,DR,2,RZERQ) ——— —— e
THETA = THETA + XCORE%,0010%RZERO

—woo o RCORE = R*RZERD - THETA*SHAPE - S -
ACORE = 3.1416*RCORE*RCORE

now #

AEFF-=-ACORE —ANOZ e e e e e

AM = ACORE
e AFAC F e
AGG = AG/(AG-1.)
—oms RHBO=PGO/(RGRTOO) oo = om = oo o e o
CORRECTICN FOR INLET NUCT PRESSURE LOSS

C
€ POC 0SS AT INLET OR NOT P e

_ PO2=POO-SDLOSS*AMASSO*% 2, /{2, ¥RH( Q*%AST*%2,)
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——-—-RHO0 = PO2/(RG*TOQ} -~ - e e m—

c (FIRST APPROXIMATION FOR NUTER VELCCITY ,

- --YO = AMASSO/(RHOO*AEFF) - ——— - —— e e oes
TO = TOO - (AG-le)%.5%U0*UO/LAG*RG)
P-=-P02#(TO/TOOI*#AGG S —
RHO=P/{RG*T0)

C————"SECOND APPROXIMATION FOR OUTER VELOCITY — —  —— == o =
YO = AMASSO/(RHO®ACFF)

————T0 = TO0 -~ (AG-1,)k,5#¥UQRUQ/IAGHRG) —— = — = s e
P = PO25(T0/TO0)%%AGS

————RHO=P/{RG*TO) - —

c ASSUME PRIMARY STREAM EXPANDS T3 DUTER STREAM PRESSURE

“———=T1 = TCL*{P/PCL)**( 14 /AGS) o

RH1=P/(RG*T1)

~YI—= SORT( 2. *AGG#RG*(TO1-T11) e

s Xz KaksXasXaka
|
I
|

———UJ00=t1 -0
T = (TO1-700)/T00

—————500=0.5%(AG~1, ) ¥UJOO*UJ00 / t AGXR G2 TOO) e
CMAS = AMASS] +AMASSO

———— CMOM =~ (P-POO)*AM+AMASS1*UL "+ AMASSO*UO — — - T T T ALITC S

CM = CMDM/A%2,

CENR="AHASS1I*TO1 "+ AMASSO*TOO -
EN=CMAS/SQRT(2¢*CMOM*A%RHOO )

= C=UJOORSCRT (A*RHOO*, 5/CMOM) - v T T s e T
W2 = ACDPE‘PFOO*UJOO

" CMAS ="CMAS/HW? T T T T e e s e
CMOM = CMOM/(W2*UJ0O0)

—CENR—="CENR/(W2*T0O) - o

C FIRST GUESS OF PARAMETERS AFTER CONSTANT AREA TRANS]TION
T UR =U4/UJ00 T T T T T
c Y2 =LAMBDA
€ —DCR= DELTA/R e -
UR = 1.

———Y¥2-="t0/UJ00
PH20 =-[PCO-P)*,103
— T TMOM= AMASS1*UL S
RHOC= RHO*32,2

——— T WRITE{6,67) UO,RHOC,U300,T0,P,TMOM,Y2,PH20  — - o T TTT T

67 FORMAT(SX 49HCOMDITIONS AT SFGCINNING OF THE TRANSITION SECTION,

“17749%, 3HUO= , F64 07 EHFT/SEC, 6X74HRHC =y F 55 4 OHLAM/ FT#%3, 6 X,y -
25HUJ00= 4 F6 a0y 6HFT/SEC, /39Xy 3HTO =4 Fbe O 4 4HNEGR ,10X42HP=,F640,
o 3QHLBM/FTH% 26X, 13HPR IMARY MOMe=,F 642, 3HLAFy /15X THLAMBEA= F6u4 g 12X — -
45 5HPH20=4 F 6424 6HIN. H20)
——— - XX{1) = UR - - — o e < e e
Xx{2) = Y2
XX{3)=-"SQRT{SQRT{-ANIZ/3.14 16} /R2ERD)

(o
——— D0 121 J-= 1,3~ e e
121 ERR{J) =1.E-6¥XX{J)

————— [P =-Y} - — e s e
MAX = 120

————CALt-VROGA {343 FF i XX ERRy AL I0D000 T Py MAN§ 3y WORKY -

c CHECK CALCULATION OF EN AFTER TRANSITINN
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88

————CMASZ =" (FF(1) + CHASI*W2 — - T
CMOM2 = (FF(2) + CMOMI*W2*UJ0O
———€N2 = CMAS2/SQRT(2,*CMOM2*A*RHOO) — : -
WRITE(6,68)XXT1)XXT2) 3 ¥X{3)ENyFN2
——68-FORMATIZ /7 ¢ TX5 6HXX (1 )=5F15,10 y3 X, EHXX (2} =3 F1 501 093X 96HXX {3} =4 F) 5
1 o10://,10X,3HEN=;F 1064, 10X, 4HEN2=,F10s4)

c- — - e e
c
_-V—._.,_,G,‘g,,C‘xx(l ,_,._ . - ——— U ——
SO = SOO*XX(1)*XX(1)
~-BP—=»—+ AG—1+}/(-2.%AG*50}
UJO = XX{1)*UJOO

UCENT= UJO* (1. +XX(2))

WRITE(6,69)SC,BP,UJO,UCENT
—6% ~—FORMAT( /5 10X 3HS0= s F10. 411X ,3HBP=yF10s% s // 49X 44HUJIO= ,F104 1, 6HFT/ -~ —-——

1SEC, 2X, 6HUCENT=,F10.1, 6HFT/SEC)
VESCH—=- VESCAHIOO* XX *RZERT
Y(1) = 1.
———¥ {2} =XX{2} - i e
Y{3) = XX(3)*R

————¥{4 b= (1o -—YE21$Y{ 2) #SOKAG/ (AG- 1} 14 PO2/POO

Y(5) = {701 - TOO)/700
Y{6) = 1.0
Y{7) = THETA/RZERD
T Y(8) =" SHAPE " T T memmo e T e

D=4s OB*Y (3 )% (1,+Y(2))

-———D = XCORE - e e
XCUT(1)=D

———=XTRU=" XTURE/RZERC e e e
Ml=  2.% XTRO

——— N0 $I=2:M1" : -
XOUT {1)=XDUT(I-1} +DELTAX

—-—= TF(XDUT(1).GT4XTRO) GO TO 300~ - S e e s

-1 CONTINUE
4C0— ‘CONTINUE — - R
Ml= 1-1

——DC- 8K =178
YMINI(K) = L,01

— = TYOL{K) = 400001 e s o T T T T e
TOL(K) = 0001

8~ CONTINUE - -m=—= == e e
YMIN(5)} = 1.

PN ) e
YMIN(T) = 1.

- ———YMIN(R) = 104 S e e
MARK(1)=1

———— MARK(2)=M]~ - s s e s
MARK(4)=0
H=31 -
CALL RUNGE [(8+D,Y,TOL,YMIN,H, XOUT ,MAPK)

e GO TO 100 o e e . e S

200 STNP

D END e e v R e o
SUBROUTINE CIFFEQ [Ny X,Y,DY? ALIT 1

———COMMON " TURABND,; CFy EN,NPAR T, CJRUNGE NG AM ALIT 2
1, P00 ,PO1,T00,TOLl, AMACH,AG(RG ALIT 3




—=-2 T, AMASS1, AMASSO, T e ©ALIT 4D
3,500, CMAS, CMOM, CENR ALIT  5u
"= & 4SOy BP, CMy VISCL - - - o e
CCUMON ZA, 28, UJO, DORIN
-6~ MASRAT,RZERN,AFAC,~ CFDy ‘HN s Fy—Aly— AAZERD, TFy FP, GP - SRR
7, SDLOSS, ASD
By AUGL ULy UCENT - o = e
DIMENSTON Y(10),0Y(50), W(8,8), VI(8,1), K{4C), XCUT(100}
———1 4 Al(10), TF(10) S oo s e S
2 4AL701,R(101,F110),G(20),0LF(20),0LG(20)
3-4AM 1005 6G6(10) e e s e
4 4DLF1(20)
—— 5 ,FP(10),€P(10) - : e

EQUIVALENCE (50,50) ALIT 12)
T REAL- MASRAT — —- e e

IF (N-1)1,1,10 ALIT 139
14— CONTINUE-

LM = 0

MM=0 - e e e ALTT 529

MMM=0 ~ALTT 533
——————READ{5,399INS e e e

359 FORMAT(312)
———3JPOLY-=5
READ (5,401) (GGLT),1=1,NS)
—40F - FORMAT{10F5,4) - P e s e
READ{5,950) SCLOSS,ASD
950 FORMAT{2F10,3) ——~ e e
WRITE(64405)
4C5 © FORMAT{ 1M1}
WRITE(4,400) NS :
TT4C) T FORMAT(5X,5HNS = ,12) - T em e e e e
4C4  FORMATISX,THEGGIT)'S,5X,10F10.44//) ,
TWRITEC6,404) (GGUI),T=1,NS) —— ~——— == - e e
WRITE(6,951)SNLOSS, ASD
TSI FCRMAT(SX24HNUCT LSS COFFFICTENT=,F10453, 7,1 TX, 12HOUCT AREA =—y— ~—-

IF1063,5HFT%%2,//)
¢ : - S S
C

~DIVNS =2, /FLOAT{NS)- R

CIVDEL = FLDAT(NS)

REFYURN
C ALIT 53)
€C———Y1=UJ/UJIFRC - — e - ALIT 547
C Y2=LAMDA = UO/UJ ) . ALIT 57)
€ —¥3=-DELTA/RZERD~— e B - - ALIT 589
C Y4 = P/POQINITTIAL i ALIT 59¢
€ Y¥S=(TOCENTER-~TOO } /TOO ALTIT %39
C. Y6=TQO/TOCINITIAL ALIT 510
CTTYT = B Le MOMENTUM THICKNESS/R2FRO — - — T T e e
C Y8 = Be. Lo SHAPE FACTOR
N e = SALIT 429
10 CONTTNUE
B2 FORMAT (4F10.4) ‘ ST e e

IF (LM} 913,913,914
913 COCNTINUE ~—— - T T e

oY(1) = O,
—-0Y{2) = 0, ‘ - T vn e mem o memmene e
914 LM =1

—E=1s7/TURANT -——XtIT- 540
Y1=Y{ 1)

89



e S FEV( ) e e e
Y3=Y(3)

Y 4=Y(4) e e

Y5=Y{5}

———¥6=Y(6)
Y7=Y(7)
- YE=Y(8) -
Y11=Y(1)4Y (1)

Y 222Y (2)4Y(2) -

¥33=Y{3)*Y(2)

——DIv¥l=1l.7Y1
DIVY1l = DIVYL1*DIVYl

————DIVY4=1s /Y4~ —
DIVY6 = 1./Y(6)
—————52=Y2/{ 1. -50%Y114Y22)

DS2Y1=2,#S0%S52%52*Y1%Y2
————DS2¥2 =1 A (1e=SO*Y 1 1#Y 22} 424 *50%Y1- 1 ¥ 52452 ——

ALTT
ALIT

651
591

CALL SUB(X,R4DR42,RZERD)

R=R-Y7*Y8

————60 TO-t11,20 )y NPART

1 CONTINUE

<
C
C NOW BRANCH TO PART 1 OR PART 2
1
<
C

PART 1

———1F-(Y2)-409,4104411
409 WRITE(6,1000)

7))
713
A3
72)

~1000)- FORMAT{ 10X y 46HRECTRCULATION—PRESEN T CALEULATI-ON NOT-CORRECT)——- — - —

410 DERU = O
— Y7}y =-0.

DY(B) = C. .
——— 60 T0 412 -

411 CCNTINUE
YT = Y7 + L,0001
RTH = Y2%Y1xv7/VISC1

T T CF20, 246/ IRTH) %%, 268% 10, ¥+ {J6T8% Y8} ) -
CFD = CF

412" - CONTINUE ————
DIVY3=1,/Y3

R -
1 #{1, + 1,5%(1e = 2,718%%(-1,1%Y2)})

TTTTTTHD TE €T T

e

J 2 MAIMFNTUM INTEGRAL

17T PGO =" CONSTANT T

3 CORTINULTY INTEGRAT
4 ENERGY INTEGRAL

7 Bole MOMENTUM EQUATION EQN
B8 Bele MIMENT-OFMOMENTUM EQUATION —
3 CONTINUE

Woawowonoonn

|
i
!
:
[
!

C

C

C

<

C J
¢ -

C

€

1

5T MOMENTUM HALF INTEGRAL —— 77— 777~

———DCNR=Y33/( R%R}
c CALCULATION COF EN PART 1

———— A = Qe
7.B=0.

— - CTR-==,05
DC 369 I = 1,NS

ALIT
ALIT
ALTT

TALIT

ALIT
ALIT

ALIY

~ALIT

—CTR = CTR =+ 1
Y2FT = Y2 + FLI)

90

732
743
753
763
770
730

733
3))



— - FS =

ANA =
ANB =
D=lo

Y2F1
Y2FI%Y2FT -

L 0 I

+ Y(5)%FS -SO*YII*YZFI*Y?FI

— " DIVD-
IA =

———1 -

8 =

"YW /DT
*CTR -

-y *CTR
369 CONTINUE

AMAS =

EN =

—= EN = EN%,707
RLOCAL = RRZERD
~~RLOCAL-
_MASRAT

c

ZA + DIVNS*ANA*DIVD

B + D!VNS*ANB*DIVD

$S2 = Y2/(14-S0*Y11%Y2xY2)
ZA¥DONR + (1.-DONR1I*S?2
AMOM = TB*DONR + (1.~DONR}IxY2%S2 -
AMAS/SORT(AMDM + BP*(I.-X./Y(4))*D!VY11)

"RLOCAL*RLOCAL— -
AMAS*Y4*POO*Y1*UJO*RLOCAL %3, 1416/(RG*TGO*AMASSI) - 1.

Wlly1)=Y22%Y] - —
W{l,2)=Y11*Y2

“HIl§3) =05

Hily4)= BP*(I.-SO*YII*YZZ!*DKVY4

- "H{1,45)
W{l,7)

0. T
D.

HI{l,8) -
vil, 1)

O .
0.

—TALIT 83Y

wm= e ALIT 85)

ALIT 85%)

IR -

~s05——
I=1,NS

CTR + ,1
FS = TF(1)
FI=sF( 1)
Y2F1=Y2+F(1)

~3d =y-1

GO TO (270,70,67) ,JJ

270" TCONTINUE -
AN=Y2FT%*Y2F1

SALIT
ALTT
s oo ALTTY
ALIT
ALIT
ALTIT
CALIT
ALIT

I
323
93
EEW]
95
953
37
33)

ALTIT1I1)
ALITL1I?)
ALIT193)

T D2N=Y2F 12,
DSN=0

GO TO 68
T8 AN=Y2FI

T D2N=1,
DON=0,. .

—— G010 68—
67 AN=Y2F[#(1.4Y5%FS)

TTTTTTTD2N=14#Y5%FS o
DSN=Y2F T*£$§

B8 T D=l +YSAFS-SOFYIIXY2FI*Y2F]

DIVD=1./0

St ALITIOT

T T T AALT T

DIVDD=DIVD*DIVD
D2D=-2,*50%Y]1*Y2F]I

91



92

———1D=-2, %S0 *Y1*Y2F I Y2F] -
05D=FS

——— - Z1=71+DIVNS®*AN*DIVD
1 *CTR

3227 2-DIVNS*AN*DID*DIVDD 7" s
1 *CTR

——= 273=7 34D IVYNS*D2N*D VD =
1 *CTR

— =1 4=7 4-DIVNS*ANXB20*DIVDD — - T
1 *CTR

15=75+DIVNS*DSN+DIVD - -
1 *CTR

-7 6=26~-DIVYNS®DSD*DIVODEAN
1 *CTR

€6 CONTINUE - o e = ALTT 1257
IF (J-2) 210,211,210 ALTITI25)

'211‘“ﬂ(J.l)=DONR¢(2.*21*01VY1*?2)#(la-ﬁﬂNR’*12.*Y2¢521D!VY1+Y2*DSZY1r”—~—"~—*~"—
H(J.2)=DONR*(73+24)*(1.-DONR)*(SZ*YZ*CSZYZ!

(U312 2, #DONRKLZ 1= Y 2% S 2 RN TV YB o e e T T
W{J,4)=(DONR¥(Z1-Y2%S2) +¥Y2%S2)*DIVYé
o3 + BPHDIVY&*DIVYIL - -——— e e e

W(J,5)=DONR*{25+26)
Wy T) =2 #S2¥YB/RAY2
W(J,8) ==2.#S2#YT/R*V2
e ¥ (Jy 1 )= =2, #DR/R¥Y2*S2 = —- i ¢ e e e
60 TO 212 : ALIT137)
210 W3y 1) =DONRA{Z1#DIVY1+22)+ {1 ~DONRIX{ S2#DTVYL#DS2YL)  m o oo e oo
W(J3,2)=DONR®(Z3+74) +(1.-DONR)I#DS2Y2

4t {343} =2, *DONR¥ (7 1- 52} ¥DIVY3-- - -
W(J,4)=(DONR¥(21-52)+52)%DIVY4

UL BYEDONRR(ZB4ZH) - e oS e
WLJ,T) =-2.%52%Y8/R

i WU, B) ==2,%S2%YT/R - s
VIJy1)=-24 5DR/R%S2

212 CONTINUE———— — e e ALETLAN
IF (J=4) 71,69,69 ALIT15))

- 68 ——CONTINUE ———— — ey YR AR LI
J=>5 ALIT1530

226—1-2 0 — : e e ——e— - ALIT 1)
71 = 0 ALIT  2)

—— g2 =0 e e —ALTT 3D
713 = 0 ALIT  4)

24 = 0 — — e e e ALTT 50
15 = © _ ALTT 52
26 =0 - e e e e ALET ST
27 = 0. ALIT 82
28 = O, ALIT  9)
19 = 0. ALIT 1))

710 2 0, o T T TTT T T S T ALIT 1Dy
711 = 0.

********* Q1 = Qo ST ST e - ALTT 129
Q2 = 0. ALIT 13)

———03 = 0. — e e e s e S ALTT 14
Q4 = 0O ALIT 159

R = O, T T T e mem R : ©UALIT 159
R2 = 0. ALIT 170

““““““ R34 = 0o -~ oo o Tmommom oo ALIT 130
R56 = 0. ALIT 130
“RT9 = 0y - e e e ALY 20D
R10 = O. ALIT 219



0. ALIT 229

vl =
TTTT V2 =70, : T . T T T ALIT 23
V3 = Q. ALIT 243
— V4 =0¢ — e e o= ALY 25
V5 = 0, ALTT 259
T Ve = 0" T ALIT 277
V1 = 0. ALIT 28
TS = Qe ) o Tt - ALIT 230
V10 = 0. ALIT 3N
Vil =03 R S
CTR = -,25%DIVNS ALIT 313
224 1 =-1e)}— - S — == - ALIT 320
CTR = CTR + 0,5%DIVNS ALIT 330
" F§ = TR{I} e o - ALIT 349

Y2FI = Y2 + F(1) ALIT 35)

FOER—= FP( 1)

221 AN = Y2FI ALTT 339
—— - D2N=le ~ - ALIT 392
DSN=0. ALIT 43)

=223 D=l.+YSHFS-SOKYII*Y2FI&Y2F] - ALTT 420
DIVD=1,/D ALIT 437
~DIVOD=DIVD*DIVD - - TS ALIT 440
D2D=-2,*SO*Y11*Y2F1 ALIT 459
“D1D=-2,%SO*Y1*Y2F IxY2FL S ALLT 450
D5D=FS ALIT 479
“CCC = DIVNS*CTR%,5 ~~ - R “ALIT 490
DZ1 = CCC*ANADIVD ALTT 599
———Dz2-="=CCC*AN*DID*DIVDD - ALIT 510
DZ3 = CCC*D2N#DIVD ALIT 520
——— DI4 = ~CCCHAN*D2D*DIVDD — S - ALTT §30
DZ5 = CCC*DSN*DIVD ALTT 54,
————+-DZ6 = -CCC*AN*DSD*DTVDD e ALIT 55)
DZ10 = FDER*CTR*CCC*DIVD ALIT 33

T DIIT = CCC*CTR*Y2FI#DIVDD4 2, % SOXY TI#Y2F I AFDER —— = -~ - .
V1l = Z1 + 0.5%071 ALTT 597
V2 = 1274 045%D12 - N CALIT 40y
V3 = 73 + 0,5%D23 ALTIT 5lu
V&-=-164 + 0,5%D24 - : ALTT 527

V5 = I5 + Q.5%DI5 ALIT 63)
—————V&—=16 + 0,5%D26 e YIB 4 I T8
V1O = 710 + 0,5%DZ10 ALIT 579
V11 = I11"+ ,5*DZ11- - e e e
Z1 = 71 + D21 ALTT 539

—22 = 22-+DI2 o CALIT 499

23 = 73 + D23 ALIT 7))

—— 14 =14+ D14 R (R A A &
Z5 = 75 + DI5 ALIT 729
————26="16 + D16 — e ALIT 73
710 = 710 + DI10 ALIT 749
=711 = Z1l + DI11 - — e e -
492 CCC = DIVNS*CTR*CTR ALIT 730
1 %5 ALIT 33)
ATAU = ,377 ALIT 813
' BTAU = ,0333 "~ e : ALTT 320
Q1 = Q1 + CCC*YZFI*DIVD ALIT 330
——1" #Y2FI- - St ALTT 900
Q2 = 02 + CCCHY2FI*DIVD ALTT 913
TQ37=03 = CCCHCTREY2FI*FDER*DIVD ALIT 92)

CCC = -CCC/CTR ALTIT 9%0



Aol

94

— ——R1'= R1 # CCCHVI*FDER™ ~~ IR — —ALIT 959
R2 = R2 + CCC*V2*FDER ALIT 352
———-R34"= R34 + CCC*IV3 + V4)*FDER ALIT 972
R56 = RS6 + CCC*(V5S + VO6I=FDER ALIT 930
—R10— = R10 = CCCH¥V1O*FOER ALITIZY
R11 = R11-CCC*VI11*FDER
—=——1F - I-NS )~ 224,225,225" ALIT1317
225 CONTINUE ALTIT1029
————W{Jy1) "= (Q1 ¢+ RLI*DIVYL +R2 —
WlJ,2) = Q2 + R34
—————W1J33) = Q3 ¢ RO+ RITI*DIVY3
W{J, %) = R1*DIVY4 + BP¥DIVY4*DIVY11%.3333
—W{3,5) = RSS
H(J,ﬂ = O
— - WJ8) = 0.
ViJ,1) = E*DIVY3*ATAU
— MMM = MMM+
245 CCNTINUE
246 CONTINUE —
247 CONTINUE
94T CCNTINUE
c Bels MOMENTUM EQUATION
W71 (2 F Y EYTRDIVH 162
W{T,2) = (2. & Y¥YBI*YT
———W{T33) = O
WiT.4) = 0.
——— (1,51 =04 —
WiT:,6) = 0.
— HITI = Y2
W(7,8) = C.
S NTTLY = S*CFEY 22—
c Bele MOMENT-NF-MOMENTUM EQUATION
e W87 2) = SEYER{YE -+ 1 )R{YEEYB-14Y)
W(8,1) = WIB,2)1*DIVY1.Y2
— —W1873)y =03
W(8,4) = Oe.
—ui{B84s5) =04
w‘a,ﬁ, = O,
W (BT =05
W(8:8) = Y2
VA = YB4YB — 1 IR Y2 /Y el SR Y BRCF = s O6% LY BT ) /(LYY 43—
1 *RTH**,1))
——— —1F-(Y{2))-200y 201,201 - —ALEF-870
200 W(1l,1) = 0. ALIT 88)
—WEly2h =04 ALIT-890
w’(7v1, = Qs
— W T2 =0
vi7T,1) = 0.
———--4{8,1) =-0.
Wig,2) = 0.
V¥ {By1}= O
2C1 CONT INUF ALIT 9J0

1 {Y¥8-2+1 48274811481
481 W(7,1) = Q.

{7y 2) = O

W{T,7} = 1o
—NV{Tyl} -+ Qs
W({B,1} = 0,
Wi{B8,y2) = 0.
HW(8,8) = 1.



T V8, 1) = 0, T
W(ls1) = O,
T MI1,2) = 0, - - ST T
482 CONT INUE
€ “COLLAPSE FROM- 8X8-TD ~7XT MATRI X i e
DD 687 I=1,8
TG, 1) = W7, 1) T - )
WIT,T) = W(By1
687  CONTINUE = -~ -—— ——— M - -
VI6sl) = VIT,1)
WL =V g 1Y - e
c
'c . - — e
DC 688 J=1,7
TR 6) = W, T T T s T e
W(J,7) = W(J,8)
688~ CONTINUF
c
¢ : _ — . . - .
c ALIT215)
C - "SOLVING SIMULTANEOUS EQUATIONS BY SIMQ SUBROUTINE — - T U ALIT2169)
c ALIT2170
TR T e e -
DO 101 J=1,NN ALIT2190
BLII=VIS, 1) T ssmes s s ALTT22)0
DD 101 1=1,NN ALIT2219
________ 13 =1 + NNx{J-1) T T T e e == ALIT 222D
ATI)=W(T,J} ALIT2230
—101 ~CONFINUE —ALIT224)
CALL SIMQ (A,B,NN,KS) ALIT225
D018 I=1,NN T s Tt ALIT224)
18 DY(1)=8(1) ALIT227)
TTTTUODY(8Y = PY(T) e e - :
DY(7) = DY(é)
T DYter=0, T = e ALTT 223)
249  CONTINUE
T "JRUNGE= JRUNGE +1- R LN A3 TY
c CHECK FOR EQUATION CHANGE ALIT234)
—— ~IF (JRUNGE=-5] 14,15,15 R ToT o ALIT235)
15 JRUNGF =0 ALIT235)
“HF LY €3)-RI- 14716716 TALIT2370
14 RETURN ALIT?233)
16~ - X0UT{100)=x - - e - ALIT2399)
CALL PRINT (NyXOUT,Y,DY,100) ALIT 2440
" ¥{3)=0, — S ALIT2419
Y3 = v(3)
NPART=2 ALIT242)
BPPT1 = BP ALTIT243)
TT—S0PT1 = SO - S s ALIT 2440)
DLSTAR = Y8%Y7 ,
T DELTA = DLSTAR*(Y8+¢1.)/(Y8-14) — - — - e s
POW = 0.5%(Y8-1,)
TTTTTRTER O OLSTAR -
C EVALUATE NEW VELOCITY PROFILES
———CTR = =,05 e R

DO 876 1=1,NS

———CTR = CTR-¢+ 04— —— ——
1F [1.-CTR-DLSTAR/R) 875,875,874

—815——F{1)—= Q¢
TFLT) = 0.
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e G0 TO 840 - T T
874 CTR1 = CTR/(1.-DLSTAR/R)
————— (1) = AL(JPOLY) ~ - s e e i mm
DO 873 J=2,JPOLY
JJ = JPOoLy - J + 1
FOI) = FUIIXCTRL + A1(JJ)

873 - CONTINUE —~ 77 7 e e i e e T T T A T T T - -
F(I) = F(I1*CTRY + AAZERO
e TELTY) = SQRTULF(T)) e e s T T PR T -
840 BL= (R/DELTA#*([1,-CTR))*%POW
————-1F (BL-14) 860,880, 861 N - S
861 BL = 1
60 - CONTINUE " — 77777 - ST s e T
FOIY = (FOTY ¢ Y24%BLY/(1. ¢+ Y2)
G (I) = GGETY = FU1) 77T e e T T T T
876 CONTIMNUE
“MRITE(674031 (FETY; I=17NS) -
4C3 FORMAT(GX,THF2(11'S, 5X¢10F10e%+//)
-  WRITE(5,406) {6(TY,I=1,NSY 777" memen o T T T

436  FORMAT{5X,THGZ(T)'S,5X,10F10s44//}
e MRITE(6,407) ==~ T e
407  FORMAT( 174X, THX/RZERD y 5X 4 4HAREA § 5X ¢ 4HPH2C, 5X 4 35HTOWALL
100 UCENTLET/SECY — ——UR—————THAUGHENT, 65 SHGAMMA, 3X, - 25HTOCE 7
3NT(DEGR) TGWALLIDEGR))

LAt PO e - ) e
AN BT7 1=2,L
e PP(1) =5 *DIVDEL®(F{T+1)-F =] ) - T T T e
GPUT) =o5 *DIVOEL®(GIT+11-G(I-1))
-8 TT—CONTINUE——~ — —_— =
FPIL) = DIVDEL*(F(2) - F(1)]}
e p(1] = DIVOEL®(G(2) = GU1)) - =T e
FP(NS) = DIVOEL*{F(NS) - FINS-1})
----- L GPINS) = DIVDELALGINS) = BINS=1Y) - = oI T T T -
Y1 = Y1%(1, + Y2)
¥ 11- = Y1¥YD - e e e e
Y1) = Y(1)1#(1. + Y2)
e —— DIVY11 = 1la/Y11 7 — e
E21 = E/(1e + Y2)
e B21 = 2,%E21 — - e e
CEDY = CF/{(1, + Y21%(1s + Y2))
Y(Z) = o.
Y7 = O - e e e s
Y{(7) = O,
o r—— it e v8 - o. e e e e et ot e e mem e o e nemarme mam e e on e
Y(8) = 0.
i ' —AL1T2459
c PART 2 ALIT245)
PSR — s — e - -ALTT24T)
c YURRULENT PRANDTL NUMRER = PR ALTT?243)
e PR ® g - ——— S D
¢ Y2=GAMMA ALTT25))
- 2G———CONTINUE e e e
Y23=Y(21%Y(3) ALIT2520
e 50 = SOPTL/Y(6} ——— — - e e ALTT 2530
DSOY6 = =50/Y(6) ALIT254)
Y~ 8P = BPPT14Y(6) : —— - e eee —— ALIT 2551
¢ ALTIT 2550
—g— BHASE-OUT-THE-Belv D1SPLACEMENT—THICKNESS -INKERITED FRCH PART -} - ——
OY(T} = O
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“DY(A) =-0s—— S
c CALCULATION OF EN PART 2

1A =0y
78 = O,

€TR-=-—,05-
DO 370 1 = 1,NS

€TR-=a-CTR + ,1 - -
YFGG = Y2 + F(I) + Y3&G(1)

————FS§ = TF{I) -
ANA = YFGG
ANB = YFGG*YFGG
D = 1o + Y5%FS ~SO*YL1*YFGG*YFGG

TTTTTOIVD =1./D e
ZA = ZA + DIVNS*ANA¥DIVD

Tl T RCTR T
I8 = 7B + DIVNS*ANB*DIVD

T *CTR
370 CONTINUE

TTTTTTAMAS = A B

AMOM = 78

TTTTEN = AMAS/SQRT(AMOM ¢+ BP#(1.-1,7Y(4))%DIVYIL) — -

EN = EN*,707

T T RLOCAL = R¥RICRO -
RLOCAL = RLOCAL*RLOCAL

T 7T UMASRAT = AMASHY4%POOAYL*U JO*RLOCAL *3,1416/(RGETOD*Y6XAMASS]) -

UM = AMASx*Y]l

TTTTTTORM = UME2 #R/VISCL e
CFDF = AMASH*AMAS®,048%RM** (-, 20)

T————€FDF-=—2  *CFDF -
CFD = CFDF
C — _— —
C J=1 CONTINUITY
C 7 J=2 - ENERGY e
c J=3 MCMENTUM
T J=4 TMOMENT OF MOMENTUM - EQUATION — -
c J=5 T /T = Ydrsul
C “J=6 TDULAMBDA) /DX = Qg T - -
J=0
TTBE  Jgmgel ; T -
87 11=0
12=0 -
73=0
e 4=Q - -
15=0
o 76=Q ———— -
27=0
-7 8=0 —
19 = 0,
- CTR = -,05- - -
I=0
. 8 Z I=!’l ————— e — —_———— ——a A e e

CTR = CTR + ,1

——-FS—=-TF()
YFGG=Y2+F( [)+Y3%G( 1)

TG0 TO (81,82,410,9 - ~ —e

81 AN=YFGG

----------- D2N=l, — - -
N5N=Q

DIN=G{ 1}
GO T0 85

1.

ALIT257)

97



- 83 ANSYFGO# (1, tYS*FSY)
D2N=1, +Y5*FS

e DSN=YFGGRFS —— — - e
D3N=G({ 1) *( 1. +Y5*FS)
————G0-TQ 85 e T o e
41 AN=YFGG*YFGG
- D2N=24*YFGG T~ ——— -— Rl - - - -
D3N=2,*¥YFGG*GI 1)
e = QBN T T B el - - e
IF (FLIYY 720,720,721
720 —AN—="=AN — - e e
D2N = -D2N
————N3N-= -D3N - e T T T - s -
721 CONT INUE
— 85 —O=1,+YS*FS-SO*Y11*Y FGG*YFGG —— T T
DIvDo=1./D
pIvDD=DIVD*DIVD
- 01D0=-S0*Y1*2,*YFGG*YFGG
= ————D20=-S0*Y11%2,*YFGG™ T - T - T T
: D30 = =SO%Y11%2,*YFGG*G( 1}
——— pSD=FS T - e e e
E D6D=~DSOY6%Y11¥YFGG*YFGG
- ————ZT=I1*DIVNS*AN*DIVD - —
B 1 *CTR
: - 72222-DIVNS*AN*D1D*DIVDD ™ - T - - T a
1 *CTR
7 3= 734D IVNS*D2N*DIVD 77 — T " T T T
1 *CTR
P 4=74=DIVNSED20¥DTVDO*AN- - - -
1 *CTR
——— 2622540 VNS*DSN2DIVO " 77T T T T T N - -
1 *CTR
e 26=TH-DIVNSEANXDSDXOIVDD ™ 7 T T T T - -
1 *CTR
- ——————7T=2TsDIVNS%D3N*DIVD T T -
1 *CTR
e 78=28-DIVNS*AN¥D6 DX DIVDD e e o T =
1 *CTR
'"’———'ZQ'f-l9*'—"-DIVNS*D!VDD*AN*DBDW—"W—’-——————-A'"-— ''''' e T T
1 *CTR
————-1F(1NS 182, £0Y, 601 —T e T
601 W{J,11=21%0DIVY1+I2
—e—— W {3y 2)=23+14 R - - T T T T T
WiJs3) = 27 + 19
— W (3, a)=I1%0TVY4 e e e T s T T T - T
WlJey5)=25+26
wisi6)1=18" —— _
tF (J-2) 602,603,602
602 HWlJyb) = WII,6) =—11%D1VY6 — T T ot T
603 CONTINUE
————— (S, 1 Y= =2, POR/REIY T T T - - ) T
1F (J-3) 86,705,709
~7¢9— —CONTINUE e m e e e T T T T
WI{3,11 - W(2,1) + T1*DIVY1
B Y 7, R - e e - - -—
W(3,4) = W{3,4) ¢+ gPxDIVY11%DIVY4
== ¥{341) = VI{3,1) —CFD/R—— — e i — -
J = &
e —= - e e e e e
21 = 0O ALIT 49
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———12-2-0- - mmmmeee e ALTT 5Y)
23 = 0 ALIT 69
— 14 = 0 s s — e ALTT )
5 = 0 ALIT 3)
—T b=~ ALIT 99
7 = Oe ALIT 1)1
——-—18 = 0. —— T e e ALTT 1)
79 = Q. ALIT 12}
—— —210 = 0. Smem e ALTT 13D
1l = 0.
Q1 =0, R .18 L 5
Q2 = G. ALIT 156
Q3-=-04 —ALIT—-169)
Q4 = Q. ALIT 170
R1-=-0. AETT-139
R2 = Q. ALTIT 139
R34--=—Ox —&EFF—20
RS6 = 0. ALIT 219
——— R79-=--0, —mem— == ALIT 229
R1G = 0. ALIT 23)
-R11 = -0y
RTAU = Q,
V1l = Q. ALTIT 240
V2 = Q. ALIT 250
TTTTTUV3ICE Q. TTTTTTTTTT TTOTTALLT 259
V4 = 0, ALIT 279
VS = 0. - T TUALIT 7239
V6 = Q. ALIT 299
— VT =10, TTTALTIT3))
V9 = O, ALTIT 319
TTTTUOVIY = Oy T — - T ALIT 329
Vil = 0O,
""""""" E2FMAX = —,S5*CFD*.45/{FP[5) + GP{SY)Yy " ~ —— —- T T e
HD = (1.-Y32)%E2] + Y33%E2FMAX
T CTIR ==g25%DIVNS — B B S & 19)
924 I =1+ 1
T C€TR = CTR + 0,5%*DIVNS oo~ ALIT 359
FS = TFI])Y ALIT 343
TTTTTOY2FLI= Y2 4 F(IY ToTUm o ALIT 370
1 ¢ Y3%G(1)
T ——FDER =—FPLT) "+ Y3*GP{1)
GGOER = FP(I) + GPLT)
T E2F = - ,5%CFD*CTR/GGDER — - - -
E = {(1s=Y3INVXE2] + Y3I3%EQF
— AN = Y2F1 e e - —=
N2N=1. ALIT 419
O5N=0. ALIT 423
N6N = G(1) ALTIT 43)
T D=1a 4YSEFS-SORY 11 #Y 2FI*Y2F] T s
DIVD=1./D ALIT 45)
T DIVDO=DIVD%CIVD " T Tt T ALIT 460
D2N==2,%S0%Y11*Y2F1] ALIT 47)
D10==2,%SQ*Y}*Y2F [+Y2F | - - —ALIT -489
DSD=FS ALIT 439
T DED = ~SORYII¥2, #Y2FTHGT) T = = ALLT 59
CCC = DIVNS*CTR%,5 ALIT 519
T DIl = CCC*AN*DIVD T T e s = — ALTT 520
D72 = ~CCC*ANXDID=DIVID ALIT 5390
D23 =CCCEN2ZNDIVD - - ALIT 549
D24 = ~CCC*ANXD2D%DIVDD ALIT 552
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S----DZ5 = CCCHDSNADIVD — - === —- ALIT 56)
D76 = ~CCC*AN¥DSD®DIVDD ALTIT 579
- DZT = CCC*DENXDIVD 7 - e ==ALIT 530
NZIR = -CCC*DIVDD*AN®D6D
D29 -==CCC*DECRANXDTVODN - —— - —AL1T 530
DZ10 = FRER*CTR*CCLC*NIVD ALIT 4630
e DZ11 = CCC*CTRAY2FIRDIVDD*2,*S0*Y 11*Y2FI*FDER B
RTA!) = RTAU-E*FDER*CCC%DIVD
VL = ZL % 0.5DIL e ALIT 619
V2 = 12 + 0,5%D72 ALIT 62)
——¥3-=73 4+ 0.5*07% —-ALIT- 430
V4 = 14 + 0. 5%D74 ALIT 64D
M5 =754 0.5%0I5— e e e “-ALIT 653
vVé = 16 + Q.5%C16 ALIT 5523
— S VT-=-17 + 0.5%02T e e ALY BTD
V9 = 79 + 0.5%NI9 ALIT 633
——Y10—=-210 + D, 50210 - ALIT 590
Vil = 711 + ,5%D711
—-—71-=-21 + DIl- -—- s e = ALLT 730
12 = 12 + DZ2 - ALIT 710
——73-=13 + DI3~ S s AALIT 72D
14 = 14 + D24 ALIT 73)
——I5=15+ DI5 — - ALIT 749
R 16 = 16 + D16 ALIT .750
: —- I =77-+ 077 e e —ALIT 760
3 78 = 28 + NI8
. —— 29 = 29-4 [29 ~ T — e ALY TTD
R 710 = 710 + D710 ALIT 730
- 711 = 211 + D711
N CCC = DIVNS*(CTR*CTR
' ——1 %S5 o e o ALTT 820
+ Q1 = Q1 + CCC*Y2FI%DIVD ALIY 913
: I 21 2 - ALIT 927
Q2 = Q2 + CCCxY2FI*DIVD ALIT 93)
Q3 = QY = CCCHCTRRY2F I+ FDCR*OIVD T - AL IT94%
- Q4 = Q&4 % CCCxY2FI%GU1)*DIVD ALIT 959
C ———CCC ® =CCC/CTR - - T T ot ALYT 9690
R1 = Rl + CCC%V1IxFDER ALIT 37C
“R2 T RZ + CCCHV2*FDER ™ o — - T ALIT 932
R34 = R34 + CCC*({V3 + V4IxFDER ALIT 93¢0
——RE56 = R5&+ CCCHIVS ¢ VE6I*FOER — - ALTITIZ0)
R79 = R79 + CCC¥(VT + VI)I*FDER ALITLOLD
———-R10= R10~="CCC*VI1QO*FDER AL IT 12D
R11 = R11~-CCC*V11*FDER
———-IF (1-NS) 924,925,925 - T T T T
925 CONTINUE
W= Q1R PEDTVY L+ R2 ALIT150
W{l,2) = Q2 + R34
) —— W43 = RTY Q4 R
WiJ,4) = R1*DIVY4 + BP¥DIVY4%DIVY1lx%x,3333
———W(J,5) = R56 e
W{J,6) = 0.
— ¥ {451 = RTAU/R e
1 -{Q3 + R10 + R11}*DR/R
——— 2 —=CFD*,5 " - s e
W{5,1} = DIVYl
e W{5,2) = 0y - i e e
Wi{5,3) = 0.
W {554)-="0s -
W(5.5) =z ~1e/Y5
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T W5,6)= —1. /Y6 e e

Vi{5+1) = 0,
31 Hi6y1) =0,
W{6+42) = 1,
" W(6;3})=-0C3
W(644) = 0,
——- W(6,5) = O, i e e
H(6,6’ = Q.
T V(66 Y =040 T T e e
30 CONTINUE ALIT4160
L9
MM=MM+] ALIT2325)
168 — - CONTINUE—— - o - -
169 CONTINUE
_c__.____ ———
C SOLVING STMULTANEOUS EQUATIONS RY SIMQ SUBROUTINE
_c -
NN = 6

—— - D0 102 -J=1 4NN —~ - e A
BlJI=V{J,1)
''''' DC 102-1=14NN —r — e s e e
1J =.T &+ NN*{J-1)
~A( TS Vet Fed)—
102 CONTINUE
—— CALLSIMQ {AyB,NNyKS}
DO 163 I=1,4NN
—102 OY(i)=3{TI)

165  CONTINUE ALIT2320

-166 —CONTINUE AEIT233)
RETURN

- -END ——— . — ~

SURROUTINE PRINT [N,XWT,YOUT,DY,J)

——— -~ DIMENSION YOUT(1IC),XOUT {200} ,HY{50}+YL10)¥YSAVE(LIO} -——— e ———
1 ,F(10), ALC1Q), TF(10)
5 »FPL10),GPL10)
COMMON TURPBNO,CF,ENyNPART,C,y JRUNGE,NGAM

T 14P004PO1,TQ0,TO1, AMACH AG,RG T
2 9y AMASS1, AMASSO, T

—— 3 4S00, CMAS, CMOM, CENR - -
4 oS0, P, CM, VISC)

" CCMMON-ZA5 I8, 030, DORIN ——
6 yMASRAT,RZERO,AFAC, CFDy HD, F, Al, AAZEROD, TF, FP, GP

T 77 4SDLOSS,ASC - I T T T T T T T T
8 4AUGl,ULl,UCENT

— REAL MASRAT e —

X=X0UT{J}
T CALL "SUB(X,R4OR27RZERD) —
c CHECK FOR INITIAL PRINT
=27 T IR td-1) 5,5,100 o e T T T
5 WRITE (6,50)
T e — - —- R
C PRINT FOR ALL PARTS

100 UYJ=yYouT i) *yJo-
PH20Q = YOUT(4)*»PQD%*.193
"""" 1= POO*.192 - ————— : -
Uo=YOUT(1¥*YDUT(2)*UJO
T SUM=  YOUT(1}*UJo +u0 - o o
UR=SUM/UCENT
TOWALL=YOUT(61*T0O0O
TOCENT=TCWALL*YOUT(5)+TOWALL
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—————AREA =R¥¥2,~ - e T T
60 TO (29,30} ,NPART
"20""”HRITE(6,55)X.AREA,PHZD;UO{SUW'UR,YOUT(ZS}YOUT(S)vTOCENT,TOHALL.‘“" -
1YOUT{7),YOUT(8)
—60-7T0"31 ; T T
30 AUG2= 3.1416%({YOUT(4)*POD)/BP )%+ (YOUT(1)**2,)*AUGL
———— L #{{R¥RZERQ V**2,) ="~ : - -
AUG={AUG2/ (AMASS1*UL)Y
w""*‘""WFUTE(45)-54.‘:))(.AREI\,F’HZl’lth)UT(é).SUW'UR,I\UG'YOUT(3).1'OCENT.TOIrH\LL
31 CONTINUE
———-1F{I-100) 4041740
41 WRITE (56,60) UJ -
40 — RETURN —— = e e s
50 FORMAT(//7,4%, THX/RZERDy 5X 4 4HAREA, 5X4HPH20,5X,24HUO(FT/SEC) UCE
——**-lNT(FT/SEC),QX.ZHUR'5X,6HLAMBDA,6X,7HDELTA/R.2X.34HTGCENT(DEGR) TOW
2ALL{DEGR) THETA/RQO,4X,5HSHAPE)
55 FORMAT(3X s FTed0bXyFb6a3,4X F 60235y FTatiS¥XeF Tl y4XeFTaby4X,FT753,5X — =
l’FT- I'QSX'F-'n lvsxv F7. lrsva7l "’Lx' FS-Z'
—-5&-— FORMAT(3X,FT7e3+4X, Fbe3,4XsF66295XsFTebs5XsFTal 44XeFTaty 4X4FTa3,5X
13FTe4e5X3FTalsS5XyFTal)

-60- —FORMAT (//S2H———— DELTA/R = 1 ~--DIFFERENTIAL EQUATIONS CHANGE, T
115X, 5HCL = +F10.5/7)

— —END— b
SURROUTINE CALXFG (J,X,FF4GG) ALTT 1)

— - COMMON TURBNO,CF, FN,NPART €, JRUNGE JNGAM —— =77 === 7777 ALIT 23
1, P00, P01,T00,TOL, AMACH, AG,RG ALIT 3

—— -2 — -, AMASS1, AMASSO, T — : T T ALIT &)
3 ,500, CMAS, CMOM, CENR ALIT 53

————4 50+ BP3 M, VISCL —
COMMON ZA, 2B, UJO, DORIN
—— -6 MASRAT,RZERN,AFAC, CFD, HD, F, Al, AAZERN, TF, FP, GP
7,SDLOSS, ASD .
B g AUGT UL g UCENT - o mmm oo o o e
REAL MASRAT
—— S BIMENSION X{ 3}, FFE3), GGI3Y, F(10) e ALIT )
' 1 .AN(10) ,D(10) ,02N(10) ,010(10) ,D2D(10} ALIT 7
=1, AL{10)y TFL10) = Frem e e :
5  LFP(10),CP(10)

'__'_'—UR =Xt1}y - - - comTm T o T ALIY 1D
Y2 = x(2) ALIT 33
DOR = X{(3) ALIT 139
zZ1 = 0. ALIT 11

T2 =70 - o Tt T T ALIT 12)
23 =0 ALTT 132

24 =0T S e ALIT 149
25 = 0 ALTT 150
6 =0 - CALTIT (189D

y CTR = -,05

—e— o 610" 147 1 o =SOOFUR¥IR®Y2XY2) —— -~ T T T T CALIT 279
$20 = Y2%510 ALTIT 235

= P§20¥2 = S0 +520%S$20%2,¥SO0¥UR*UR T o e CALIT 299
DS20UR = §20%S20%Y2%500*%U*2,. ALIT 33

—D0 89~ 1=17 10 S ALTT 313

CTR = CTR + L1

o fS = TRLI) i
GO TO (60,61462) +J

60 ——AN(T) "= Y2 +FL1) - e e ALTT 14)
D2NILT) = 1. ALIT 35)

———60 103 r e ALTTC 350

61 AN(IY = (Y2 + F(IV)%(Y2 + F(1)) ALIT 374
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T OUN2N( T 2% (Y2 R LIV

— e e ALIT 33)
GO TO 63 _ ALTT 393
62 AN(T)-=—{¥2 + FUIVI#{La & THES) s = CALIT 439
D2NIT) = 1. + T*FS ALIT 41)
63— D1} =15+ T*FS-SOOHURFURS (Y2 +F{ FHI*tY2¢F (1) } e SALIT 429
DINII) = -2,%#SO0%URXIY2 + FLINIE(Y2 + F(I)) ALIT 430
= D2DU1)7F -2, *SOOFURKUR* (Y24 F{1)}) = ALTT 4%)
Z1 = 71 + 0.2%AN(T)/D(I) ALTT
——— Y} - RXLTR o e e e R
72 = 72 =04 2#ANIT}*DIDCIN/{D(TI*D(T)) ALIT
- kTR : -— -
73 = 73 + 0.2%D2N011/D(T)
1 *C TR e —
T4 = 74 =042%ANIT)%D2DLT)/IDIII*D (1))
———-1-—%*CTR - - S e e e
89  CONTINUE ALTT 490
€ THREE-EQUATICNS - AND -THETR -DERTVATIVES “WITH-RESPECT TQ UR, Y2, DOR - ALIT- 537
RHOO = POO/(RG*TOO!
€————POG LOSS ‘AT "INLET OR NOT-— e s e
P02 = POO ‘
PO2 = POO 9. 16% (AMASSO*32, 2725321 %2, 4,072/ 1324 24RHO0) ~— ~——— ———
AGG = AG/{AG-1.) ALTT 51)
$3 = L= SQO*URFUR*Y2¥¥2 ALIT-529
Y4 = S3¥¥AGCHPO2/900
“DY4UR- =-~Y4#AGG/S 3% 2, «SOOFURKV2¥Y 2~ - S e
DY4Y2 = =Y4*AGG/S3# 2, %SUDKURKUR *Y2 '
—GC TO (224244241) 44 - e ALIT-55)
23 FF(J) =(COR#DORMPH(J1-S2C) + UR*S20)*Y4 ALIT 570
661} —={DOR*DOR*{ 71 ~520 )—+-520}*Y4 - ALTT-53
1 +(DOR*POR#UR*[Z2-DS20UR} + UR*DS20UR)*Y4 ALIT 53)
———--2+{DOR*DAR*UR*( 71-520) + UR*S20) %D Y4UR - - e e CALIT 43)
GGL2) ={DOR¥NOR¥UR*(Z3474-DS20Y2) + URKDS20Y2) % Y4 ALIT 61)
————-2+ (DOR*DORHIR#(71-520) + URKS20)4NY4YZ —— ———————mom oo oo -~ ALIT 42)
GGI3) = 2, *#NCR*URH(11-520) *Y4 ALIT 63)
—DIVON-=-1,/CMAS -
GG TO 88 ALIT 649
24-——FF(J) =(DORFDORFURAURH{71-520+Y2) -
1 4 URHMURAY2#S20)%Y4 + [Y4=-1.)%, 5/ (AGG*SO0)*AFAC
—— GGI1) =(DORPLORKZ FURK{Z1=§20HY 2] e o o m o
1 + DOR*DNRAURSUR*[72-~DS20URKY2)
2+ 24 ¥UR#S 20%Y 2 -+ —JREUR KD S 20UR* ¥-2- R o
3 + DY4UR*.S5/(AGGHSO0)*AFAC
————4 -+ (DOR¥DORAURFUR*({Z1-520+Y2) -+ URRUR#Y24S20}£DY4UR - -~ —— o oo
GG(2) ={COR*DORFURFURK(73424-DS20Y2%Y2 ~520) ALTT
————1-+ URSUR*{Y2¥DS20Y2 +520) )%Y4 - - —
3 + DY4Y2%,5/(AGG*SO0)+AFAC
4+ (DORXDOR¥URFURS(Z1-S20%Y2) + URKUR*Y2*S20)%DY4Y2
GGI3) = 24 *CORSURKURAIZ1 -S20%Y2)*Y4
TTTTTDIVON = l./CMOMc T - -
GG TO 88
241777 DV1 = 1. — SQO*UR¥UR*Y2#Y2 ~ s ST ALIT 750
WV = S00*TOG/TO1 ALIT 775
TDVZ2 = 1o —WVHURFUR® {1, 4 Y2)*(1a+Y2) T ALIT 73)
PV2 = 1.,/DV2 ALIT 79
TTTUTUFFUJ) = DVIADV2 —- TR e ALIT 33)
GGIL) = ~NV2*SO0*2. *URKY2+Y2 ALIT 819
TTTTTT L 4DVIADVZHDV2EWVEZGKURK (1. +Y2)K(144¥2) < ALIT 329
GG{2) = -DV2#SO0*URKUR 2, *Y2 ALTT 839
- 1 4DVIADV2¥DV2*WVH U $URK 2, % [ Lo +Y2) - ALIT 34)
GG(3) = 0. ALIT 8%)
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——""PCONST= (PO1/PO2)**((AG-1,.1/AG)
DIVON = 1, /PCONST
88 — CONTINDE -~ -
GO TD (25,26427)y J
25— FF(1) = FFE1 ) ~CMAS N
GO TO 28
26— FFl2) = FFl2) - CMCM — -
G0 TO 23
— -CCNTINUE i
FF(3) = FF(3) -PCONST

27

28 CONTINUE™ e

) AND ITS DERIVATIVES GG( )

c TO NORMALTZE THE FUNCTIONS FF(
TTFF(JY = FFOJI*CIVDON -
No 111 I=1,3
G666 = GGIII*DIVDN
111 CONTINUE
€ T CAULCULATION OF INTTI AL VALUE-OF DELTAZ R~ {APPROXIMATEY
DORIN = SQRT ((CPOM + De5*Y2%Y2 ~Y24520V/(21~ SZO*Y?))
"RETURN
END
———SUBROUTINE SUBUIXX,R,DR,J;RZEROQ) - s
DIMENSION A(S50), X(50), DI{S50), DD{50}

.

6O TO0 (25251058
1 I=0
C——READ-X AND DIAM - e e Coes
Cc XX=X/RZERD ¢R= R/RZEFU
“WRITE(6,5)
) FORMAT{ 15X 4 12HPROFILE DATA, //.IOX.SHX(FT),9X 7HDIA(FT),/)
—11—TI=1*}
READ {5.10) XUI),AL])
—10— FORMAT (2F15,4)
IF (A{]1)) 11,12,11
——12 - TeEND=[-}—— —
SCALE = l./RZERO
—D0-S0—1=1, TEND —
WRITE(G6,10IX{TI),A(T}
————A{T }=A( I )%*,5%SCALE
50 X{IV¥=X(1)*SCALE

WRITE(6,15) - . R

15 FORMAT(///}

T}
=1

c

€ —FIND-R AND DR~ ST e

C

=2 I IXX=-X(1}) 20,23,22 - o
20 1=1-1

I {XK=X (111720723723
23 1B=I
TA=T41  -- -
G0 TO 24
~22———I=T+1 == e
IF (XX-X(I1)) 25,23,22
1A=1
18=1-1
—24— OR=(A(TA)-ACIB))/{X{IA)=-XTIB))
R=ALI81+(XX-X(18) }*DR
“RETURN -~
END
SUBROUT INE “RUNGE™ (N X7 ¥y
¢ FIRST CRDER DIFF, EQ.

25

“TOLy—YMIN,H, XOUT, MARK)
POUTINE--ADJUSTIS STEP SIZE

104

ALTT
ALIT
ALty
ALIT
ALITY
ALIT 1)
ALIT 920
ALTT %0
ALIT 959

86)
87)
993
333
9

ALIT1)5D

CTALTITLINTY

ALTT1)I82
ALIT10?)
ALIT11D

CALITLILLY
ALTTLI12S

ALITL147
ALTITLILS)H

ALITILT?Y

ALIT113)
ALTIT113D

ALITYI2))
ALTIT121)
ALTIT1229
ALIT1232
ALIT1240
ALIT125%

T CALIT125Y)

ALITL27)
ALTT123)
ALIT129)
ALIT13))
ALTITI3LS
ALITLIA2)
ALIT133)
ALIT134)
ALIT1135)
ALTITLIIS)
ALITIAT)
CALYIT 399
ALIT 319



TTTT T DIMENSICON Y(IO)'YM!N(IO'yTOL(IO).SUHCIOi.XOUTfIOO).NARK(Sl ALTIT 329

DIMENSION DY(50), YAI50), FA(50), FBLSO), FC(50), YKEEP(50) ALIT 33)

T KBTWN =1 R ——— T ) S PO
KRIG = } ALIT 35)

KLoWw =1 ' ACIT347)
NCOUNT = 15 ALIT 379
TTTTT 3 = MARK(1) - oo TUTo T s ALET 389
MAX = MARK(2) ALIT 339

230 TTDC 2500 1 =71, N - T TUTUOALIT 40
250 SUBITI) = YOL(1)/32.,0 ALIT 410
1O 1F (MAX="31""20;" 30730 - TTALIT 429
20 RETURN ALIT 43
30T T TATEXOUTLYY =X TTTTTTTTITTTTTT ALY 449
B = ABS (2.,E-6%X) ALIT 45)
T IF (A +-B) 40435, 35 - — T ST = ALIT 449
35 IF tA - B) 50, SO, 60 ALIT 479
40— —d—=J+1 -- —AEIT-43)
GO0 TO 10 ALIT 4730

TS50 CONTINUE — o T T T T ALTY 5090
CALL PRINT (N, XDUT, Y, DY, J) ALIT 51)

R Rt U B : TmIm e s L ALLT 529
GO TO 10 ALIT 533

U TF— (A=~ 1, 5%H)—70,—70,—80 ALTT-54)
7C H= A ALIT 559
- G0 TO~1000" — I — § A Y%
ag IF (A - 3,%H) 90, 1000, 1000 ALIT 570
QT TH = g E%A - - TITTI I s e AT §8(
c ALTIT 593)
DO RUNGE~KUTTE=MER SON—TNTEGRATION — . ALIT5))
C ALIT 531)
1OGG— XA =X +-H/ o T e e AL IT 424)
XB = X + ,5%H . ALIT 63)
———CALL CIFFEQ (M, X, Y, DY) - S e < ALTT 64D
X = X + H ALIT 65)
————00-1030—1—=-t+N —ALIT-65)
YKEEP(1) = Y(I) ALIT 570
———FAl1) = H*DY(I} — e AL T 630
1030 YA({IY = Y(I) + FALD)/3, ALTIT 439
T —CALL-DIFFEQ (N4~ XA, ~YA,~ DY} -—- : —=—ALIT 739
D0 1040 1 = 1, N ALIT 7190

1040 YA T =Y 1)+ FALTY 160+~ HEDYEE) foi - /LT F—-727)
CALL DIFFEQ (N, XA, YA, NY) ALIT 73)
———-0C 1050-~1—=-1,N - ~—ALIT- 749
FB{I) = H%DY(]) ALIT 75)

105G ~YALT = Y{I) + J125%FA({I) +—s375«FB{T) — e ALIT 759
CALL DIFFEQ (N,XR, YA, DY) ALIT 779
—DE—1060—T-= -1 y—N— : ALFF-730)
FCITY = HXDYI(]) ALTIT 73)

660 —YALLY = YOI + (5#FALT) — 1a5*FBLT) +-2,%FCOI) — e ALTT- 339
CALL DIFFEQ (NyX, YA, DY) ALIT 31)
————-00 1130 -J-= 1, N - - _ e ALIT 320
YOI = YUIY + FAULI)/b6. + L66666666THFCL{T) + H&DY(T) /6, ALIT 91309
-1661—Y-= ¥{I}: —_— ——AL1T- 34
IF (ABS (U) - YMIN(T)) 1130, 1130, 1090 ALIT 359

-169G -KLOW = 2--- T s e ALTT 34)
E = +2%ABS (U - YA(I} ) ALIT 870
T IR OB~ ABS (TOLUTI*U) 1111041110y 1100 —-———- o =~ _ALIT 889
1100 KB8IG = 2 ALIT 97)
GC TN 1130 ALIT 3))

1110 TF U F - ABS (SUBR(I)*Y} ) 1130, 1120, 1120 ALIT 7219
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1120 KBTWN = 2 - T e e ST T T B ALIT 3729
1120 CCNTINUE o ALIT 33D
- op TO (100, 1135), KLOW 77 - T T TALTIT 94D
1138 GC TD (1180, 1140}, KB!G ALIT 95)
1140 NCOUNT = NCOUNY -1 - T T - - ALIT 959
IF {NCOUNT) 1150. 1150, 1170 ALIT 237)

s11%0 PRINT 1160, X, T Tt Tt oo T - ALIT 33)
PRINT 1165, (I. Y(Il. DY(I). 1 = 1. NY ALIT 37

- RETURN conos ALIT1)3D
1160 FORMAT (S8H4STEP SIZ2F HALVED 15 TIMES CONSECUTIVELY SINCE LAST PRIALITIIL)
o NT 7291 PROGRAM TERMIMATED AT —X =, €1&.8, B8H, H =, E16.,8, ALIT1)2)
27734 1 , 13X, 4HY(I1), 15X, SHDY( 1), //) ALITLI3)

1165 FORMAT (13,7X,E1l6e8y4XsE16e8) 7 ~7m 7777 m7r ALITL )G
117¢0 KBIG =1 ALTITLISD
cmm—— 1F- (KR ~ 8)° 1176 1172, 1172 -~ 777777 ALTIT1YS)
1172 X = X - H ALITLIDTY
e H =5 S - - e m s e s == ALIT 130
PO 1174 1 =1, N ACITIYI)

‘1174 Y{1) = YKEEPU(1) ~ — — oo T e ALITLILD
KBTWN = 1 ALITLILILG

e KLOW = 1 T - - S - ALTTILI2)D
GO TO 1000 ALTTLIL YD
-117¢ - M =15 ="NCCUNT - —ALIT114)
PRINT 1178, M, Xy H ALTITL15)

——— - PRINT 1165, (I, Y{I}, DY(I}, I = 1, Ny~ — T ALITL16)
RETURN ALITILT)

1178 FORMAT (41H4ASTEP SIZE RECAME TOO SMALL FNR COMPUTER, /20H TT HAS REALITLI13)
1EN HALVED , 12, 21H TIMES CONSECUTIVELY./29H PRNGRAM TERMINATED ATALITLIL?)
X -=-—E164ByBHy H =y E16e85/73H 113X, GHY(T1)Y, 16X, ALTT12)9
3SHDY(1),//) ALTT121)

118C NCOUNT =15 - =~~~ T TS ALITL22)
GO TO (1190, 1200). KBTHV ALIT123)

1190 H = 24%H ~—  ——7 777~ o s e ALIT1249
120C XBTWN =1 ALITL25)
—m e KLOW =T - o : - ALTTI25)
C ALIT127)
€ -——————— CHECK FOR INTERMEDIATE PRINT OUT ALITIZ2%3D
C ALIT1I27)
—160  XOUT{SOI=xX ——""" R T e ALIT13))
JK=0 i ALIT13L)

e CALL—PRINT (M, XOUT, YyDYy K}~ - - ALITI320
IF (JKY 10,10,20 ALIT133)

130 - FORMAT (SH X =, E16.B, 4X, 4HH =3 E16e8y 11X, 1HI, 13X, 4HY(I], ALITL34)
116X, SHOY(I1/) ALIT135)

140 FORMAT (55%, I3, 7X, 2(E1l6.8, 4X)) = - == ALIT1359)
END ALIT1373
———-SUBROUTINE- SIMQ{A;B, NyKS? e e e = =AY [T 850
DIMENSION A(1),B(L) ALIT137)

- - — o - ALITI3Y)
C ........‘.‘..‘..'...‘...‘.'.......l‘......‘..'......C-............&LITIE?')
| - - y S ALIT14))
c SUBROUT INE SIMQ ALIT141D
€ - ALITLI42)
(o PURPNOSE ALIT1439
€ ————  OBTAIN SOLUTION OF A SET-OF SIMULTANEOUS L INEAR EQUATIONS, ALIT14%)
c AX=B ALIT1459
C e T e s - ALIT145)
C USAGE ALIT14T)
e-———— " CALL—STMQUA38 4 NyKS) D - ALTT14%432
C ALIT14930
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C-— - DESCRIPTION OF PARAMETERS - T - T o ALIT159)
C A - MATRIX 0OF COEFFICIENTS STORED COLUMVWISE. THESE ARE ALIT1513
C T DESTROYED "IN THE CIMPUTATION, —THE ‘SIZ2E OF MATRIX A IS ALIT152)
c N RAY N, ALIT153)
c B - VECTOR OF ORIGINAL CONSTANTS (LENGTH N). THESE ARE ALTIT154)
C REPLACED BY FINAL SNLUTION VALUES, VECTNR X. ALIT1559)
C— 7N =-NUMBRER 0OF FAUATINNS AND VARIABLES, N MUST RE «GVse ONF, ALIT155)
C KS - QUTPUT ODIGIT ALITLS579
CT 77— "7 € FOR A NDRMAL SOLUTION -~ ~-rmommme e o : ALIT1S53)
c 1 FOR A SINGULAR SET OF EQUATICNS . ALIT153%9
C L N A & N
c REMARKS ALTIT1S51Y
T 77T MATRIX A MUST RE GENERALG T U ALLT1629)
C IF MATRIX IS SINGULAR , SOLUTION VALUES ARE MEANINGLESSu ALIT163)
C— T ANTALTERNATIVE SILUTION MAY "8 NARTAINED RY USING MATRIX TOALIT154)
C INVERSION {MINV) AND MATRIX PRODUCT (GMPRDI}, ALIT165)
C ALTITLI6%)
C SUBROUT INES AND FUNCTINN SUBPRCGRAMS REOUYRED ALITLIAT
T T N ONE T T e e e e T ALITIASY)
Cc ALIT1523%
C———-METHDD T CTALITLIT)D
C METHOD DF SOLUTION IS BY ELIMINATION USING LARGEST PIVOTAL ALTITLTLS
C “OIVISOPT EACH STAGE DOF EL-IMINATION -CONSISTS NF INTERCHANG INGALITLI 7?2
Cc ROWS WHEN NECESSARY TO AVOID NIVISION RY ZERO CR SMALL ALIT173)
C———————ELEMENTS, ALTIT1740
C THE FCRWARD SOLUTINN TN DRTAIN VARIABLE N IS DONE IM ALTIT1I75)
C——=——"N STAGES, THE BALK SOLUTION FIR THE DTHER VARIARLES IS ALTIT176u
c CALCULATED RY SUCCESSIVE SURSTITUTIONS, FINAL SOLUTION ALITLT?S
C T VALUESAREDEVELNPED IN VEC TR By WITH VARTABLE 1 IN B(1), —ALIT178-
C VARTABLE 2 IN Bl2)yeseessser VARIABLE N IA B(N), ALITLI73)
C 777 777 7IF NO PIVOT CAN BE FOUND EXCEEDING A TOLFRANCE NF 0,04 ALITLISY)
C THE MATRIX IS CONSIDERED SINGULAR AND KS IS SET 1O ls THIS ALTTI3Y
C™ 7T TNLERAMCE CANSE MIDIFIED BY REPLACING THE FIRST STATEMENT, ALIT1829)
Cc ALIT133)
C L N Y Y Y N RN F R R I R R R T T T N Y 20 ALIT1I34%y
c ’ ALTT13532
[ S — CoTTTe e o - ALIT1339
c FORWARD SOLUTION ALIT1330
C - o o - ALTIT193y
TOL=0.0 ALITIOLY
K S=0 T e moALIT1a2Y)
JJ=-N ALIT1937
D} 65 J=1isN - S e i - ALIT194)
JY=J+1 ALIT135)
JI=JJeN+1 — - Cees s ALIT136Y
81GA=0 ALIT197
— 1T=0J-1 - - —ALIT1939
DO 30 I=J,N ALIT1IIM
cC-————- T e e TTT T s e T ~ALIT2) )
C SEARCH FOR MAXIMUM COEFFICIENT IN COLUWN ALIT2M1)
< T e e ALTT 22y
1J=17T+1 ALTIT 233
————1F(ABS(RTGA)-ABS(AE-1J}) }-20,30,30 e e AL TT 2244
¢0 BIGA=A{ 1)) : ALIT2335)
- IMAX=T — —- s e -ALIT2)5,
20 CONTINUE ALIT2H7)
G — - - - ST e e e—ee e AL 1T 2330
o TEST FOR PIVOT LESS THAN TOLERANCE ({SINGULAR MATRIX) ) ALIT2)13)
€~ . S ee—ee - AL IT 21,
IF{ABS(BIGA}-TDL) 35,35,40 ALTT211)
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TR NI R

— 35 KS=1 —— e e e ALTT 212

RETURN ALIT213

c- e o e e ALTT 214)

c INTERCHANGE ROWS 1F NECESSARY ALIT?213)

€ s e ALTT 2150

40 T1=JeN*(J-2) ALTT217)

-1 T=IMAX=-) - sier e e s ALTT 2180

00 50 K=J,N ALTT217)

1= 14N — e e e - ALTT22))

12=11+17 L ALIT221)

SAVE=A(11) ALIT222)

ALIL)=A(12) i ALTT223)

e AQ12¥=SAVE T T mrmesmmmeme T T TALTIT224)

c ALIT2235)

¢ — ~— OIVIDE FQUATION BY LEADING CREFFICIENT — —— =~ = =7 " "= 7 "ALIT226

c ALIT227)

— 50 ACTII=AtI1)/BIGA — ALIT228)

SAVE=B8( IMAX) ALTT229)

----- BLIMAXI=B(J) "~ I ALIT232)

B(J)=SAVE/BICA ALIT2315

T e ALTT232)

c ELTIMINATE NEXT VARTABLE ALTT233,

= e S TTALIT23%)

IF(J-N) 55,70,55 ALIT235)

—- 85 [QS=N#(J-1) S S S CUALIT235)

OC 65 IX=JY,N ALIT237)

SIXJ=1QS#IX~ T T e - ALTT233)

17=J-1X ALTT237)

——D0 O JX=JYyN - e ALTT24) )

IXJX=N*{IX=11+1X ALTT241)

e JIX=IXIXHIT - - ALIT242)

60 ALIXJIX)=A( IXJIXI= C(ACTXII*ALIIXD) ALIT241)

~- 65 -B{IN)=B(IX)=(BLJI®ALIXJ)) — - ————— T ALIT 2447

c ALIT2435)

C———BACK ~SOLUTICN : s e e ALIT245)

c ALTT247)

=90 NY=N=] —= T T R ALTT243)

IT=N*N ALIT243)

——— DL 80 J=l,NY =~ - - ALIT25))

1A=1T-J ALIT251)

—— 18=N=3 e ALTT25 )

1C=N ALIT253)

~——— DO 80 K=1,J T - e © o ALIT25%)

BI13)=B(IR)-ALTAI*B(IC) ALIT255)

o {ASTA-N e s e - ALIT255%)

8C IC=1C-1 ALIT257)

——RETURN— S ALT2580
END

— - SURROUT INE VBO&A (M N F XeE A ESCALE, IPRINTSMAXKFG, TA,W) ALTT223)

DIMENSION A(3,101, W(101, F(3), E(3}, X(3) ALIT21))

—— 10=0 e - b - ALTT211)

i IKFG=0 ALIT212)

————1P=1PRINT e e = ALTT213)

IPSET=-IPRINT*{IPRINT-1) ALIT214)

e NNENAN : e ALTT215)

NP=N+1 ALIT215)

—--—  NNP=N#NPp o= S o ALIT217)

1CON=1 ALIT2130

1FS=1 ALIT219)

15=2 ALIT22)0
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—1 KK=N e
DO 3 I=1,N
—= KK=KK 41
D0 2 J=1,1

—2 a{1,3¥=0.
3 WIKK}=0.

— FFaQ. - —
TKFG= IKFG+1

S PO 4 K=lgM oo e s e s e
CALL CALXFG (K XyFyW)

—KK=N
DO 5 I=1,N

— o KK=KK+1 - T - e

DO 6 J=1,1

— & A1+ JI1=ACT, J)+W{T }*UW(])
5 WIKK)=W{KK)-W{T]}*F(K)
4 FF=FF4F(K)*F(X)
GO TO (7481415

—8°0C 45 T=2,N — -

IK=1-1
T DC 45 J=14N 0
45 A(IK,J} = A(J, IK)

—CALL” SPNISTEA,NyN;IK}"
KK=NP

= D09 I=1,N - B
W{TI=H{KK)

—9 KK=KK+1 -
EM=0,

—p0—10-T=1;%
WIKK =0,
—== D 11 J=1N e
11 WIKK)=W (KK +A LT, )%WLY)
“EM = MAX1(EM,ABSIW(KK)/ELTI}) —-- —
10 KK=KK+1

—TF{EM-ESCALEY 12412513
13 EM=ESCALE/EM
T KK=NNP™ T - I
DO 14 1=1,N
W KK Y =W KK ) REM - B
14 KK=KK+1

— GO TO 15— o

12 1F (EM-1.) 16,16,15

--16 GO TO (27,.18),1CON ~ — - e
27 I1CON=2

-— 60 YO Y7 -~ - e R
18 IF (IPRINT) 19,19,20

19 -RETURNM
z0 WRITE{(6421)
—21 FORMAT (//5X,18HVBO4A FINAL VALUES) ———7 — -
IFS=2
- —--—6GC T0 22 T T R -
15 1CON=1
T I IKFG-MAXKFG) 28429429
29 WRITE(6,30) IKFG
--aG - FORMAY {//5%,5HVB04A,15,17HM CALL S OF -CALXFG)
G0 70O 18
—2z8 IP=IP+IPRINTY el
IfF (1P)Y 23,23,22

—Z2 WRITEt642611C, IKFG - - o
26 FORMAT (//SX,9HITERATION, 144110 +17HY CALLS OF CALXFG)

ALIT2219
ALIT2229
ALIT223)
ALIT224)
ALIT 2259
ALIT226)
ALTIT227)
ALTIT2239
ALIT22390
ALIT23))

“ALIT 231D

ALIT232)
ALIT233)
ALIT?234)
ALIT2359)
ALTIT2135)
ALIT2379)
ALIT233)
ALIT2379)
ALIT24))
ALIT2419
ALIT242)

ALIT2430

ALIT244)

TALIT 2457

ALIT245)
ALIT247)
ALIT?2430

—ALIT247)

ALIT?25)39

CALIT2519)

ALIT252)
ALTIT253)
ALIT?2549

-ALTIT255)

ALIT255)
ALIT257D
ALIT253)

ALIT257)

ALIT25)D

“AUIT2510)

ALIT25420
ALTT263)
ALIT25%:)

- ALIT 2550

ALIT2559)
ALIT 257D
ALIT253Y)
ALIT2530
ALIT27))

CALIT271)

ALIT272)
ALTIT2739)
ALIT2749
ALIT2735)
ALTIT275)
ALIT277)
ALTIT273)
ALTIT27930
ALIT233)
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T HRTTE(6 241 (X (1), I=1,N}-——

ELTT2319

24 FCRMAT [/5X,9HVARTABLES /7, (5E24e 141)) ALIT272)
e WRITEA6,25Y (FUT),I=1,M} - - aLIT233)
25 FORMAT (/5X,GHFUNCTIONS/, (56244 14) ) ALIT234)
60 TO-(38419), £S5~ — ALIT235)
28 IP=IPSET ALIT235)
-3 1C=1C+1 - —_ — . -ALIT2870
ITEST=3 ALTT283)

—— FEX=FF e AL1T2399
XP=0, ALIT393)
XC=0¢ —ALET291)
15=1 ALTT292)

- 7-GG=0. - ALIT293)
KK=NNP ALIT2940
DL 31 I=NP,AN-—— e~ -ALIT2959%
GG=GG-W(1)%W(KK) ALTT2959

21 KK=KK+1 ALIT2970
GG=GG+GG ALIT293)
———CALL VDO2A (TTESTyXCyFFyGhieby0eyBe3yle) ALTT293)
GO TO (32,33,33,33,33),ITEST ALIT3)))

—32 XP=XC-XP -ALIT3910
KK=NNP ALIT 329

D0 34 I=1,N ALIT3)3)
X{T1=X{T)4XP*W(KK) ALIT304)

-3¢ KK=KK+1 —- S ALIT335)
XP=XC ALIT335)
—Ge TO 1 — — S e e S ALTT32T)
33 IF (FF-FFX) 19,40,40 ALTT3)3)
39— TFtABSTEMXC ) =14 136;36;37 - ALCTT 3099
37 1CON=1 ALITI1))
~36 IF (XP-XC) 35;8,35 - ALIT3119
35 1S=2 ALTT312)
60 TO 132 - ALTT313)
4G WRITE(6,41) ALTT3149
—&41-FORMAT /75Xy 33HVBOGA- ACCURACY-CANNIT BE-ACHIEVED) ~——~ ——- - “A&L1T315)
GG T 18 ALIT315)
——END e ALTITI17)
SUBROUTINE VDO2A (ITEST,X,F1G, MAXFUN, ABSACC, RELACC, XSTEP) ALTT313)

—— ABSE{XYZ)=ABS{XYZ) — ALIT319)
SIGNF(ABC,XYZ)=SIGN{ABE ,XYZ) ALTT320)
———SQRTF{XYZ}=SQRTXYZ ) AL TT 3219
GO TO (1,242), ITEST ALTIT3220

— 2 [S=ITEST—— " — — ALIT3230
[TEST=1 ALIT3240

—— JINC=1- e — - CALIT325)
X INC=XSTEP ALTT325)

— =1 ~ALIT327)
GC TO (444,100 ,1S ALIT3230

—-3 MC=MC+l- - S ALIT329)
IF (HC-AXFUN) 4,4,5 ALTT33))

S ITEST=4 —— — — ALIT3310
11 F=FA ALIT232)
X=XA — - AL1T333)
G=GA ALTT3349

— & RETURN ——— e ALIT33S0
10 15=2 ALIT315)
———MC=0 e ALIT3379
L IF (G) 6,746 ALIT3330

T TITEST=5 ~—-ALTT33%)
GO TO 4 ALTT4D)
—6 GO TO (8,9),15— - semm e ALTT3410
9 XA=X ALIT342)
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© FA=F T s e - ALIT 3430
GA=5 ALIT344C
—-1§=t - - - ——-————=AL1T 3450
12 X=XA=-SIGNF (XINC,GA) ALTIT 34560
c- XINC=XINCHXINC = s e ALIT3470
G0 70 3 ALIT3430

-8 IF UF=FA) 12,13,14 — ———————— " 7oss— o - - ALIT 3490
13 DUM=FA ALIT 3500
— ‘FA=F - - -— ALTT 3510
F=DUM ALIT 3520

- DUM=GA — — - ALIT3530
GA=G ALIT3549

— G=DUM — - e e e ~- - ALIT3550
DUM=X A ALIT3560
——XA=X : - — -~ ALIT3570
X=DUM ALIT3538C

14 IF (GA*(X=XA)) 15,16516—- e — - ALITI590
15 TINC=2 ALIT3600
= XINC=X —— e - - - ALIT3510
16 Z=3¢*%(FA-F)/{X=-XA)+G+GA ALTT 3520
— W= *I=GHGA — — —-—- - - ALIT3510
IF (W) 20,20,17 ALIT3540

17 W=SIGNF(SQRTFI{W)4X=-XA) — — ——— - ALTIT3550
XP=X={X=XA)%(G+W-Z)/{G-GA+W+W} ALIT 35560

— -~ IF ({XP-XA)*GA) 18,19,20 e ALIT3570
18 GO TO (21,22),11INC ALIT3530
71 IF (ABSF(XP=XA)=-ABSFIXINC}) 23,23,12 - ALIT3690
22 TF (ABSF{XP-XA)-ARSFIXINC-XP]} 23,23, 24 ALIT3700
24 " X=0, 5% XINC+XA Y - - - ALIT3T10
LF CIX=XA)*(XINC-X)) 25,253 ALIT3720

25 - 1TEST=3" — = - ALIT3IT30
GC TO 11 ALIT3740
23X =XP e ALIT3750
IF (ARSF(XP-XA}=-ABSF(ABSACC)) 19,19,26 ALTT376G

26 1F (ABSF{XP-XA)}~ABSFIXP*RELACC)Y 19,1943 — ~ ALIT3770
19 ITEST=2 ALIT3730
—-60 TO 11 — ALIT2790
20 6C TO (12,24}, 1INC ALIT3300
— —END ALIT 3810
SUBROUT INE SPNISTIU,T,J,X) ALIT3320

— “DIMENSION U(2,21,V13,3}) - ALTT3830
1FLL - 3) 2,1,2 ALIT3I840
—2 1=y 4K R ALTIT2850
WRITE(6,4) ALIT3BAD

—4 FERMATIIGHO FODTFY-VRCAA) - ALIT3B70
sTOP ALIT3880
—1 VL1 = U(2,291%0(3,3) = U332 %2 e ALIT3IB90
VI(2,2) = Ull,1)%U{3,3} = U(3,1}%%2 ALIT3900
’V(3'35"='U(1.1)*U(2,2)'-"U(2,17**2~ﬂ'*~“-~*ﬁ e ALIT3910
VI2,1) = U{3,1)1%U{3,2) = U(2,1T*U[3,3) ALIT 3720

— ¥, 2 F=VI2, 1} - AL1T39130
VI3,1) = U{2,1)1%U(3,2) - U(2,2}1%U(3,1) ALIT 3940

— -y {ly3 = V3,10 s e ALIT3950
V(3,2) = U(3,11%0(2,1) - UC1,11%U(3,2) ALIT3960

— V{243 = Vv(2,2) —_— - ALIT3370Q
DET = Ull,1)%VI1,1) + U{2,1)%v(2,1) + U(3, 1)*V(3.1| ALITI9BO
—DC-5t =143 - SALIT3990
Do 5 M=1,3 ALIT4000
—5 Y(LyM) =" VI{L,M}/DET - = - ALIT4010
RETURN ALIT4020
END —— e - ALTT4030
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B.4 Typical Sets of Input and Output Data

Input Data:
16
©9950.9850, 9750, 9650, 9550,9450.9350.9250.91 50, 9650
«33 2271
£00723 1.400000 .000160 « 223000
M= 21 ° 0
* 500 Ce2381 147, 1 1 26 5¢ PREE LAY Y

14,7 552.0 348,0 1267.0 ,113 2275 1,40 53,72
C.0 0 b4LE

1. 6315 «3035
243815 #3037
3.7686 04462
442148 c 4463
5.2981 » 5796
0. 8000060 0.00000C0
10
0©995%0.9850,9750. 9650.9550,9450,9350,9250., 3150, 90590
033 «21

000223 1.400000 .000160 ,223000

M= 17.0 -.02 S

. 500 5.2981  147,0 2 1 2,00 . 00046
1407 552,0 34840 1267.0 .113 1,885 1.40 53,2
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TABLE 2
PRESSURE TAP LOCATIONS AND FINAL MIXING TUBE DIMENSIONS

Static Stagnation Pressure Tap | Dimensionless
Pressure Pressure L’ocation Location
Tap No. Traverse f1g}1re 4 x/Ro
No. x-inches (Ro=2.670")
1 0.46 0.172
2 2.21 0.828
3 4.71 1.76
4 1 6.71 2.51
5 9.7 3.63
6 2 12.21 4,57
7 14.711 5.51
8 3 17.21 6.45
9 20.46 7.66
10 22.21 8.32
11 4,5 24.71 9.25
12 27.21 10.19
13 29.71 11.13
14 32.21 12.086
15 34.71 13.0
16 37.21 13.94
17 39.71 14.87
18 42.21 15.81
19 44.46 16.65
20 6 47.21 17.68
21 49.71 18.62
22 51.69 19. 36
23 57.69 21.60
24 63.69 23.85
25 69.69 26.09

Measured Mixing
Tube Dimensions

X
{in}

Dia.
in)

x/Ro

0
19.3578
28.578
45.224
50.578
63.578

5.341
3.643
3.645
5.355
5.356
6, 956

0
7.34
10.7
16.9
18.95
23.8
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TABLE 3
STATIC PRESSURE VALUES MEASURED ALONG THE MIXING TUBE

Entrainment Ratio 17.0 19.4 21.0 23.6
Prli;rrf}'gﬁib‘" Rate, 6.76 6.76 6.76 6.76
Secondary Flow Rate, 115.1 131.4 142.0 160. 3
: 1bm/min
igfg'l?r;;rglso'- x/l?.o station | all values in inches of water gage with respect toP_
1 0.172 - 7.66 -10.3 -11.8 -15.6
2 0.828 - 8.25 -10.6 -12.4 -16.2
3 1.76 - 8.85 -11.8 -14.15 -18.9
4 2.51 - 9.15 -13.0 -15.6 -20.6
5 3.63 -10.9 -15.0 -18.6 -25.1
6 4,57 -12.1 -17.7 -21.8 -30.1
7 5.51 -14.45 -21.5 -26.8 -37.8
8 6.45 -17.7 -27.4 -34.6 -49.5
9 7.66 -23.0 -36.6 ~-46.4 -67.5
10 8. 32 -22.7 -36.3 -46.4 -68.0
11 9.25 -22.1 -36.3 -46.4 -68.8
12 10.19 -21.8 -36.0 -46.6 -69.3
13 11.13 -17.4 -30.1 -39.6 -62.2
14 12.06 -10.05 -20.3 -28.0 -44 .2
15 13.0 -13.55 -20.1 -33.9
16 13.94 - 8.85 -14.45 -26.8
17 14,87 1.4 - 5.4 -10.3 -21.2
18 15.81 3.5 - 2.7 - 7.2 -17.4
19 16.65 5.0 - 0.9 - 5.0 -14.6
20 17.68 5.7 0.3 - 3.6 -12.7
21 18.62 6.0 0.7 - 3.0 -11.4
22 19. 36 6.6 1.6 - 2.0 -10.2
23 21.60 9.0 4.6 1.5 - 5.9
24 23.85 10.3 6.4 3.4 - 3.4
25 26.09 11.1 7.5 4.7 - 1.7
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Measured Velocity Profiles in Mixing Tube
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Figure 9 Measured Temperature Profiles in Mixing Tube
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Centerline Temperature and Velocity Along the Mixing Tube
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Figure 16 Comparison of Experimental and Analytical
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