EPA-R2-73-133

JANUARY 1973 Environmental Protection Technology Series

A User’s Manual for
Three-Dimensional Heated
Surface Discharge Computations

> &

2
Z
%

1, <
A1 prote”

N agenct

/4

Office of Research and Monitoring

U.S. Environmental Protection Agency
Washington, D.C. 20460



RESEARCH REPORTING SERIES

Research reports of the Office o0f Research and
Monitoring, Environmental Protection Agency, have
been grouped into five series. These five broad
categories were established to facilitate further
development and application of environmental
technology. Elimination of traditional grouping
was consciously planned to foster technology
transfer and a maximum interface in related
fields. The five series are:

1. Environmental Health Effects Research
2. Environmental Protection Technology
3. Ecological Research

4. Environmental Monitoring

S« Socioeconomic Environmental Studies

This report has been assigned to the ENVIRONMENTAL

PROTECTION TECHNOLOGY series. This series
describes research performed to develop and
demonstrate instrumentation, equipment and

methodology to repair or prevent environmental
degradation from point and non-point sources of
pollution. This work provides the new or improved
technology required for the control and treatment
of pollution sources to meet environmental quality
standards.



EPA-R2-73-133
January 1973

A USER'S MANUAL FOR THREE-DIMENSIONAL

HEATED SURFACE DISCHARGE COMPUTATIONS

By
Keith D. Stolzenbach
E. Eric Adams
and

Donald R. F. Harleman

Project 16130 DJU

Project Officer

Frank H. Rainwater
National Environmental Research Center
Corvallis, Oregon 97330

Prepared for
OFFICE OF RESEARCH AND MONITORING
U.S. ENVIRONMENTAL PROTECTION AGENCY
WASHINGTON, D.C. 20460

For sale by the Superintendent of Documents, U.S. Government Printing Office, Washington, D.C. 20402
Price $1.25 Domestic Postpaid or $1 GPO Bookstore



EPA Review Notice

This report has been reviewed by the Environmental Protection
Agency and approved for publication. Approval does not signi-
fy that the contents necessarily reflect the views and policies
ot the Environmental Protection Agency, nor does mention of
trade names or commercial products constitute endorsement or
recommendation for use.

ii



ABSTRACT

In February 1971, a report by K. D. Stolzenbach and Donald R. F. Harleman
entitled "An Analytical and Experimental Investigation of Surface Discharges
of Heated Water" was published. (Technical Report No. 135, Ralph M. Parsons
Laboratory for Water Resources and Hydrodynamics, Department of Civil Engineer-
ing, M.I.T.; also published as Water Pollution Control Research Series Report
No. 16130 DJU 02/71 by the Water Quality Office, Environmental Protection Agency,
Washington, D.C.) The report described above presented a literature review of
previous analytical and experimental research on heated surface discharges,
the development of a predictive theory for calculating three—-dimensional temp-
erature distributions in the near-field region and verification of the theory
based on laboratory work at M.I.T. and elsewhere. The above report also con-
tained a listing of the computer program as originally developed.

Subsequent work and experience in using the computer program for the
calculation of temperature distributions have resulted in modifications and
improvements in the program. In addition, a number of runs covering a wide
range of input parameters have been carried out. These runs were done with
two objectives: (1) to explore the limits of applicability of the theory and
(2) to prepare design charts showing the important characteristics of the
near field temperature distribution for heated surface discharges. These
charts will enable the designer to make rapid estimates of surface isotherms
and vertical thickness of surface jets.

This report presents a review of the theoretical background for the
three-dimensional temperature prediction model, a detailed discussion of the
reviged computer program and a case study illustrating the procedure for optim-
izing the design of a surface discharge channel. The revised computer program
flow chart, program listing and a sample of the input and output data are given
in the appendices.

One difference between the revised computer program presented in this
report and the original computer program of February 1971 deserves further
comment. The original program contained the possibility of considering a sloping

bottom in the receiving water. The sloping bottom, was assumed to extend downward
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in a linear slope from the bottom of the discharge channel. In the revised
computer program it is assumed that the bottom of the receiving water does
not interfere with the development of the surface jet. Thus the revised
program corresponds to SX = o in the original program. The reasons for elim-

inating the bottom slope effect in the revised program are two-fold: (1) the

mathematical model, as originally constituted, did not adequately predict the
point of separation of the heated jet from the bottom or lateral spreading when
the jet is in contact with the bottom; (2) from the standpoint of environmental
impact, it may be desirable to accept the depth of the receiving water as a
constraint and to design the surface discharge channel to minimize interference
of the heated jet with the bottom.

It is recognized that almost none of the operating power plants that
employ surface discharge schemes have been designed to minimize bottom impact.
This fact makes it difficult to compare field data from many existing plants
with temperature predictions based on the mathematical model presented in this
report.

Further analytical and experimental studies of bottom interference with
heated surface jets are presently underway in the M.I.T. Parsons Laboratory and
will be the subject of a future technical report.

Inquiries relating to the availability of the program source deck should
be directed to Professor D.R.F. Harleman, Room 48-335, M.I.T., Cambridge,
Massachusetts 02139,
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I. Introduction

1.1 Characteristics of Heated Discharges

The discharge of heated condenser water into natural bodies of water
can be broadly classified into two groups: surface discharges and submerged
discharges. The latter class includes single port submerged discharges and
multi-port diffusers. From the standpoint of minimizing the environmental
impact of thermal effluents, the surface discharge has a number of advantages
when compared with submerged discharges: (1) By careful design of a surface
discharge it is possible to avoid temperature rises and high velocities along
the bottom of the receiving water. (2) The time of travel of organisms entrained
at the condenser water intake is short. (3) Heat dissipation from the surface
of the receiving water is high because of the tendency of the discharge to
form a stratified surface layer.

A typical open cycle system withdraws water from a natural water body
through an intake structure and passes the flow through the turbine condensers
where it undergoes a temperature rise before being returned to the receiving
water through a discharge structure. In-plant technological considerations dic-
tate condenser temperature rises of from 10-30°F with correspondingly large
cooling water flows depending upon the amount of rejected heat.

The use of natural water bodies and coastal waters for disposal of
waste heat must take into account the effect upon the environment of the flows
and temperature rises induced in the receiving water. There is general agree-
ment that water temperature increases which approach the sub-lethal range of
impaired biological activity should be avoided. Practically all regulatory
agencies provide this type of protection through controls on both maximum
temperatures and allowable temperature rises and by designating the size of
mixing zones for various types of receiving waters. In addition to environmental
considerations the intake structure must be located and designed to prevent sig-
nificant rec¢irculation of heated water. Separation of the intake and discharge
or the use of selective withdrawal structures are the most common techniques.

The temperature distribution induced in the receiving water by a heated
discharge is determined by the characteristics of the discharge structure and
by the local ambient heat transfer processes. Close to the point of discharge
the momentum of the discharged water creates jet-like mixing of the heated and

ambient water. Within this '"near field" region the temperature and velocity



of the discharge decrease because of dilution by entrained water. The magni-
tude and extent of the dilution is determined primarily by the nature of the
initial discharge flow, its submergence, velocity, dimensions and temperature
rise above ambient. Mixing increases with increasing discharge momentum and
decreases with increasing temperature rise. The greater the submergence of
the discharge below the water surface, the lower the temperature rise at the
surface will be after mixing. Mixing may also be affected by the presence of
physical obstructions which tend to block the supply of dilution water. Sur-
face discharges entrain a flow at least equal to the discharge flow in the
near field, often up to twenty times as much.

Beyond the near field mixing region the discharge velocity and turbulence
level are of the order of ambient values. In this "far field" region further
entrainment does not occur and the temperature distribution is determined by
natural turbulent convection and diffusion. Ultimately all of the rejected
heat contained in the discharge passes to the atmosphere through the water sur-
face, a process driven by the elevated surface temperatures. These far field
heat transfers are highly variable, being determined by local water currents,
wind, and meteorological conditioms.

Consideration of either environmental impact or recirculation on discharge
design must start with the near field temperature distribution. Far field pro-
cesses are generally an order of magnitude less efficient in reducing temperatures
and the far field temperature distribution tends to be more dependent upon the
total amount of waste heat rather than the discharge design. In contrast, a
wide range of dilutions is achievable in the near field through diverse types
of discharge structures. It has been common practice to analyze near field temp-
eratures by constructing scale models of the discharge structure. There is a
pressing need for analytical models which relate the discharge characteristics
to the flow and temperature distribution in the receiving water, Furthermore,
since the analysis must almost always be performed in advance of actual plant
construction, the analytical model must be totally predictive, containing no
undetermined phenomenalogical coeffients.

This report describes the basis, structure, and use of a predictive model
of the three~dimensional behavior of surface discharges of heated water. FEmphasis

is placed upon the assumptions underlying the theory, the scope of its validity,



the nature of its limitations, and the proper application to actual discharges.
For similar treatments of submerged discharges, the reader is referred to
references 1 and 2.

1.2 Surface Discharges

The theory presented herein considers a discharge of heated water from a
rectangular open channel at the surface of an ambient body of water of infinite
extent in which a current may be flowing (see Figure 1.1). The three-dimensional
temperature distribution depends upon the mixing between the discharged and
ambient water and upon the rate of heat transfer to the atmosphere at the water
surface,

Experimental investigations of three-dimensional buoyant surface jets
have been reported by Tamai (3), Wiegel (4), Jen (5), Stefan (6) and Hayashi (7).
Buoyant surface discharges are distinguished from non-buoyant turbulent jets
by lateral gravitational spreading and by reduction of vertical entrainment
such as described by Ellison and Turner (8) for the two—-dimensional case. The
net result of these two processes is that the velocity and temperature distribu-
tions are much wider than deep with the increased surface area raising the
possibility (as suggested by Hayashi) for significant surface heat loss. Pre-
vious analytical treatments (Hoopes (9), Motz (10) ) of heated surface discharges
have failed to take into account, in a single three—dimensional theory. the
roles of buoyancy, initial channel shape, turbulent entrainment, and surface
heat loss upon the temperature distribution.

In this treatment the discharge is assumed to be a free turbulent jet
with a well defined turbulent region in which velocity and temperature are
related to centerline values by similarity functions. An unsheared core region
is accounted for. Turbulent entrainment is represented by entrainment coefficiencs
as first introduced by Morton, Taylor, and Turner (11) and applied to other
buoyant jet problems by Morton (12) and Fan (1) among others. A major contribu-
tion of this work is the treatment of lateral buoyant spreading by incorporating
an assumed distribution for the lateral wvelocity into the set of integrated
governing equations. Surface heat loss is assumed to be determined bty a single
heat loss coefficient as defined by Edinger (13). In the presence of a cross
current in the receiving water the jet is deflected by entrainment of ambient
lateral momentum.

The basic philosophy behind the formulation of the theory is that the
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solution should match known non-buoyant jet behavior as the buoyancy terms
go to zero. The effects of buoyancy are obtained by use of the basic equafic.c
and some judicious assumptions about the jet structure. In this way, the theury
contains no undetermined coefficients and comparison of the theory with observa-
tions involves no curve fitting.

Because of the dependency of the treatment upon jet theovy, the predic-
tions of the model are valid only in the region where turbulence resulting from

the discharge dominates ambient turbulent processes, i.e. in the near field.



IT. The Mathematical Model

2.1 Basic Assumptions

The model considers a discharge QO of heated water at temperature TO
and density oy from a rectangular open channel of depth ho’ width ZbO, and
initial angle eo at the surface of a receiving body of water at temperature
Ta’ density oy and of large extent laterally and longitudinally. It is
assumed that the bottom of the receiving water does not interfere with the
vertical development of the surface jet. A non-uniform current V may be present
in the receiving water. It is assumed that this current is parallel to the
shoreline; however, its magnitude may vary in the offshore direction as shown
in Figure 2.1. Far from the jet the water surface, n, is uniformly at z = 0.
The flow in the receiving water is characterized by its velocity. density,
pressure and temperature, These four variables are related by equations expressing
conservation of mass, momentum and heat and an equation of state. The solution
of the equations must be developed by setting certain terms in the basic equations
equal to zero on the basis of the following assumptions:

a) Steady flow: 5%— =

b) Large Reynolds number: viscous terms negligible

¢) Boussinesq approximation: density gradients only important in

pressure terms

Z
d) Hydrostatic pressure: p = -} pgdz
e) No jet induced motion at large Hepths: §§-= %5 =0 as z »-w
R e -
f) Boundary layer flow: xS 3y and ryn
. , Pa=ro
g) Small density differences: 5 <<l
a

h) Mild jet curvature: V/uO <1

With the above assumptions the basic equations of mass, momentum and heat con-

servation may be simplified to the following form:

Mass Conservation

ou v oW
= oy 22 22 - 9 2.1
90X oy 22z ( )
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Xx-Momentum Conservation

2 -
U Juv uw j‘ 5T u'v' su'w'
+ + = <= 4z - - .
ox ay 9z ke , X z oy 3z (2.2)
y-Momentum Conservation
ouv |, v v T o 2 36
+ + = <= d - .
P - 2 Bg sz e z + u % (2.3)
Heat Conservation
duT avT owT ov'T! aw'T!
+ + = - -
ox oy 9z 9y 3z (2.4)
where:
X,y,z = coordinate directions relative to the jet centerline
(see Figure 2.1)
u,v,w = mean velocity components
u',v',w' = turbulent fluctuating velocity components
T = mean temperature
T' = turbulent fluctuating temperature
6 = centerline deflection angle (see Figure 2.1)
g = gravitational acceleration
_ 1 5p _ )
g = —— where p = density

2.2 Discharge Structure

The governing equations (2.1-2.4) assumed for heated surface discharges
may not be solved without further manipulation since the turbulent transfer
terms are not determined. The technique used to develop the solution is to
assume a structure for the velocity and temperature within the discharge, and
boundary conditions at the outer edges, leaving as unknowns only certain values
such as the centerline velocity and temperature. The governing equations may
then be integrated over a cross-section perpendicular to the discharge centerline
This procedure eliminates the unknown turbulent terms and yields a set of first
order differential equations which may be solved for the variables describing

the discharge behavior.



The assumed structure of the discharge is shown in Figure 2.2. The

longitudinal velocity and temperature distributions are taken to be as

follows where n is the water surface elevation and uC and ATC =

the centerline velocity and temperature rise above ambient at z = n,

u = uc + Vcos®©

O<lyl<s
AT = AT
c
u=u f(z ) + Vcos®
¢ z 0<'y|<s
AT = ATCt(;z)
u = ucf(cy) + Vcos®
s<]y]<s+b

AT = ATCt(;y)

= u (L )E() + Veoss  s<lyl<std
AT = AT e(z)e(z,)
. lyl-s _ Tz~
where CY = 5 and CZ h

=T - T are
c a

y = 02
—Yr<Z<n
—(r+h)<z<-T
(2.5)
—¥r<zZ<n
-(x+h) <z<-1

The lengths r and s pertain to the initial core region and h and b to the

turbulent region of the jet (see Figure 2.2).

follows

The particular forms of the similarity functions are assumed to be as

£(z) = @1 -32%2

3/2

t(z) 1-z

10

(2.6)
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The above functions were proposed by Abramovich (14). They have the desirable
properties that a distinct jet boundary is defined at ¢ = 1.0 and that the
velocity and temperature distributions are not identical but are related by

e = /2

as implied by Taylor's vorticity transfer theory.

The y momentum equation (2.3) expresses a balance between the lateral
density gradients and lateral convective motiomns. It may be shown that for
buoyant jets these lateral movements and thus the pressure gradient may be of
the same order as convective tranmsport in the x direction. The balance between
lateral turbulent fluctuating pressures and Reynolds stresses, which is found
in non-buoyant jets, is of second order and is neglected here. Since there are
finite (but second order) lateral velocities in a non-buoyant jet, the lateral
velocity v in equation (2.3) must be intrepeted as the buoyant spreading velocity
in excess of the non-buoyant value. To enable an integration of equation (2.3)
over the jet cross section, the distribution of the lateral spreading velocity,
v, must be specified. The lateral velocity is geometrically related to the longi-

tudinal velocity by:

% = tan ¢ 2.7

where ¢ is the lateral jet streamline angle from the centerline in excess of

the non-buoyant value. A distribution for u has already been given; it thus
remains to choose a reasonable distribution for ¢ such that the following condi-
tions are satisfied: (1) tan ¢ = 0 at y = 0 and (2) tan ¢ = %E—— e) at y = b+s
where ¢ is the lateral spreading rate of a non-buoyant jet under the same conditions
(cross flow, channel size, etc.). Since the gravitational spread is induced by

the lateral temperature gradient, the y dependence of éz—is used to distribute

ay
tan ¢ between y = 0 and |y| =b + s, The result is:

db 1/2
v = + (E; - €) UCy S<|y]<s + b (v has the sign of v)

(2.8)

elsewhere

12



The above distribution for v insures that for a non-buoyant jet in which

db . .
= - € the gravitational spreading velocity is identically zero everywhere.

Depending upon whether r or s are non—zero at a given centerline dis-—
tance, the jet cross section will have 1, 2, or 4 regions (see Figure 2.2)
on each side of the centerline (y = 0). To permit integration of the governing
equations over each region separately, the velocities and the turbulent transfe
of heat and momentum are specified at the boundaries of the regions. At the

centerline of the jet, symmetry implies that there is no net transfer of mass,

momentum or heat:
v=a'vl =v'T' =0 y =0 (2.9)

At the boundaries between the regions the velocities are assumed to be:

u'w' =0

= N
LA O<|yl<s

z = -r
w=whf(cy) s<}y|<s+b>-
w=20 5 + b< ]y]
o
(2.10)
u'v! = 0 -
v = 4V -r <z <n (v has the sign of y)
-'s
Iyl =5

v = ivbf(cz) ~(r + h)< z< -r
v=0 z < -(r + h) /

The internal velocities Wos Wy Vo and v, may be determined as part of the
solution to the integrated governing equations but are of little interest
in themselves.

The water surface is a boundary which permits no transfer of mass

or momentum:

13



on an o
u X + v 3y W
z = (2.11)
ulw'! = 0

The transfer of heat through the water surface is assumed to be proportional to

the surface temperature rise above ambient:

w'T' = k(T - Ta> z = 7 (2.12)

The coefficient of heat loss, k, has units of velocity and is thus a kinematic

quantity. It is related to the surface heat exchange coefficient, K, defined

by Edinger (13) by:

Kk = X (2.13)

where p = density and c = specific heat of water. The determination of k(or K)
for a particular case is discussed in a later section.
The outer boundaries of the jet is where entrainment of ambient water

occurs but across which no heat is transferred. The boundary conditions are:

u'w' = w'T' =0
dh
w=uw - Vcos® —— 0<|y|<s z = — (r+h)
dh
W = wef(;y) - Vcost o s|<y|<s + b
(2.14)

u'v'! = yv'T' =0

B db
v o= tve + Vcoso % -r<z<n ‘ y = stb
v=+v £(z ) + Vcoso db ~(r+h)

IVatiL, ix r+h)<z<-r \

(v has the sign of y)

14



The velocities, W and Vg are manifestations of the entrainment of ambient

fluid into the turbulent region. In plane and axisymmetric non-buoyant jets,
it is known that the entrainment velocity is proportional to the local center-
line velocity. ©Note that Equation 2.8 gives v = 0 at |y| = s + b where the
boundary condition 2.14 specifies [v] =V, This is because the entrainment
velocity vy is an order of magnitude less than the spreading velocity v and its
contribution to the integration of equation (2.3) is assumed to be balanced

by the turbulent terms. which were neglected in the y equation. Ellison and

Turner (8) have demonstrated that the vertical entrainment is a function of
h
BEATC
2
u
c

the entrainment velocities are assumed to be given by

the gross Richardson number, , in two-dimensional jets. In this study

v
e
-
c y
W BgAT h
e c
T = &, exp -C — 5 (2.15)
c u,

Ellison and Turner's data indicate a value of C = 5.0 as appropriate. The
entrainment coefficients, ay and a,s are to be determined such that the solution
for the non-buoyant case (TO = Ta) agrees with the experimental observations

that the growth of a non-buoyant turbulent region is symmetrical:

db _ dh _ _
dx dx
(2.16)
ds _ dr
dx dx

For non-buoyant jets discharging into a quiescent receiving water the spreading
rate, € , is constant. In these cases, Abramovich gives €y = .22 for the
o —Rneral

similarity functions, f and t, used here.
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The boundary condition at x = 0 is related to the discharge channel

geometry, the flow rate Qo’ and the initial discharge temperature To.

-

r = h
o
s = b
o
h = b = 0
% 0 (2.17)
u = u T +Vcosqj> X = .
0 o
AT = AT
c 0
6 = 0
0
x = y = 0
-t

2.3 Integration of the Equations

With the velocity and temperature distributions and boundary conditions
stated in the previous section, the equations of motion may be integrated over
the y-z cross section of the jet. The x momentum and mass conservation equations
are integrated over each of the four possible jet regions on each side of the
centerline plane. (Integration over both sides of the jet results in redundant
equations because of the assumed symmetry.) This yields eight equations. The
y-momentum and heat equations are integrated over the entire half-jet cross-
section, yielding two more equations. With this choice of integrating limits,
the terms in the integrated y-equation represent a balance between the lateral
gravitational force and the lateral spreading of the discharge. Another equa-
tion is generated from the y-equation by integrating it over the entire cross
section of the jet on both sides of the centerline. In this case the lateral
spreading terms all drop out, being anti-symmetrical, and the remaining terms
give the rate of deflection of the jet in the presence of a cross current. The
equation set, completed by a simple geometrical relationship between the coor-
dinates (x,y) referred to the jet centerline and the fixed centerline coordinates
(x,y) is given in Table 2.1. Further details in the derivation of these equa-

tions are given in Stolzenbach and Harleman (15).
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Region 1: continuity s 4 [u + VcosB] + rv. - sw_ =0
dx c s T

Region 2: continuity s [ﬁ%— [h(uCIl + Vcos8)] + (uC + Vcos®) %i» + W, - aszué] + Vthl =0
Region 3: continuity r [é%» [b(uCIl + Vecos®)] + (uC + Vcosf) %i‘— VS + ayué] - wrbIl =0
Region 4:  continuity 4 [ hb(u I 2 + Vcose)] + (u I, + Vcosd) [b é£-+ h-é%] + (w, - a u)Ilb
dx c 1 c’1 dx dx h sz ¢’ 1
- (vb-- ayuc) Ilh =0

2
; . 4 , - d £ 4 -
Region 1: X momentum (uC + VcosH)[2rs In [uC + Vcos6] + v, swr] + Bg s [dx (ATC 5 )+I3r e (ATCh)] 0

Region 2: X momentum s [EL [h (uCZI

+ 2VcosfBu 1
dx [

2 2 2 dr
+ Vicos 8)] + [uc + VecosH] e

2 1

daT bl

c dr
+ v [uc + Vcos8] - aSZuCVcose + Bg [I4 T + I3ATCh o ]] + vbh (ucIZ+VCOSGIl) = 0

Table 2.1 Integrated Equations for Deflected Buoyant Jets
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. ] d 2 2 2 2 ds
Region 3: X momentum T [éx [b(uC 12 + 2VcosGuCIl + Vicos™68)] + [uC + Vcos9] I
13 dATCbr2
+ - A, A
A [uC Veos6] + uyuCVcose] whb [uCI2 + Vcosell]+ Bg > Ix
9 dATCbh r2 ds
+ 13 r —'a'x—"' + ATC (7 + I3hr)a‘ = 0
. d 2_ 2 2 2 2 2 2 2
R : .
egion 4 X momentum == [hb(uC I2 + 2Vcos6uCIl + V'cos™8)] + [uC 12 + 2Vcoseu.CIl + Vicos 0]

dr ds
[b + h ] + [whb - vbh] [ucI2 + Vcosell] -ul [aszb - ayh]Vcose

dx dx c 1
2
dATch b 2 ds 2 dr
+ Bg [:[3]:4 —'—‘—‘—dx + I4ATCh g; + 13 ATChb E);] 0
Jet tum 4 qd [u ®bI,. (r + hI.) + 2Vcosbu bI_(r + hI.) + Vicos26b(r+h)]
e y momentcu dX dX UC 6 2 llc 5 1 CcOSs
2
- Bg AT (E% 4 I.rh+I,h%) = 0
g 2% 2 3 4

Table 2.1 (cont'd) Integrated Equations for Deflected Buoyant Jets
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‘;Jet

Jet

Jet

Jet

d ~
H —
eat T [FCATC(S + bI7) (r + hI7) + VcoseATc (s + bI3) (r + hIBﬂ
+ =
kATC (s+bI3) 0
2
B i - L3
ending [uc (s + bIZ) (r + hIZ) + 2VcoseuC (s + bIl) (r + hIl) +
V2c0526(3+b) (r + h) 4o _ u Vsing | -a (s + bIl.) + o (r + hl )} = 0
dx c sz . 1 v 1
s dax .
X position = sing = 0
y position %% - cosp = 0
1 - 1 1 1 1 1
3/2 3/2
= S £(z) dz = S a - %y ag = 4500 14=S Sg t(zg) drdg = S g a 7%y agar = L2143
) 0 o) o ¢
1 1 1 1 2
2 3/2 1/2 2 1
=Sf(c)dc=3 a-% a = L3160 15=Sf(C)C/dC=S(l‘C3/)C/de=-2222
() ) o) )
1 1 1 1 4
3/2 2 1/2 3/2 1/2 .
= | t@ac - §a-Mar = L6000 I6=Sf(c)c/dc=j(1—z;/)c/dg=.1333
) ) (o) )
1 1 3/2 3
L={f@e@ & =§ - da = .3680
o) ()

Table 2.1 (cont'd)

Integrated Equations for Deflected Buoyant Jets



The values of the non-buoyant (ATO = 0) entrainment coefficients which

satisfy equations 2.16 in addition to Table 2.1 are:

= - - 0
uy (Il 12)50 for s>
I ¢

a = - ko for s =0

y 2
(2.18)

a, = (Il~12)eo for r> 0
I ¢

a = 1o for r =20
Z 2

where Il and 12 ave integration constants as given in Table 2.1.

2.4 Solution of the Equations

The thirteen equations in Table 2.1 are a first order system of dimensional
differential equations in x for the variables: us ATC, h, b, r, s, 8, x, ¥» Vo

Vi Wos and Wy . The actual solution proceeds first by writing the equations in a

dimensionless form by normalizing each variable by the characteristic values: U,

ATO = TO - Ta’ and /hobo. The solution is then determined by the following dimen-

sionless parameters:

u
Eg = _l = initial densimetric Froude number
BgAToho
A = ho/bO = aspect ratio

k/uO heat loss parameter

V/uo cross flow parameter

The computer program which solves the equations is described in Section IV along

with instructions for its use. The output consists of values of u/u , AT /AT ,
— j o’ e’

h/ hobo’ b/ hobo’ r//hobo’ S/Vhobo, 9, x//hobo& ?/Jhobo as a function of x//hobo.

In addition to these variables which describe the jet structure (u , AT , . . ., etc.)
c c

other interesting dependent quantities which are functions of x may be defined. 1In
the buoyant jet the vertical entrainment is a function of the local densimetric

Froude number (an inverse Richardson number), EL:

20



u

L (2.19)
VBgATCh

where u.s ATC, and h are local values at a given distance from the origin.
The total flow in the jet may be determined by integrating the x velocity, u,

over the jet cross section. The ratio of the flow at a given x to the initial

flow is the jet dilution, D, or Q as labeled by the output,

uc(r + Ilh)(s + Ilb) + Vecoso(r + h) (s + b)

D =
(u + Vcos® )h b (2.20)
o o’ o o

Similarly the effect of surface heat loss may be evaluated by calculating the

ratio of convected excess heat flow in the jet to the initial excess heat flow,

HT. ‘

uCAT (r + I7h)(s + I7b) + VcosOAT (r + h)(s + b)
HT = & < (2.21)
AT (u + Vcoss ) h b
o 0 o’ oo

Finally a dimensionless time of travel along the jet centerline from the end

of the discharge channel to x is computed.

u
O

X 4a
™ = J‘ = (2.22)
VhobO o uc

The structure of a heated surface discharge is shown for a particular theoretical
calculation in Figures 2.3 and 2.4. The main features are:

1) A core region in which the centerline velocity is constant

and the centerline temperature rise decreases very slightly.
The dilution, D, and the local densimetric Froude number, Ei,
do not vary greatly in this regiom. The magnitude of ﬂi is
much larger than Di)because the initial depth of the turbulent
region, h, is zero. There is no significant surface heat

loss in the core region.
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2)

3)

4)

An entrainment region in which the centerline velocity and

temperature drop sharply, approximately as 1/x, as in a non-
buoyant jet. The jet spreads vertically by turbulent processes.
The lateral growth is dominated by gravitational spreading at a
much greater .rate than the vertical turbulent spread. Because

of this large ratio of lateral to vertical spread, the jet reaches
a maximum depth beyond which the bottom boundary rises to maintain
mass conservation (see Figure 2.4). Local densimetric Froude
numbers in this region decrease rapidly and the dilution

rises sharply as a result of entrainment (see Figure 2.3).

Surface heat loss remains negligible in this region, i.e.,

HT = 1.0,

A stable region in which vertical entrainment is inhibited

by vertical stability as indicated by the local densimetric
Froude number which is of order one or less. The jet depth
continues to decrease because of lateral spreading. The

small jet depths reduce the lateral entrainment, and the
dilution and centerline temperature remain relatively constant
in this region. The centerline velocity, however, drops sharply
as a consequence of the large lateral spread. The surface
temperature pattern is dominated by the wide, constant tempera-
ture stable region,

A heat loss region marking the end of the stable region. The

lateral spread is sufficiently large to allow significant surface
heat transfer and the temperature begins to fall again. Once
surface heat loss becomes significant, the rate of temperature
decrease is very rapid. However, at this point the centerline
velocity is so low that the discharge may no longer be considered
as a jet. 1In genéral it may be stated that surface heat loss, as
determined by the value of k/uo, is not an important factor in
reducing the discharge temperature within the region of jet-like
entrainment. Beyond the stable region, temperature distribution

is controlled by passive diffusion processes acting upon the buoyant
plume,
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5) The primary effect of-a current in the receiving water is to deflect
the discharge without significantly affecting the dilution processes
up to the point where the jet}centerline Velocity excess, u_, is
reduced to the magnitude of the cross current component in the
centerline direction. For u, < VcosH the ambient water may have a
turbulence level comparable to the discharge turbulence and the basic
assumptions of the theory will not be valid. This region is properly

considered part of the far field,

The dilution and‘corresponding centerline temperature achieved in the
stable region are of interest since the stable region constitutes a significant
portion of the surface temperature distribution. Figure 2.5 is a plot of the
dilution and surface temperature in the stable region as a function of IF with
values of A indicated. It is clear that the ultimate stable dilution inc; buoyant
jet depends primarily upon D% and to a lesser extent upon A.

The maximum depth of the discharge, hmax//E;E;-’ is also of interest and
may-be determined from the theoretical calculations. TFigure 2.6 indicates that
the maximum vertical penetration of the jet is a function of IF with a very small
dependence upon A. ’

For quick calculation involving the maximum jet penetration, centerline
dilution, or centerline temperature rise, the results from Figure 2.5 and 2.6

can be condensed into three simplified formulas involving a new parameter, Dg s

defined by

u
1/4 o (2.23)

ﬁEL = H%)A =
DLp 1/2
(o
‘/g(""“p i ) (h‘obo)
a
"Froude number" whose characteristic length is the scaling length,

F'is merely a
(hobo)l/z, rather than a depth. The numerical results of Figures 2.5 and 2.6

are then approximated by

AT
=) =/ (! T E ' 2.24
) (F'f+ 1 1 F (for T} >3) (2.24)

Cs
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2 ~ ' 1 5)
= @' )+ 1% 1.4 F' (for F| > 3) (2.2
Dstable 1.4 (IFO) 1 o ( °

h +
( r)max = 0.42 IF! (2.26)
h b )1/2 o

oo

= . t
For IF; >3, hmax (h + r)max and (2.26) reduces to

"nax (2.27)
—_— = 0.42 7' .
(h b )1/2 o

o o

Equations 2.24 and 2.25 relate to properties of the jet in the stable
region (stable centerline temperature rise and stable dilution respectively)
and (2.26) relates to a maximum property of the jet. For the spatial history
of the discharge or for information relating to lateral spreading or centerline

deflection under a current, use of the generalized plots of the theoretical

solution is suggested. Figures 2.7a to 2.71i give the basic calculated discharge

properties for a range of values of E% , A, and V/uO with k/uo set equal to zero.
As discussed previously, a non-zero value of k/u0 will have only secondary effect
upon the temperature distribution and setting k/uO = 0 will always ytéld a

slightly conservative result (i.e. higher temperatures). The next two chapters

discuss the computer program and its application to actual discharge design.
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III. The Program

This chapter is a detailed description of the program for computing
the solution to the heated surface discharge equations. The solution method
is described including the basic equations, and the computational scheme.

Lastly, the computer program input and output format are discussed.

3.1 Dimensionless Equations

The computations are performed with the following dimensionless variables:

x = x//h b
[olNe]
2 = x//hb
[N e}
y = y/}/‘hObO
u = u/u (3.1)
C (o]
AT = ATC/ATO
h = h//h b
O O
b = b//hobo
r = r//hob
s = s//hob
V = V/u
(o]
6

The equation set in Table 2.1 is reduced by eliminating the internal velocities
and w, as follows:
Vg2 %o Yy nd h
a) Sum all the mass conservation equations to form a

total mass conservative equation:

4

d [5G451) o)) + Teoss G49) @) =3[ o, G - o JERD] -0 e
X
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b) Sum all the momentum conservation equations to form a

total momentum conservation equation:

-2 - = - - —— - = - - -2 2 - — - =
——d: [u2(3+b12) (T+h1,) + 2uVcos @ (s+bI;) (r+hI;) + V© cos™§ (s+b) (r+h)
dx

-2 <1/2 = == 1 =2 - NN ST vl . (R ]=
+ ﬂ% A AT (s+bI3)(§ r o+ rhI3 + h 14) chose[dsz(s+bIl) ay(r Il) 0

(3.3)
c¢) The total heat equation:
4 [Gﬁ (§+BI7)(§+EI ) + AT Vcost (s + bI_)(r + hI )]
ax 7 3 3
+ K3 G+P1,) = 0 (3.4)
UO s 3 .

d) The y-momentum spreading equation:

d db =2=_ == —= TroTaT 5 S
— {[~_— - E][u2b16(r+h12) + 2uVcosH 1;15(r+hIl) + V2 coszeb(r+h)]]
dx

2 + ;EI + 52I4) = 0 (3.5)

-2,=1/2
A
3

—_ 1 -
- Fo AT (2 r

e) The y-momentum deflection equation:

_\7 !' — - - -
£ Teind fog, GHE1) + Oy (r+h11)] = 0 (3.6)
dx  u”(s+bI,) (r+hI,)+2uVcos e(;+1311)(§+ﬁxl)+\72cosze (s+b) (x+h)

40



+ T

o}

f) Combine the region 1l mass and momentum conservation

equations to eliminate v and w_:
'

(i#Tcose) L (Hicose) + w2 a7/ [%. r AL o7 dr g d’AZT»h] -
dx

g) Combine the momentum and mass conservation equations from

regions 1, 2, and 3 to eliminate Vs Vs W, and W

- 1 -
(%5 + 58) [<a-12+vcosezl> &4 @er, - ) + Teoso) ———-d"i“e]

dx 1 dx
I -ah .- &b - a4 - -
+ WVcosg (Il - E—-) (s —+r —)+u @@ "f"')'fflrs (utVcosh) ]
1 dx dx 1 dx
43T, 2 dAT bi- 2- dAT bh
2 5712 s(1, 4eLh_ I,AT h——)+213—-—:——+ I,r ==— +
dx dx dx dx
-2 ds - - =0 h
AT(-l % + rhi ) —=| +u(@ s -o¢o r) T = 0 (3.8)
ax sz y o4

h) The geometrical relationships:

sine =0

n;i&
»o et
)

(8.9)

cos b =0

=7 o
1
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Using the similarity functions defined in the theory, the integration con-

stants have the wvalues:

Il = ,4500
12 = ,3160
13 = ,6000
(3.10)

I, = ,2143

4

15 = ,2222
16 = L1333
17 = .3680

The entrainment coefficients are as follows assuming e = .22
Oiz = .0295 f >0 _ [‘5 TI 1’_1 ]F"Z A_l/z}
a = ,0495 r=0 Oy T Oy &FP -2 o
z u
= - s >
ay .0295 s~”0 (3.11)

Q
]
1

O

I~

O

L

)
il

o

It should be noted that the computer program may be used for other choices of
similarity functions and spreading rate than those assumed here by simply

changing the program statements which specify the values of Il—I7 and e_. The

entrainment coefficients are automatically computed from these variables using

equations (2.18)

The above nine equations may be solved for the x derivatives of i, ;, u,

AT, h, b, ¥, s, and 6. (Note that V is given as an input and thus is known.

The "initial" conditions at x = 0 are:

X=y = 0 h=b=0
u=1 - Vcost (V taken at origin) = al/2
. T = A (3.12)
AT =1 s = a7l/2
8 =6
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3.2 The Computational Scheme

The computer program is conceptually simple. After all inputs are

read the variables are initialized to their values at the discharge origin.

The solution proceeds by advancing along the discharge centerline (increasing

x) using the calculated derivatives of each variable to calculate its behavior.

The differential equation technique is a fourth order Runge-Kutta scheme which

has been taken, in modified form, from the IBM Scientific Subroutine Package.

The program consists of a main program and five subroutines:

MAIN:

SRKGS:

This program reads the input data, sets up the initial conditions

for each calculation, and calls the subroutine SRKGS which per-—

forms the calculations.

This subroutine is a modified version of the IBM Scientific Subroutine
Package DRKGS for solving a system of differential equations. The

form of the equation system is:
fa,.,] & = (3.13)

where aij is a coefficient matrix, yj is a vector of the wvariables
(u, AT, etc.) and c; is a vector of the constants in the i equatioms.
Subroutine SRKGS advances the solution by successivel%.calling sub—
routine FCT which solves the system of equations for E%i . The
results of the calculations are periodically printed by calling sub—
routine QUTP.

This subroutine uses the current values of the variables, computes
the coefficient matrix, aij’ th% vector cyo and solves the resulting

system of linear equations for —gi by calling routine SGELG. The

following details concerning this routine may be of interest:

. ] a%b
a) To reduce the equation set to first order the equation —— “:]= )
2 dx dx dx
is added where é—%-is computed from the y-spreading Equation (3.5)
dg dx
and — becomes a variable.

dx
b) Because of their relatively simple form, the y-deflection Equation (3.6)

and the geometrical relationships (3.9) are not included in the matrix
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solved by SGELG but are solved separately within FCT.

¢) When an ambient current is present, (V#0) the value of ¢
is computed by setting ZE = 0 and solving a reduced set
of equations from which the heat equation (3.4) is omitted
and the y-spreading equation (3.5) is replaced by %E—= %% .
The full buoyant equation set is then solved using the cal-
culated value of e¢. When there is no ambient current, (V=0)
the spreading rate is €y = .22, and the full equation set
is solved directly.

SGELG: This subroutine is a modified form of the IBM Scientific
Subroutine Package routine DGELG. 1Lt solves the system of
linear equations by Gauss-Jordan reduction.

OUTP: The values of the calculated variables (Yj) are printed in
formatted form. Certain other quantities of interest are also
printed (see Section 3.4).

CROSS: This subroutine is called by the other routines whenever
the velocity of the cross flow is required. The routine uses
the_input values vy to V8 to compute the cross flow as a function
of X, This subroutine may be modified by any user to any particu-
lar functional form with the only requirement being that the
routine place the value of the cross flow at the current value

of x in V and the value of é%- in DV. The cross flow function
dx

used in the present version is described in the next section.

The computations for a particular case will be terminated for one of the

following reasons:

1) the limit on x specified by the input has been reached (see
next section)., This is the normal termination.

2) u < V cos g: This termination occurs when the centerline velocity
excess is reduced to the same magnitude as the ambient current in
which case the basic assumptions of the theory are not wvalid.

3) u < .02: The limiting value .02 for u is an arbitrarily chosen small

number below which the assumptions of jet-like behavior are not wvalid.
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4) The total dimensionless momentum, M =u (r + hl )(s + bIZ) +

2chose(r + hI )(s + bIl) + V2 cos e(r + h)(s + h) + EF A —1/2

‘AT (s + b1 ) C% r2 + rhI
e 0 and nearly constant for G~ hear zero has deviated from its
o

. - O

initial value by more than 25%. This termination indicates that

=2
3 + h 14), which should be constant for

the computation is accumulating a  large numerical error.

3.3 Input Formats

Input Data Format
Number of cases to be calculated 13
One Set T, A, kiu, 6_, §L, ERR, STEP 2F10.5, F10.7, 4F10.5
for each
Calculation Vl’ V2, V3, V4, V5, V6’ V7, V8 8F10.5
u u
where Iﬂ)= initial densimetric Froude number = 2 = > ,
Apo . /BATOghO
& & °
a
A = aspect ratio = h /b
o o
k/uO = surface heat loss parameter
6, = initial angle (in degrees) between the discharge centerline
and the boundary of the ambient region
§L = the value of x//hobO at which the program should terminate
for this case
ERR = maximum allowable average error in the variables at each time step
STEP = interval of x at which variable values should be printed
Vl—YB = constants describing the cross flow. In the present program

version only Vl - V5 are used as follows
V = v, +V _v[vE- v

RS T B 4 3[4X 5]

= 2V % \7(V§<—\7)2
- = (V,x -V )V V3 4 exp| - V5V, 5
A sample input listing is given in Appendix III.
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3.4 Qutput Format

The output is paged for each calculation with the basic input variables

printed on the heading of each page. The values of the variables are printed

in column form under the following headings

X = x
H = h
B = b
R = 7t
S = s
-_— - 1/2
_ 1/4,, AT h
= u(r + hI))(s + BI) + Veoss (r + 1) (s +B)
- = - - 4 —_— -— - - —
M = u2(r + hI2)(s + bIZ) + 2uVcoso(r + hIl)(s + bIl)
+ \'rzcosz(E + h)(G +B) + IFO“ZA"‘UZ KT(§+BIB)(—;—EZ+ EEI3 + 1'1214)
U u
= AT
HT = AT [u(r + 517)(5 + 517) + VeosB(r + h) (s + b)]
V = ¥
XP = X
YP = ¥y
THD = 6
X —
™ = j‘ dx
4 u

An example of program output is shown in Appendix III.
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IV. Applications

The theoretical model presented in the preceding sections permits
determination of the behavior of a heated surface discharge as a fuhction of
relatively few controlling parameters: B%, ho/bo’ k/uo, V/uo. The geometry
of actual field configurations are rarely as simple as those assumed in the
theory and judgement must be applied in the schematization of the discharge
to a form for which the dimensionless parameters may be given. Similarlf,
the output of the program must be interpreted in the light of the basic assump-
tions of the model. The following sections discuss in detail the generation
of input data for the computations and theconstruction of the temperature
distribution from the program output. Finally, a case study is presented as
an example of the use of the theory and computer program.

4,1 Schematization

This section is a discussion of the data requirements and schematization
techniques for preparing input<to the program. The following are the physical
data needed as input to the theoretical calculations.

The ambient temperature, Ta’ is assumed in the theory to be constant

in space and time. Actual ambient receiving water temperatures are often
stratified vertically or horizontally and may be unsteady due to wind, tidal
action or diurnal variations in solar heating. The natural stratification of
the ambient water may be increased by accumulation of heat at the water surface
if the discharge is in a semi-enclosed region. The value of the ambient tempera-
ture, for a given initial temperature rise, ATO, determines the initial density
difference between the discharged and ambient water. Also the effectiveness
of the entrainment of ambient water in reducing the discharge temperatures is
a function of the ambient stratification. '
If the temperature differences result;ng from ambient stratification in
the vicinity of the discharge are the same magnitude as the initial discharge
temperature rise, the theoretical model of this study should not be applied
without further development to account for the ambient stratification. The
theory is valid if an ambient temperature, Ta’ may be chosen which is represen-
tative of the receiving water temperatures, that is, if the temporal or spatial

variations in ambient temperature do not differ from Ta by more than a few

degrees Fahrenheit.
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The initial discharge temperature rise, ATO, is determined from the

discharge temperature, To’ and the chosen ambient temperature, Ta. The

value of ATO will be equal to the temperature rise through the condensers only
if the intake temperature is equal to Ta' Actual discharge temperatures should
be relatively steady unless the power plant has several different condenser de-
signs in which case the discharge temperature will vary with the plant load.
Use of the theory requires that a constant value of ATO be specified, the choice

being based on the likely steady value of the discharge temperature,

The initial relative density difference, Apo/pa may be related to T
and ATO by ApO/pa = BATO where B is a function of T as given in Figure 4.1 for
fresh water. The curve of B vs. T is not linear but only a small error will be
introduced if T is set equal to T+ ATO/Z. A more accurate value or Apo/pa
may be obtained by using tabulated values of water density vs. temperature, or
in the case of salt water, water density vs, salinity and temperature.

The initial condenser water discharge velocity, uo,is a function of the

power plant condenser water pumping rate and the discharge channel area.

The discharge channel geometry is important since the theory uses the

square root of one half of the discharge channel flow area as a scaling length.
Calculation of the discharge densimetric Froude number, H%, requires specifi-
cation of the initial depth, ho; and the aspect ratio, ‘A, requires both h0
and the initial width, bo. The following procedure is suggested for any channel
shape:
a) Let hO be the actual maximum discharge channel depth
so that calculation of H% is not affected by the schema-
tization.,
b) Let b0 be such that the correct discharge channel area

is preserved:

b _ Cchannel area
o 7h (4.1)
o)

Then the aspect ratio is given by:

h_ 2h02
A = 2 =
bO channel area (4.2)

As an example, the aspect ratio of a circleis 8/m = 2.55.
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The discharge channel geometry may vary with time if the elevation
of the receiving water changes due to tidal motiom or other causes. In
this case separate calculations for each elevation of the receiving water
must be made, assuming that the steady state theory predicts the instan-
taneous temperature distribution.

Very complicated arrangements of the discharge channel relative to
the boundaries of the ambient receiving waters are beyond the capabilities
of the theory of this study. If the discharge channel is nearly at right
angles to the solid boundaries, the theory may be used as developed, or if
the discharge is directed parallel to a straight boundary, the discharge may
be schematized by assuming that the solid boundary Ys the centerline of a jet
whose discharge channel is twice the width of the actual discharge (see Figure
4.2). The width b0 is then twice the width calculated by the procedure discussed
previously. However, if if is not clear whether the jet will entrain water from
one or both sides or if irregularly shaped solid boundaries will deflect the
jet or distort it from the form assumed in the theory, a meaningful schematiza-
tion is not possible.

The densimetric Froude number I% and the aspect ratio A of the swurface
discharge channel should be chosen to be tonsistent with the bottom topography
of the receiving water body. If optimum dilution is to be obtained, the ver-
tical development of the surface jet should not be limited by the bottom of
the receiving water. This is generally considered to be a, desirable objective
by the aquatic or marine biologist inasmuch as it avoids exposure of benthic
organisms to high velocities and temperature rises. Designs which contain minimum
interaction between the surface jet and the bottom topography are shown on
the left side of Figure 4.3. Examples of surface jets in which there are substantial
interactions in relation to the bottom topography are shown on the right side of
Figure 4.3. In the latter case, vertical entrainment and dilution are reduced

by the interference of the jet and the bottom.

If the discharge channel densimetric Froude number, Eb , is less than
unity, a wedge of ambient water will intrude into the discharge channel and
the heated flow will be forced to obtain a densimetric Froude number of unity

at the discharge point (see Figure 4.4). The depth of the heated flow in the

presence of a wedge, ho*, is given by:
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_ o 2/3 (4.3)

where h and F are based on the channel dimensions. A flow area may be
o o

calculated based on the depth ho* and the aspect ratio calculated as des-

cribed previously in this section.

The surface heat loss coefficient, k, may be estimated from local meteor-

ological variables, principally wind speed, and the ambient water temperature.
Care should be taken to use values for k which are appropriate for local condi-
tions. Edinger (13) and Ryan (16) discuss methods for determining values of

K = pck,

The cross flow velocity, V, in the receiving water may be measured

directly or estimated from flow measurements in the case of a channel flow.
The theory accepts as input values of V/uO as a function of'i//ﬁgggr(see
Chapter 3).

Once the schematization of the discharge configuration is achieved, the
theoretical calculation is performed by the computer program described in
Chapter 3. The inputs to the program for each calculation are Ig , A= ho/bo’
k/uO and V/u0 (as a function of i//ﬁ;ﬁ;}.

It should be noted that the theoretical model may not necessarily be
applied to any arbitrary set of input parameters, In general the value of
k/uO has little effect; however, depending upon the value of the other para-
meters, H% » A, and V/uo, and upon the specified error size, ERR, the program
may fail to gemerate a solution. This problem may take one of the following
forms:

1) Little or no advancement of solution, i.e. the step size

remains very small.

2) Abrupt discontinuities noticeable either in the values of the

variables or in the total mass, momentum, or heat.

3) Unstable behavior in one or more variables, culminating usually

in an overflow error.
The chance of the program encountering one of the above problems increases
with decreasing T and A and increasing V/uo‘ The value of ERR produces no

consistent result except that too large a value of ERR most often yields
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unstable behavior or discontinuities, and too small a value may prevent

advancement.

The causes of this anomolous behavior in certain cases are not totally
understood at the present time, but are thought to be related to the following:

1) accumulation of round-off error where the golution should be
stab%e, i.e. a totally numerical problem,

2) genufhely unstable solutions, probably caused by the deter-

minant of the differential equation coefficient matrix being
ZEero Or near zero.

The first of these could probably be solved by payin% greater attention to round
off error generation than is now done. To the extent that the second cause has
no physical significance it may also be desirable to eliminate this problem by
numerical manipulation. However, the governing equations for the heated dis-
charge are similar to open channel flow equations which possess critical flow
points at which the equations strictly have no solution and the coefficient
matrix is zero. It is not clear to what extent the degeneracy of thé three-
dimensional heated discharge equations corresponds to critical flow behavior;
the answer will only come by observing actual discharges in the laboratory
and field. Thus for the time being the limitation on the computational range
of this theory must be accepted.

Of course the wvalues of B%, A, and V/uO are pre—determined by the case
being considered, leaving ERR as the only free parameter., Figures 2.7a to 2.71
indicate the range of each variable and the various combinations of values for
which calculations may be successfully performed. Table 4.1 gives a rough
guideline as to the best value of ERR to be used for different cases. 1In
general if the solution is not advancing, a larger ERR might be tried and if
the solution appears unstable a smaller value should be tried. Experience has
shown that the behavior of the solution may also depend upon the type of com-
puter used. The results quoted herein are based on calculations done on an
IBM 360 either —65 or -75. Users employing different systems than this are
encouraged first of all to try several values of ERR in an attempt to make an
unsuccessful calculation work and secondly to take up the challenge of illumin-
ating more clearly than is donme here the properties of the governing equations,
the physical relevance of these properties, and their efficient numerical treat-

ment.
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Table 4.1

Guideline to Choice of Maximum Error Value, ERR

A A A ‘ A
¥ 0.1 - 0.5 0.5 - 1.0 1.0 - 1.5 2.0 -
o
+005 with no
1 -2 crossflow . 005 .005 .005
.05 with cross-
flow
.005 with no
2 -5 crossflow 005 .01 .01
.05 with cross-
flow
5 - 10 ,01 .01 .01 .01
10 - = 01 .01 .01 .01

4,2 Use of the Program Output

An example of the program output is shown in Appendix III. All of the
outputs are in dimensionless form and must be transformed by the following steps

1) Multiply %, ;, X, r, s, b, and h by JE;B;'

2) Multiply u by u

3) Multiply AT by AT.

4) Multiply T™ by /ﬁ;gg u

The calculated isotherms may be constructed as follows:
‘ 1) Locate the centerline using x and ¥.
2) Assign values of TC = Ta + ATC along the centerline.
3) Plot the boundaries of the core and turbulent regions using
s, b, r and h.
4) Assign temperatures within the discharge using the assumed

temperature distribution (Equation 2.5).
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Figure 4.5 may be used as an ald in the construction of isotherm contours;

lines of const = S Z-T
ant gy &%}-or L, =T are plotted and then the temperature

t .
contours are drawn by referring to the figure. The values of temperature rise

above ambient are expressed as fractions of ATO, the initial temperature rise.

If the surface area within a given temperature rise AT, is of interest,
the following formula may be used:

Xep_ .
= (P[54 a- 3 e (4.4
o
where 3
s =s//h b
o o
b = b/VEObO ? As given in the program output as a function of x.
AT = AT //h b
¢""oo )

— i

AT,= AT, /AT

x,~ the value of x/yhobO where AT = KE;

A simple computer program may be written which performs the above integration
numerically.

Finally, the travel time along the centerline to a given temperature,
Ta_+‘AT*, is given by TM (i;)VE%Eﬂ .

It is important to note éhat although the theory calculates the tempera-
ture distribution out to very small values of temperature rise above ambinet,
these extreme regions of the discharge will be subject to distortion by random
ambient processes especially wind stresses.

The calculated temperature distribution must be interpreted with this
in mind and no critical significance should be given to the exact calculated
position of isotherms of small temperature rise.

4.3 Case Study - Heated Surface Discharge into a Receiving Water Body

of Finite Depth

Consider a proposed discharge into a large body of water at ambient

temperature Ta with a uniform depth H as shown on Figure 4.6. A constraint is
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placed upon the discharge velocity such that u, 2 Uo' Because the theory
applies'only to discharges which are not influenced significantly by solid
boundaries in the receiving water, it is desirable that hmax < H where hmax
is the maximum vertical penetration of the discharge (see Figure 4.6). The
choice of hmax as the "eritical" boundary of the jet is an arbitrary one but
is probably conservative considering the assumed structure of the jet which
sets u = 0 at that point. Entrainment should not be significantly affected
by contact with the bottom at the point of maximum depth only.

A third constraint may be imposed by local topography. For instance
ho must be less than or equal to the water depth, and 2bo may be cuastrained by
some critical width. Thus in general hO < R and bo< 8-

The discharge is characterized by an initial temperature rise, ATO,
and a condenser water flow, Qo' The problem treated in this case study is to
design a discharge channel for maximum ultidate (stable) dilution (see Figure 2.5)
while meeting all the imposed constraints. This case study will illustrate the
generation of temperature contours and isotherm areas from the computer output
in addition to treating the more specific, but often relevant, problem of optim-
izing a channel design with one or more constraints imposed.

The definition of Iﬁ;and the following approximate formulas may be re-

called from Chapter 2 for IFggreater than 3.

F' o= 1 A4 - 1/20 1/4' (4.5a)
© © (g84T 3" “(h b.)
QO
= (4.5b)
2(g8ATo)1/2(hObo)5/"
= 21/4%3/4 (4.5¢)
. 2C
(gBATd)l/ZQOl/A
ATO
(572 = =) (4.6a)
S



D, ~ 1.4 ]F(') (4 .6b)

h
max

(b b )1/2 = 0.42 T 4.7
o0

Equation (4.5) defines ]Fc') » (4.6a and b) relates centerline dilution and overall

dilution to ]F‘; and (4.7) relates the maximum jet penetration to IFC') . Note that
for a given Apo/p and Qo both the maximum stable dilution and the maximum pene-
tration are dependent only on discharge velocity U, and not on the aspect ratio.
This provides treedom in selecting channel geometry.,

The constraint that hm < H may be restated using (4-7) as
6.8 u/ Agsar )L/3

= (4.8)
Q 2/3

o

]Fl
(o]

and from (4.5c¢) the constraint that u s Uo may be restated as

1.19 U >4
0

/2, 1/4
(gBATO)1 Q,

' < (4.9)
o =

Because ultimate dilution increases monotonicly with IF(') (see Eqn. 4.6), the
channel should be designed with IF(') equal to the smaller of the two expressions

in (4.8) and (4.9). From (4.5b) it may be shown that

4/5
% d (4.10)
hb = an .
7
o0 24/5E'4/5(gBAT)[5
o 0

u = ———8—9—— (4.11)
o 2h b

o o

where IF'is picked from (4.8 and 4.9). If there is a constraint on either the
o 3
width or depth of the discharge structure, this constraint may be included with

(4.10) to determine ho and bo' If there is a constraint on both width and depth
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such that h0 < R and bo < 8 and the product RS < hobo as determined by (4.10),
then a discharge channel cannot be designed with the desired constraints.
Example: Design a discharge channel no more than 12 feet deep to
achieve maximum stable dilution ot a neated discharge of
2,000 cfs and 15°F temperature rise into a water body 31 ft.
deep at an ambient temperature of 70°F. Maximum discharge
velocity is U0 = 6 ft/sec. The area within the 4°F surface
isotherm should be calculated.
1. The value of g is taken from Figure 4-1 using T = 77.53°F, g = .000144"]?—'l
and (gBATO) = ,069 ft/secz.
2. Using (4.8) the constraint on depth is

3/3 (. 069)1/3

F' < 6.8(31)
2/3

2000

Using (4.9) the constraint on velocity is

P _aa9@e’

(.069)1/2 (2000) 1%

Hence IF; should equal 5.3 and the jet should just touch the bottom.

3., From (4.10) and (4.11)

4/5
2000 2
hb = 192 ft”7,
o0 bS5 3)4/5( 69)2/3
1/2 .
(h b ) = scaling length = 13.9 ft.
o o0 N
_ 2000
and 4 = F(192) 5.2 ft/sec

4. No constraint has been placed on b0 0 any number of combinations of h b
00
will be satisfactory. As an example, h0 =11 ft. and b = 17.5 feet
o
satisfies the requirement on channel depth and results in a T = 6.0,
o}

aspect ratio, A £ 0.6; and IFg = 5,3.
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5. Theoretical calculation (compute: ocutput) for these values are shown
in Appendix III.

6. Figure 4.5 is used to plet the isotherms in two planes (horizontal at
the surface and vertical at the jet centerline) in Figure 4.7.

7. Eguation 4.4 is used to calculate the area within the 4° isotherm with

AT, = 4/15 = .27 and x, = 45. The computations are organized as follows:
X S b AT AT /AT (1—Kf*/ﬁ)2/3 §+E(1—_A_'f*/XT')2/3i[§+‘5(1—AT*/AT)2/3 ]AE
1,131 1.52 .,585 .,971 .278 .805 1.99 2.25
2,62 1.37 1.16 .940 287 .798 2.30 5.67
5.24 1.44 2,39 .884 .305 . 784 3.31 14.3
10.5 1.48 5:27 .692  .390 719 5.27 39.3
41.9 0 41,5 .282  .957 .122 5.0¢ 267.

The first and last column may be multiplied by the scaling length, )/hob0 = 13.9 ft.
and plotted against each other to produce the 74° isotherm shown in Flg. 4.7. The inte-
gration in Equation 4.4 results in an A, = 2(192) (267) = 103,000 sq. ft. or

2.4 acres.
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List of Symbols

A ~ discharge channel aspect ratio, ho/bo
aij - coefficient matrix in the governing differential equation set
b - horizontal surface distance from core boundary to Jjet boundary
bO - one half the width of rectangular discharge channel
C — coefficient in the exponent of Ellison and Turner's vertical
entrainment velocity function
Cij - vector of the constants in the governing differential equation jet
D - ratio of flow in the jet to the initial flow = dilution
DS - dilution in the stable region of the heated discharge
%% - lateral spread of the turbulent region of a jet
ERR -~ maximum allowable average roundoff error for each step in
the numerical computation u
IRD - densimetric Froude number of the discharge changel = po
Lol - 1local densimetric Froude number in the jet = = Apogho
. 1/4 S
Eé -~ a characteristic Froude number = IF A 222
f - similarity function for velocity = (1L - ¢7'7)
g — acceleration of gravity
HT — ratio of heat flow in the jet to the initial discharge heat flow
- maximum allowable vertical penetration of the jet
- vertical centerline distance from core boundary to jet boundary
o - depth of the discharge channel
hg - depth of the heated flow at the peint of discharge if a cold
water wedge is present
hmax - maximum value of h obtained in a heated discharge
1
I, - J’ £(z)dg = .4500
o}
I, - J‘l £2(0ydr = 3600
(o}
1
I, - JO £(z)dg = .6000
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~

AT

AT
c

AT

AT
™

1
S t(r)dedz = 2143

i
si

f(c)c = ,2222
J 2y % = 1333
(8]
S £()t(r)dz = .3680
[0}

surface heat loss coefficient

kinematic surface heat loss coefficient

pressure

discharge channel flow

maximum allowable depth of discharge channel

vertical distance from the jet centerline to the boundary
of the core region

maximum allowable half-width of discharge channel
horizontal distance from the jet centerline to the boundary
of the core region

increment in x//E;E;-at which numerical output is printed
temperature

ambient temperature

jet centerline surface temperature

temperature of the heated flow in the discharge channel

a particular temperature of interest

temperature rise above ambient in the jet, T - Ta

surface temperature rise above ambient at the jet centerline, TC—Ta
temperature difference between the discharge and the ambient water,
TO—Ta

T,~T,

dimensionless time of travel along the jet centerline,

u

vh b
oo

similarity function for temperature = (l—c3/2

)
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velocity components in the coordinate system relative to the
centerline of a deflected jet

velocity components in the fixed coordinate system

maximum allowable velocity in the discharge channel
velocity in the discharge channel

velocity of the heated flow at the point of discharge if

a cold water wedge is present

surface centerline jet velocity

ambient crossflow velocity

ambient crossflow velocity components as input to the numerical program
lateral velocity of the entrained flow at the jet boundary

s+b and -(ht+r)<z<n

lateral velocity in the jet at y

lateral velocity in the jet at y = s and -(ht+r)<z<-r

lateral velocity in the jet at y = s and -r<z<n

-(r+h) and O<y<s+b

vertical velocity in the jet at z

vertical velocity in the jet at z = -r and b<y<s+b

vertical velocity in the jet at z -r and O<y<s

coordinate direction relative to the centerline of a deflected jet
fixed coordinate direction

value of x where AT = AT,

value of x//E;E; at which the numerical computation terminates
vector of the variables (E}ZT, etc.) in the governing differential

equation set

lateral entrainment coefficient in non-buoyant and buoyant jets
vertical entrainment coefficient in a non-buoyant jet
vertical entrainment coefficient in a buoyant jet

coefficient of thermal expansion of water

spread, %%- , of the turbulent region of a non-buoyant jet

spread, db , of the turbulent region in an undeflected non-buoyant jet
dx

. . Iyl -s
dimensionless width of the turbulent region of a jet, XE~—~

. . z
dimensionless depth of the turbulent region of a jet, .
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— 1 t
z either of gy or Cz

6 - angle between the jet centerline (x axis) and the § axis

60 - angle between the discharge channel centerline and the y axis

0 - density of water

0q - density of the ambient water

o, - density of the heated discharge

Ap - difference between the ambient water density and the water density, Py, — P
Apo - difference between the ambient water density and the density of

the heated flow in the discharge channel, Py~ Po

superscript ' - indicates a turbulent fluctuating quantity

superscript =~ - indicates a dimensionless quantity. Note that variables
printed by the computer are dimensionless but are
capitalized.

subscript s -~ indicates a jet property in the stable region
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Appendix I Flow Chart for Solution of [auj] i

INPUT Ty, A, K/ug, 8, ,XF, ERR,STEP, V(I)

initialize:
X =0
XX=0
i =y,
AX  AX,
RMt= Mo

Pl |

X X¢ X=X+ AX X = X-AX
1 ) f 4

dy
dx

Compute aij, cj ,

t

Compute yj* AX - DX

Compute FL,Q, M, HT
]
%

PRINT
X,y FL,Q, M,HT, Ax

*y, include U, T, B, H,R, S, :% 8, XP, and YP; % is not printed
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SL

100

10
101

102

DOUBLE PRECISIUN DERY sY s PRMT g X g TH XP Y P U BT sy BXySeRy XLIMy AUXy XX
COUBLE: PRECISION A,C,CCUS,DSIN,DELX

REAL 11,12413,14,15, 16,174,184 11

INTEGER PsRRHREGyVFGFLAG

DIMENSION PRMT{5),Y(1C)yAUX( 841Uy DERY(LO)yA(LC4y10),CLLO),VELI(B)

EQUIVALENCE
EQUIVALENCE

IY{S) s THY s{Y(9) 4 XPI 2o UY{L1O) s YP) s (Y {3)4B)y (Y(1),U)
IY{2) 9T ) o dYU4)sHY o (Y(T) 4BX)s (Y(5)4S) 9 ¥Y{5),K])

COMMGN DERY g Yy PRMT o X 9 XLIMsAUUX ) XX A9 L, DELX

COMMON EPSByGyDV2IERyFIR$WI » VI ykMIsM4FRyAS,E

COMMON THIDyTHI ERReVELy 119129133149 1543169T743139EPS,Ve3XS4DT 11
COMMON P4RRyNPAGE y NLIME yREGyNDIMyVFGyFLAGy IHLFSTEP, T4, X1

EPS=0.22
I1=.4500
I2=.316v0
I3=.6000
I4=.2143
15=.2220
16=.13333
I7=.3080
RR=5

READ (RR,1001) KK

FURMAT (13)

K=1

READI{RR 101 ) FR4AS E$THIUXLIM,ERR,STLP
FURMAT {(2FL10.5,F10.744F10.5)

REAC (RR,102) (VEL(I},1=1,8)

FURMAT (8F10.5)

THI=3.14159%THID/180a.C

R=AS¥** .5
S=1./R
H=.0001
XX ==2.0
B=H
T=1.0
BX=EPS
TH=THI

o]

Appendix It Program Listing

P5M 10001
PGM1yI02
PGM13C003
PGM10004
PGM13I05
PGM100UG
PGML10007
PGM1I0Us
PGM10005
PGMLID10
PGM10O11
PGI41301¢
P5M1U013
PGM1IVAL4
PGMLGU L5
PGH1O010
PGALIO017
PGMLOO 18
PGM1OULSY
PGM10329
PGM13021
PGM13u22
PGM1U023
PGHIUN24
PGMiu02Y
PGH10J20
PGM1I027
PGHMLDI28
PGML 3029
PGM10030
PGM10031
PGM10032
PGM1luJd 33
PGMLJI034
PGM13035
PGM1LI036



9L

XP=Q,

YP=0.

CALL CROSS

U= 1. 0-VXCUS{THI )
IER=0

T™M=0Q

XI=0

NPAGE=O0

NLINE=50

REG=1
FI={l./{FR*%2))=S
RMI= 1. 0+R*FI%*,5
FRMT (1)=0.
PRMT(2)=XLIM
PRMT (3)=.,00001
PRMT {4 )=ERR

IF (VEL(1)) 241,2
NDIM=T

VFG=2

GO 7O 3

NDIM=10

VFG=1

CO 4 N=1,NDIM
DERY({N)=1./NDIM
CONT INUE

CALL SRKGS
IF{K—-KK) 7,8,8
K=K+1

GO TC 10
CALL EXIT
STOP

END

PGMLOD37
PGM1UJ38
PGM10039
PGM10040
PGM1IO41
PGM10042
PGM10O043
PGML 0044
PGMLOD45
PGMLOD46
PGML0O047
PGM1U048
PGMLO049
PGM 10050
PGM10051
PGML1U052
PGM10US3
PGML0054
PGML0OO55
PGMLO0L0
PGML U057
PGM1OU58
PGMLOO59
PGM10060
PGM10061
PGM10062
PGM10063
PGM100b64
PGM10065
PGM1000b6
PGM10067
PGM10068



LL

SUBRCUTINE SRKGS

DOUBLE PRECTISIUN PROTyYeOLRY gAUX gA 313 90 o X yXENT oy AJ s8Iy CJsR1Ly R2,
ICELT yDABSy XL IMy XX 9 AUNSCUN,DCOSyDSIM, DEL A

RFAL 111121131[4’[51IC,I?yIO’yH

INTEGER PyRERJREG,VFG,FLAG

CIMENSTION A{4)4B(4)+C (&) AUN(LOy1UdCUN(LU)

DIMENSTUN PRMT(S) o Y{L1C) yAUX{Gy10)4DERY(LO)4VEL(3)

COMMON DERY p Yy PRMT 3 X o XL IM g AU Xy XK o AUNyCUN OEL X

CUMMON EPSB4GyDV1ERyWIR,WIVI4RMIyMyFRy AS, E

COMMON THID g THI oFERI g VEL o 11912913 91931541 ¢€o174I8,EPS,V,3XS5,0T,F1I
COMMUN PyRRyNPAGE ¢y NLINEZREGy NDIMGVFG 4 FLAG, IHLF5TEP,TM, X1

DC 1 I=1,NDIV

AUX(39 1)= 4086606005 EH€E€LE656TDIRDERY (]

X=PRMT (1)

XEND=PRMT(2)

H=PRMT (3)

PRMT(51=0.D0

CALL FCT

ERROR TEST
TF(H®(XEND-X))33,37,2

PREPARAT TUONS FOR RUNGE-KUTTA METHOD
A{1)=.95D0
A(21=.292393218E1345248D0
A(3)=1.7071C6781134654715DD
Al4)=e 1066608606056 056CTLO
B(1}=2.D0

R(2)=1.D0

B(3)=1.00

B{4)=2.00

C{1)=.5D0
Cl2)=.29289321881345248D0
Cl3)=1.7071067811365415D0
C{431=.5D0C

SRKGUJOL
SRKG0D02
SRKGIVO3
SRKG W04
SRKGUI0S
SRKG D6
SRKGOUUT
SRKGUOO8
SRKGDA0Y
SRKGO0O 10
SRKGUOL1
SRKG0J12
SRKG0013
SRKGIJ14
SRKGII1D
SRKGQ016
SRKGO01L7
SRKGOI13
SRKGOULS
SRKGUO 20
SRKGUOZ1
SRKGUIZ2
SRKGUO23
SRKGOU24
SRKGOU25
SRKGUD26
SRKGO027
SRKG0023
SRKGUJ29
SRKG0030
SRKGUO31L
SRKG U032
SRKGUD33
SRKG0034%
SRKG0J35
SRKGUO36
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e R

OO0

o,

-
oo O~

91
10

PREPARATICNS OF FIRST RUNGE-KUTTA STEP
CU 3 T=1,NDIM
PUX(1,1)=Y(1I)
AUX{2,1)=DERY(I)
AUX (3, 1)=0.DC
AUX(04+13=0.D0
IREC=Q

h=H+H

[RiF==1

ISTEP=D

IEND=G

IF (I x+H=XENDI*H)} T36,5
START OF A RUNGE-KUTTA STEP
F=XEND-X

IEND=1

RECORDING OF INITIAL VALUES OF THIS STEP
CALL auTP

IF{PRMT (5)134048,+40

ITEST=D

ISTEP=ISTEP+1

START OF INNERMOST RUNGE-KUTTA LGOLP
J=1

£G6 91 I=1.NDIM
AUX(3,1)=0.DC
AUX(6+1)=0.DC

Ad=A1)

BJ=B(J)

CJ4=CJ)

CO 11 I=1,NDIM
R1=H*DERY(I)
R2=AJ%(R1-BJ*AUX(0,y 113!

SRKGJ037
SRKGUOI38
SRKGOU39
SRKGO040
SRKG0041
SRKGO042
SRKGOU43
SRKGO044
SRKGQI45
SRKGGOI46
SRKGDO47
SRKGOU48
SRKGOI43
SRKGUO050
SRKGUO51
SRKG0O052
SRKGUO53
SRKGOUS4
SRKG 0055
SRKGOUSa
SRKG0057
SRKGO0O58
SRKGOO59
SRKG 0360
SRKGOO61
SRKGO062
SRKGO063
SRKGO064
SRKG Q065
SRKGOO66
SRKGOQO67
SRKG3068
SRKGO069
SRKGOUT0
SRKGO071
SRKGOO72



11

12

i3

14

15

16
17

13

19

20

21

22

Y(I)1=Y(I)+R2

R2=R2+R2+R2

AUX {64 1) =AUX 6 1) +R2-LJ*RI
IF{J-4}12+15,15

J=J+1

IF{J-3)113,414,13

X=X+ 45D0%H

CALL FCT

Ga TO 10

END OF INNERMOST RUNCE-KUTTA LOUOP

TEST OF ACCURACY
IF(ITEST ) 16416420

IN CASE ITEST=D TESTING OF ACCURACY IS IMPUSSIBLE
DO 17 I=1,NDIM
AUX(441)=Y(1)
ITEST=1
ISTEP=ISTEP+ISTEP-2
IHLF=IHLF+1

X=X—H

i= 4 SDO*H

DO 19 I=1,NDIM
Y{I)}=AUX{1,1)
DERY(I }=AUX(2,1)
AUX(6,1)=AUX(3,1)
GO YO0 9

IN CASE ITEST=1 TESTING UF ACCURALY IS POSSIBLE
IMOD=ISTEP/2

IF(ISTEP-IMOL—-IM0OD)21423,21

CALL FCT

o 22 I=1,NDIM

AUXI{5,1)=Y(1)

AUX(T7,1)=DERY(I)

GO 70 9

SRKCO073
SRAGIVT4
SRKGUIT75
SRKGQU76
SRKGIUTT
SRKG Q0070
SRKGUIT9
SRKGOJI60D
SRKGIVE]
SRKGOOEBZ
SRKSuUOE3
SRKGUI54
SRAGDULSS
SRKGIU36
SRKG3I4T
SRKGuUI3E8
SRKGIVsY
SRKGII9D
SRKG LIS
SRKGU0O92
SRKGCO93
SRKGIU94
SRKGJIII5
SRKG 095
SRKGIUZT
SRKEJI93
SRKGIOS9
SRKGULIO
SRKGU101
SRKGulioz2
SRKGO103
SRRG U104
SRKGI1DS
SRKGO1056
SRKGO107
SRKGQ1903



08

O

23

24

25
26
27

50
281

25

30

31

32

COMPUTAT ION OF TEST VALUE DELT

EELT=0.00
DO 24 I=1,NDIM

CELT=DELT+AUX{B8,1)*DAESAUX(4,1)-Y(1})
IF(DELT-PRMT (4))23,28,25

ERROR IS T30 GREAT
Go 10 26

CD 27 I=1,NDIM
AUX{4,1)=AUX(5,1)
ISTEP=ISTEP+ISTEP-4
X=X—-H

IEND=0

CO TC 13

RESULT VALUES ARE GCCC
CO 50 K=1,y06

IF (Y(K}) 25450,50
CONTINUE

CALL FCT

D0 29 I=14NDIM
AUX{1,1)=Y(1)
AUX(2,1)=DERY(I)
AUX{3, T1)=AUX(6y1)
Y{I)=AUX{5,1)
CERY{I)=AUX(T7,1)
IF(PRMT (5))4Cy30y49
DO 31 I=1,NDIM
Y{I)=AUX{1l, 11
CERY(I)=AUX(2,1)
IREC=IHLF
IF(IEND) 32y 32,39

INCREMENT GETS D3UBLEL
IHLF=IHLF-1

SRKGUL Iy
SRKGOLLY
SRRGOL11
SRKGOL1c
SRKSO113
SRKGUOLl1l4
SRKGU11D
SRKGUL1A
SRKGOL17
SRKGD2113
SRKGJ119
SRXKGO120
SRK50121
SRK30122
SRKG01¢23
SRKGO124
SRKGILleo>
SRKGJ126
SRKGI127
SRKGO1.23
SRKG 0129
SRKGJI130
SRKGOL 51
SRKGO132
SRKGIL33
SRKGIL 34
SRKGDL135
SRKGIL 30
SRKGO137
SRKGOL33
SRKGIL13Y
SRKGI140
SRKGO14l
SRKGU142
SRKGI143
SREGUL44



18

OO

33

35

37

38
39
40

ISTEP=ISTEP/2

F=H+H

IMCD=1S5TEP/2
IF(ISTEP-IMOD-IMOD) 4524, 4
€O TC 35

IHLE=1HLF-1

ISTEP=ISTEP/Z

H=H+H

GO TO 4

RETURANS Td CALLING PRLGRAM
IHLF=12

CQ TG 39

IHLF=13

CALL QuUTP

RE TURN

END

SRKGO145
SRKGOL46
SRKGO147
SRKGO14¢8
SRKGO149
SRKG315D
SRKGO151
SRKGO152
SRKGO153
SRKGO15+
SRKGJILS5
SRKGD150
SRKGU1 o7
SRKGO163
SRKGO159
SRKGI160
SRKGO161
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¥l
O

100
101

109
108
110
111

113

105
12vu
121
122
140
141

SUBROUTINE QuTP

DOUBLE PRECISION DERY Y 3PRMT ;X THyXPaYPyUsBs Tk yBX SR XLIM, AUX
COUBLE PRECISION AyCeXXyDCOSsDSINSDELX

REAL 11,112,134 14415,16,17,18,M

INTEGER PyRR4REGyVFGFLAG

CIMENSIUN PRMT(5)sY{1C)sAUX(8410)sDERY{1C)sA{10:103:,C{10J),VELIB)
EQUIVALENCE {Y(8),TH) s lY(F) 9 XP)y{Y(L10)sYF)y{Y{(3),B)o(Y{L11},U)
EQUIVALENCE (YA2)+T) 3 (YL 4 ,yH ) {Y{T)+BX)s{Y{63,4S)4(Y(5),4R)
COMMON DERY g Yy PRMT 4 X o XLIM,AUX s XX sA,L,DELX

COMMON EPSByGyDVeIERs¥IR;WI » VI yRMI yMyFRHASE

COMMON THIODsTHI yERRsVEL» [1912913:14,1551¢6517418,EPSyVaBXS,DT,FI1
COMMON PyRR s NPAGE s NLINMNEJREGyNDIMsVFG,FLAGy IHLFSTEPyTM,X1
P=6

CALL CROSS

GO TO (100,6€65,108,1181)s REG

IF{R-.31})101,4,101,109

R=0

REG=REG+2

G TO {(110,1C654113,10%), REG

R= V.0

IF{S-.01)1114111,105

5=0.

REG=REG+1

GO TGO 1ub

R=0.0

5=0.0

CONTINUE

IF{A=XX-STEP) 170,17C,y121

XX=X

If (NLINE-50) 150,14(,140

NPAGE=NPAGE+1

NLINE=Q

WRITE {P,202) NPAGE

FORMAT{1IH1,24HSUUYANT JET CALCULATIEONS »1CXs5HPAGE ,12)

WRITE {P,2021)

QuTPOGOL
OuUTP 0302
ouTPgO03
OUTPJV04
QuTPOOOS
auTP0006
auTPO00T
JQUTPOO0s
OuUTPOLO?Y
QuTPGO10
ouTPOOLL
guTPO0O12
GuTPOO13
ouTPOO014
OuUTPQU1S
QUTPJO16
OuUTPOUVLY
OuTPUOO1d
QuUTPQOLS
OuUTP 0020
DuUTPOC21
OuUTP V22
QuUTPL023
QUTPUO 24
ouUTPO025
GQUTPO026
guTPoR27
outTPO028
OUTPIU23
OuUTPIV30
QUTPOO31
guTPLO32
QuTPA033
OUTPIO34
CUTPUO35
udTPOU3s



€8

2021

139

150

95
56
97

200

130
159

FORMAT {/ 2Xs 13HFRCUDE NUMBEK,,8Xy12HASPECT RAT IO, 77Xy
118HANGLE OF OISCHARGE 16X414HRCUNDOFF ERRCRy 7T XyarALT414X
214HBEAT LOSS COUEF)

WRITE (P,203) FRYASsTHIDSERR$XLINM,E

FORMAT (1X94({F9e5912X)9F10.54y11X4F8eT7//)

WRITE (P,300) (IsVEL{1),I=1,3)

FORMAT{S(3Xy3HVEL,sI14y1H=3F0a.3)//)

WRITE (P,199)

FORMAT {4 XelHX g8 XeylHHsEXs1HBy8Xy1ERyBXAy IHSyEX 9 2FFL 4 7X,
11HQ e 7TX 9 LHMy 5X9 1HUs 5X 9 IHT 94 Xy 2ZHHT 35X 9 1tV e EX32H P,
2TX9y2HYP+5X93RTHD 6 X 2FTM/)

NLINE=NLINE+]

THD=180.0%TH/3.14159
FL=T*H/{U*U)

FL=FL/(AS*%*,5)

FL=ABS{FL)

FL=FL¥%*,5

FL=FR/FL

R=Ux (S+B8FI1 )X (R+HFTL1I4VEOCOS{TH) *{S+8) *{ R+H)

M=UFUXR[S+3FT 2y (RHHF T 2)+QxV*DLCS (TH)

M=M+URVEDCOS(THIH(S+BAIL)#{R+H*T 1}

M=M+ (R¥FRXF S+ I3FHIRHT 4 ¥HRH) R S+B&XI3)*T*F]

HT=UXTR{ S4B *IT7)R(R+HXIT) #THxVHEDCUS(TH ) (S+B3*I3)®(R+HF]3)

CELX=X—-XI

DTM=2%DELX/{L+UI}

TH=TM+0T M

IFINDIM=T7)96 496,97

XP=X

CONT INUE

WRITE (P 9200) XsHyBaRsSyFLy oMU T o HT 3V XPyYP,THD, T4

FORMATUT(1XyD3823)95{ 129F%a3) 2201 X%X+0343) s1AyF0als2XK5038.3)

XI=X

LI=u

IF{ABS{M—RM1i—-.25) 1lE€C,180,153

IF(U~V*DCOS{TH) )160,1€0,4159

IF{U-0.02) 1£0,160,17¢C

CUT? 337
UTPJD34
JNT1P U39
TP oJ4U
JJTPJO4]
TP 342
DUTP 3043
SUTPSDay
B3TPJuU4S
SUTP Suss
SUTP lJ47
gui?Ccoas
GUTPDJ349
TP O350
JTPU051
SuUTPUDbH2
JUTP20053
JJTPIO o4
GuTP3II5>
AYTL 3354
JUTPI0bY
AYTPCUbG
JUTPJJIoY
JuTPIUELY
JUTPCOEL
JITPOJE2
SUTPLI63
JuUTPHOES
SUTPJORD
JUTPIJho
AT 9307
JuTrldoed
JUTP S JIbLY
HUTPIITY
JuTe 3071
outPouie



%8

158
400

160
401
190
170

WRITE (P,400)

FORMAT{/10Xy43HMOMENTLM HAS EXCEEDED BOURDGS RUN TERMINATES)

€O TG 190

WRITE (P,401)

FORMAT {/ 10X, 48HJET VELOCITY HAS BECOME TCC SMALL RUN TERMINATES)
PRMT{(5)=1.0

RE TURN

END

OuTPI0T3
OUTPCOT74
QuTPOI75
JUTPCLOT76
OUTPOVTT
OUTPIVT7s
QuTPAITS
guT P08
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SUBRUUTINE CROSS

DOUBLE PRECISION DERY )Y yPRMT g X s THsAP yYP sL BT ok 3 BX 95 3RyXLIMy AUXy XX
COURLE PRECISIUN AUNCUN,DCUSyNSTN,DELA

REAL T1,12:13,14415416,174515,14

INTEGER P4RRyREG,VFGyFLAG

CIMENSION PRMY(S),Y{1C)yAUA(Gy10U)sDERY(L1C)sVELIG)

DIMENSION AUN(1O,10) yCUN(LO]

EQUIVALENCE (V{8 )y THILIY(9I 4 XP Iy (Y{LO) g YPYoLY(3),4B),(Y(L1),U)
EQUIVALENCE (Y(2) 9 T) (¥ {4} o)y IY LTy B3X ) e AY L) 9S) IV} ,R)
COMMUN DERY y Yo PRMT y X o XLIMZAUXy XX yAUN,CUNSDELX

COMMON EPSByGyDVIER yWIRyWIZ VI RMIZMyFR,yAS,E

COMMON THIDy THI JERR g VELyI1 4124133129154 104I791063EPSeVy8X5,0T»F1
COMMON Py RKyNPAGE,NL INE,REGy NDIMeVFGoFLAG,IHLF,STEP, TM, X1
A=XPxVEL {4)

A= A-VEL (D)

VE=—AFR2RVEL(3 )RVEL(4)

A=AXA

A=VEL(3) *A

A=VEL(2) *EXP (=A)

DV=V=A

V=VEL{1) +A

RETULRN

EniD

CRrGSJVAL
CR{SJU0Z
CROS0JU3
CrUSQO04
Cri1JSIVTH
CROSJI0G
CROSGOGTY
CROSON08
CrASDV0I
CRGSVU 1Y
CROSOO1L
CrRUSVI12
CROS0013
CROSQ014
CROSWO1L>
CRC3001e6
CRUSOD1TY
CRUSO013
CROS3J1S
CR3S5J220
CROSJ021
CRUSNDUVZ2
CRUOSUOZ3



98

50
101

10100
10101
10102

10103

10104
1011

1€12

SUBROUTINE FCT

DOUBLE PRECISTION DERY yYyPRMT 3 Xy THeAP s YP s UyBaToHsBXeSsR s XLIMy AUX,y XX
LOUBLE PRECISION A,C,LCOS,DSIN,DELX

REAL 11,12,1391491591€,17,18,M

INTEGER P,RRH,REGyVFG,FLAG

DIMENSTIUN PRMT(5),Y(10)AUX{8,10),DERY{1C)sA{1U,10),C{10),VELI{Y)
EQUIVALENCE {Y(3)sTHI (Y ()9 XP)y (Y110}, YPI»(Y(3),B){Y{1),N)
EQUIVALENCE (Y (2)9T)2{Y{4) 4yH) (Y (71 ,8X)s (Y{6),S)9(Y{5),R)
COMMUN DERY s Yy PRMT o X3y XLIM,AU Xy XX 5A,C4DELX

COMMCN EPSByGsDVIERYWIRWIZWVIWRMI, MyFRyASHE

COMMON THID yTHI sERRyVEL 91191 2+13 414415416417 4184EPS,VeBXS,0T5F1
COMMUN Py RRy NPAGE NLINEZREG,NDIMWFG,FLAG,IHLE,,STEP, TH, X1

O 2C I=1,10

C(I)=0.

DERY({1)=0. ~
BCO 50 II=1y1C

A{I,11)=0.

CONTINUE

FLAG=VFG

wI=EPS*U

VI=—WI

EPSB=EPS

ARG=5%T*H/{ U¥U¥FR*FR )

ARG=ARG/ (AS**.5)

IF(ARG)10100,+10100,10101

ARG=C.

IF{ARG—-100.1)10103,101(C2,10102

wIR=C.

GO TO 10104

WIR=EXP(—-ARG)

GG TO {(1011,1012), FLAG

C=0.

BXS=BX

BX=0.

€GO TC 1013

C=FI*T

FCTINDDUL
FCTNDOO2
FCTNQOO03
ECTNQOOA
FCTNOOOS
FCTNOQOb
FLTNDOOT
FCINGOOS
FCTNUJQY
FCTNDOO10
FCTHOO1l
FCTNOO12
FCTNOOL3
FCTNOU14
FCTNOO15
FCTNOO016
FCTNOO1L7
FCTNOO13
FCTNOO1L3
FCINJ020
FCTNOOZ1
FCTNOQ22
FCTNOO23
FCTNOO24
FCTNOO25
FCTNOO26
FCTNOO27
FCTNGOZ28
FCTNGO29
FCTNOU30
FCINOQO31
FCTNOO32
FCTNQO33
FCTNOO34
FCTNOO35
FCTNQOO36



L8

1¢13
102

103

104

105

110

WI=WIXWIR

GO TO (102,103,104,1C5), REG
WI=WI®{I1-12)
VI=Vix{I1-12)

GO TO 110
WI=WIx(I1-12)
VI=VI*I1/2

GO TO 110

WI=WI®IL/2
VI=VI®{I1-12)

G0 TO 110

wl=WI*I1/2

VI=VI*11/2

H1I=R#H*I1

B1=S+Bx*I1

Allyl)=HL*B1
Al1ly2)=U*I1%*B]
A(1,3)=U*81
A{1s4)=U%H1
Cl1l)=WI*B1-VI*H1-U%T14H]1 *BX
F3=R+H=[3

E3=S+B*13

H2=R+H*] 2

B2=S+B*12

HG=R*R/2 +RXH¥[3+H*H*14
Al2,1)=2%U%H2%B2

A(242)=U*Uk I2%B2+5*BI I (R¥[I+2FH*14)

A(2,3)=URU*B2+GkB3*(R+H*13)
A(244)=UkURHZ2+G*HG
A{2+5)=FI*B3*HG
C{2)=—{UxUx] 2¥H2+G* ] 33HG) *B X
B7=S4B*17

H7T=R+H*17

A{3,1)=G*BT*H7
A(3,2)=UxCxIT%B7
A(3,2)=U*G*%B1

FCTNDO3T
FCTNOO3S
FCTNDU39
FCTNUD4O
FCTNUO4L
FCTNOO42

FCTNOD43

FCTNOD44
FCTNJO45

FCTNG346
FCTNOO&GT

FCTMID4S
FCTivDU49

FCTNUIS0

FCTiNDISL
FCThNUD52
FCTNUOUB3
FCTNQUD4
FCTNOODS

FCTnI05H
FCTNOOBST
FCTNOOSE
FCTNUO5S
FCTNDU6O
FCTNOUGL

FCTNJOGZ2
FCTNODO3

FCTNDOG64
FCTNOOJO5

FCTNOOGE

FCTNUOOT

FCTNOO68

FCTNOO6S
FCTINOJIT79
FCTNGOTL

FCTNOQO72



88

120

A3 ,4)=U*GxHT

A(3,5) =UkBT*HT*F]

C(2)=—E*GXB3-UKGK] 7=HT*B X

GO TC (1429344),y REG

A{5,1)=U

B(5,2)=G*]3

Al(5,3) =G

A{S5,5)=FI%(R/2+H%]3)

CC TC 5

A(5,4’:1.

GO TG 5

A{S5,43)=1.0

GO TO 5

A{5y44)=1.

Al4,3)=1.0

CU T0 o

I8=1.-12/11

A4, 1)=UF(( SH¥H+RXBI* I 2+R*S*15)

{4 2)=0C{2%4SEH¥ILARFEXTI*]3)

Al 443)=UxURSHIG+Gx (SHFXI3+RFB*H]3)

A ay4)=URUSR¥TE+GHRRIR/ 2+HIR =] 3)

A4 ,5)= FIF{SHFHRHR[4+[*R¥RX]I/2+BFHER*]3%]3)
C{a)=Ux{ VI¥R-WIXS)*] 2/11-G*{ xR/ 2+H*QAF[3 ) *13%2X
CO TG (120s131), VFG

CALL CROSS

DERY{9 )1=DSIN(TH}

CERY{10)=DCOS(TH)

VST=VX*DERY{G)

vCT=V%DERY(1C)

CT=UUx{ S+B* 12 )% {R+H¥ 12 ) +2% VLT ®{S+p*x 11 i%{R4-*11)

1+VLTAVCT#{R+E) *(S+8)

CT=—vSTH{WI(S+B¥I1)-VI*{R+H*[1))/0T
DERY(81)=DT

FO=R+H

DTI=VST*DT-DERY(10)*DVI¥CERY(S)

BO=5S+3

FCTNQUT3
FCTNZUT4
FCTNOO TS
FCTNOOTE
FCinoaT7
FCIMOUTO
FCTINDUTS
FCTNDI3L
FCTNJ0EL
FCTNJJAE2
FCTNUO33
FCTNOUS4L
FCTNDOSS
FCTRID 36
FLTNOUAT
FCTNUO3S
FCTNUUEY
FCTivua9v
FCTNOQY1
FCTNOQU92
FOCTHNUD9S
FCTNQII4
FCTNDOGS
FCTNODI6
FCTNQUYT
FCTNOD98
FCTNGUSY
FCINOLDD
FCTWNOLO1
FCTNG102
FCTNU103
FCTND1U4
FCTNOLUS
FCTNDLO6
FCTNOLUY
FCTNJLOE



68

9
130

10
11

A(192)=A(1,23+VCT*BO

Al 1ly3)=ACL,3)+VCT*30

Ally4)=A(1y4)+VIT*HO

Cl1)=C{1)—-VCT¥HU*BX+BL*HO*DT

Al2s1)=A12y 1 )+2%VCTx*HIxB1

P24 2)=A(2, 2 )3VETHF{2%LA[1*814+VLT *00)
AL243)=A(2, 3)+VCTH( 2% %1+ VCTHBO)
AL294i=A12y 4 J+VCT X 2¥LxH1+YC TH*H0O )

CL2)=C(2)-VOTH (25U 1HHL+VCT *HY ) #pX+ 2% LU FHL X B L+VETF30%H0 1%DT

T+VOTHIWNI*BI-VI*H1)

A{3423=b8 (3,2 )+GRVCT*[2%R3
A{3,3)=A(3,3)+G*VCTHkE?3
A{394)=A(3y 4 )+CGxVCT %=
A{345)=A(3,5)+F | x=VCTHE3%RB3
C{3)=C{3)-GHVLTHIIFHIARX+L®RE I*HI¥DT
GU TO (7489349),4,REG

A Ey1)=A(5,1)}+VCT

C{5)= (U+VCT)I*DT

GO TC 9
A{b4y1)=A(4,y L I+VCTHT 1% {R*B+S*H)
Ald42)=A({G4 2 )14S2URVCTR(T1-11/12)
A{443)=A14,3)+5S%UxVv(CT*IE

MGy 4)=A {4, 4 I+R*FUXVCTIIS
Cla)=C{4)-R¥URVCT*(I1-11/12)*B8X
14+ ({UX (2% I1-12/1 1)+ VC T )% Suri+R&BJ+R*S*U*[8)*DT
CO TC (130,131),FLAGC
All,2)=A(1,2)+(UunI1xH]I+VLT*HAQ)
Al2:2)=A12, 2 )4 {URURT ZFH24+20UVCT*] L¥HL+VCTRVLTEHO)
GO TC (10413410411 )4REC

Al 2)=A( 4y 234REURVCTIX(TI1I-12/11)
CALL SGELG(D)

EPSB3=C(2)

BX=BX5

FLAG=2

C=F 13T

WI=W I*#WIR

FCTNOLOS
FCTNOL10
FCTNOL11
FCTNOL112
FCTNOLL3
FCTNOL14
FCTNQOL15
FCTINDL 1o
FCTINOLLY
FCTNOL118
FCTnNOL19
FCTNO120
FCTNOLZ21
FCTNUL22
FCTNOL123
FCTNO1Z24
FCTNO1Z25
FCTNOLl 26
FCINOL27
FCThOU128
FCTNO129
FCTNUL3C
FCTNOL31
FCTNOL32
FCTNC133
FCTNUl 34
FCTNO135
FCTNOL 30
FCTNOQL3Y
FCTNO136
FCTNO139
FCTNO140
FCTNOl4l
FCTNQOL42
FCTNOL1+5
FCTNOLaw



06

GO 70 110
131 DB=8X-EPSB

A{B41)=DB*2 U%BXH2 %16

A{ 653 2)=DB*UXU*BXI2%*] 6

2{0643)=DB*U*U*¥B%I6

Al 64 6)=UXUXBEHZ%] 6

Cl6)=G*HG-URLE]6XDB*H2z*BX

GO TO (1324133),VFG
132 Al6,1)}=A{6,1)+2%B8%xVCTRI5%H2%DB

A6 42)=A(6, 2V +VCTHBH{ 2xyxIS5x]1+VLCT ) *DB

Al 693)=A(6,3)+VCT*BE{2%UKIS+VLT ) %8B

A{ G 6)=A16, 6} +VCTERX{Z2RURIS*HLI+VLT*HO)

C(6)=C{6 )-DBAVCT*{2*UFI5%H1I+VCT*h))*BX+2#DB+3*(U*IS5*¥HL+VCLT

1*#H0)*0T
133 CALL SGELG(5)

DERY{1)=C(1)

CERY{2)=C(5)

CERY (3 )=8X

DERY{4)=C(2)

CERY ({5)=C(3}

DERY{6)=C{4)

DERY{(7)=C(6)

RETURN

END

FCTNUL4S
FCTNOl4at
FCTNOL147
FCTNOLl4s
FCTNO1L4Y
FCTINO150
FCINOLS1
FCTNOLS2
FCTNQOL153
FCTNOLS4
FCTNOL55
FCTNO150
FCTNOLSY
FCTNOL158
FCTNOLSS
FCTNQ160
FCTNO1loul
+CTNOlos2
FCINO143
FCTNOlo4
FCTNUL105
FCTINOlow
FCTNOLoOT
FCTNOLl68
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SUBRGUTINE SCELG(M)

DOUBLE PRECISION AD,AI,XXyDABSsDCOSyISINSSAVE»SsR s XLIM,AUX
COUBLE PRECISION DERY YoPRMT 3 Xy TH, XP,YP 4L yBy ToH,BX

DUUBLE PRECISION A,PIV,TB,TOL,PIVI,DELX

REAL MUN

INTEGER PyRR4REGsVFG,FLAG

DIMENSION PRMT{5) ,Y{1C)yAUX{8,10)4DERY(1L0}sAT(LO0)+R(1D),VEL(8)
CIMENSIGN A{100),AC(.1C,10)

DIMENSION SAVE{10)

EQUIVALENCE (AI{1),AC(1,1))

COMMON DERY 3 Yy PRMT 3 X o XLIMyAUXy XX 9AL 4Ry DELX

COMMON EPS39GyDVyTERs¥IRyWI o VI JRNMI, MUNSFRJAS HE

COMMON THIDTHT JERR s VELy T1y 125 13414y 1551641T7,18,EPS, V,BXS,0T,FI
COMMON PyRR g NPAGEyNLINE,REGyNDIM VFGFLAGy IHLF,STEP, THM, X1
N=1

EPSS=.1E-16

SCALE THE MATRIX

LO 54 I=1.M

AMAX=R{1)

D0 52 J=1,M

DA=DABS{AL(1,J))

IF(DA-AMAX)52,52,51

AMAX=DA

CONT INUE

DO 53 J=1,yM

AD{14J)=AD(1+J)/AMAX

CONTINUE

R{I)=R{1)/AMAX

CONTINUE

SAVE THE Y EGUATIGN RCw

MM=M+1

DO 999 I=1,MM

SAVE ([)=AD{MM,I)

CONT INUE

CONVERT MATRIX TO COLLMN FORM

1J=0

SGELQOO01L
SGELOVOZ2
SGELCOO3
SGELOUUO4
SGELOUOS
SGELOODS
SGELVOOT
SGELOOGOS
SGELGOO0S
SGELGU1LO
SGELOU1L
SGELOU1Z
SGELOJ13
SGEL 0O 14
SGELOO15
SGELuO1lo
SGELOO1Y
SGELOVU1E
SGELDOLI
5GELU320
SGELJV21

56ELJU22

SGELJSDZ23
SGELOI24
SGEL 3325
SGELGI 26
S6ELD027
SGELDJ28
S5GELV02G
SGEL 3030
SGELOO31
S6ELUY32
SGELODO33
SGELJO34
SGELOU35
5SGELOO30



z6
OO0

OO0

NM=Q SGELID3T

DO 1100 K=1,¥V SGELCD3w
CO 10CO L=1,M SGELOV 33
Iy=1J+1 SGELSU40
NM=NM+1 SGELOJ41
1000 ALIJ)=AI(NA) SGELOU4AY
1100 NM=NM+10-M SGELUU43
IF{M)23,23,1 SGELOD44
SGELINGS

SEARCH FOR GREATEST £LEMENT IN MATRIX A SGELOV4C

1 IER=Q SGELa347
PIV=C.DO SGELJJ48
MM=M*M SGELOI4Y
NM=N*M SGELGI5
DG 3 L=1,MM SGEL G051
T8=DABS(A(LY)) SGELOUDZ
IF(T8-PIV}3,3,2 SGELJOS52

2 PIV=TB SGELOU»4
I=L SGELJD55

3 CONTINUE SGEL 355
TOL=EPSS*PIV SGELJIST
A{I) IS PIVOT ELEMENT. PIV CONTAINS ThE ABSCLUTE VALUE OF A{I) SLELOUSS
SGELOUSY

SGELIGG6Y

START ELIMINATIUN LGCEH SGELGUol
LST=1 SGEFLIUJLZ
LO 17 K=14M SGELJIVGS
SGELJUD64

TEST ON SINGULARITY SGEL U0
IF{PIV)23423 44 SGELOVEO

4 IF(IER) 745,47 SGELDQ6T
5 IF{PIV-TCLIE 647 SGELUIbYG
6 IER=K-1 SGELOOSS
7 PIVI=1.00/A(1) SGELJOTY
JE{I-1)/M SGEL JITL

I=1-Jd*M-K SCELUOT2



€6

2Xa ke

10

il

12

13

J=J+1-K

I+K IS ROW-TNDEX,

PIVOT ROW RECUCTION AMD ROW INTERCHANGE IN RIGHT HAND SIDE R
DO 8 L=KyNM, M

LL=L+1

Te=PIVI*R{LL)
R{LL)=RI(L)

R(L)=TB

J¥K CCLUMN=INDEA Or PIVULT ELEAENT

IS ELIMINATIGN TERMINATED

IF{K-M)9 418,18

COLUMN INTERCHANGE IN
LEND=LST+M-K
IF(J112,124 10

[1=J%M

0O 11 L=LST,LEND

TB=A(L)}
LL=L+I1

A(L)Y=A(LL)

A{LL)=T8

ROw INTERCHANGE AND FPIVOT ROW REDUCTIGN IN MATRIX A
GO 13 L=LST MMM

Li=L+1

T3=PIVI*A(LL)
ACLL)Y=A(L)

ACL)=TB

SAVE COLUMN INTERCHANCGE INFOURMATIUN

A(LST)=J

ELEMENT REDUCTIUN AND NEXT PIVOT SEARCH

FIV=0.D0
LST=LS5T+1

MATRIX A

SGELUVT3
SGEL 074
SGELOUT5
SGELOUT6
SGELOO77
SGELOOTS
SGELGOTY
SGEL0O80
SGELOVSL
SGEL 0052
SGELD083
SGEL 0084
SGEL0V35
SGELOOS6
SGELDVST
5GELJVES
SGEL 0089
SGELUJI90
SGELOUYL
SGEL 0092
SGELDJ93
SGEL00Y4
SGEL 09355
SGELIIG6
SGEL 0097
SGEL009S
SGELDOYY
SGELO1UO
SGELO101
SGELOLO2
SGEL 0103
SGELOLO%
SGELQ105
SGELO106
SGELOL107
SGELO108
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sEeNaX

14

15

16
17

i3
19

20

J=0

CO 16 TI=LST,LEND
PIVI=—A{II)

IST=11+M
J=Jd+1

LO 15 L=1ST,MM,M

i=i-J

A(L)I=A(L)+PIVI*A{LL)
T8=DA3S{A(L))
IF(TB-PIV)15415,14

PIV=TH
I=L
CONTINUE

L 1¢&6 L=KyNH,M

Li=L+J

RILL)=R{LL)+PIVI*R{L)

LST=LST+M

END OF ELIMIMTION

BACK SUBSTITLTION ANL 2ALK
IFIM-1)23,22,519

IST=M4+M
LST=M+1

CO 21 I=2.M

1I=LST-1

IST=IST-LSY

L=IST-M

L=A(L)+.5D0
LO 21 J=1I.NNM,M

T8=R (J)
L=J

B3-2¢ K:ISTpryM

Lt=tL1+1

TB=TE-A(K)*R{LL)

K=J+L

INTERCHANGE

SGeEL ol iy
SGeldlly
SGEL 311!
SUELILLL
SGELDL L.
SGELT1l+
SGELOLLD
5GELOlio
SGELOLLY
S5eEL Il
SGELUL 1Y
SGELILAZY
SGELJ1LZL
SGELOLZ2
SGELG1£3
SGELOL =%
SGELOLZY
SGELILZH
SGELOLZTY
SGEL 0123
SGELO1 2y
SGELJ1 30
SGELJO1ICL
SGELOL32
SGELOL133
SGELU1 34
SGELOL1Z
SGELOL 26
SGELO137
SGELOL 32
SGELC139
SGELDL«0
SGEL U141
SGELOL42
SGELOL 4%
SGELGL 14



S6

[ENeNR

21
22
221
222
223

24

23

R{Ji=Kk{K)

R{K)=T3

GO TO (223+221) FLAG
MM=M+]

CG 222 I=1,M
RIMII=R{IMAI-SAVE(T }*R (1)
CONTINUE
R{MM}=R{MM) / SAVE (1M}
Cu 24 I=1,10C

A{I)=0.

ConT INUE

RETURN

ERRCR RETURN

IER=-1
RETURN
END

SGELIL4S

SGELUY1SU
SGELUL DL
SSELuls?
SGeELOL1»3
SGELOLIo4
SGELOLSY
S5GELOLSS
S5CELJILST
S5GELOL1SS
SGELULSY
SGELI1IGO
SGELOL6]
SoELulel
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input:

[}
6.° ..6
0.0 0.0

Output:

BUCYANT JET CALCULATICNS

FROUGE NUMBER

&, CCLO0 0.60000

VELL= 0.0 VEL2= 0.0

X H 8 R
.0 .1000-03 .1000-03 .775D

+1310 C1 190D 00 .585D 00 .521D
e262D 01 .378D 00 .116D0 01 .4500
«524D Cl .7240 00 .239D 01 .218D

«7€60 Cl 1040 Ol .3770 Q1 .293D-

918D 01 .119D 01 .450D0 21 .0
e lC5D C2 <1340 01 .5270 01 .0
«131D 02 41610 01 .6S52D 01 .0
«1570 C2 .1850 01 .873D 01 .0
«210D G2 .221D 01 .12SD C2 .0
22360 02 2240 Ol .153D 02 .0
«249D C2 4227D 01 166D 02 .0
e262D €2 .228D 01 .180D 02 .0
+2750 02 .228D 01 .196D 02 .0
«2880 C2 L,227D0 01 .211D 02 .0
315D 02 .225D0 31 .246D 02 .0
«3€7D (2 .2200 01 .324D 02 .0
24190 €2 L2150 01 .415D0 02 .0
«4120 €2 209D 01 516D 02 .0
«524D C2 .204D 01 .62SD 02 .0
«629D 02 .202D 01 .884D 02 .0
e 734D 02 42110 G1 .124D 03 .0
+8390 €2 195D 01 174D 03 .0
«1C5D 03 .156D 01 .324D 03 .0
«126D €3 125D 01 .5520 €3 .0
«147D 03 .102D 01 .864D 03 .0
o 1€8D C3 359D 00 .126D 04 .0
«210D 03 641D 00 .235 04 .0
«252D (C3 <5060 00 .3820 04 .0

ASPECT RATIO

0.0 90.0 500.0 0.01
°.° o.o 0.0 0.0
PAGE 1
ANGLE OF DISCHARGE RCUNDOFF
90.00000 0.Clanc
VEL3= C.0 VEL 4= 0.0 VELS=
N FL Q M u
CO 1290 C1 .528E 03 .100E 01 l.Cl4 1.C3
00 .152D (1 .124E 02 .109E 01 1.014 1.CU5
00 137 (1 .890E Ul .118E Ol 1.014 1l.C04
00 144D Cl +664E 01 .133E 01 1.014 1.C06
Cl 1530 (1 .574E 01 .161E Q01 l.0l4 1.C07
«152D (1 .517E 0Ol 4177 0Ol 0.555 0.931
«148D Cl +465E Ol .196E 0l 0.997 U.847
«130D (1 .391E Ol .232E 01 1.CJ0 0.726
«100D0 Cl .342E 01 .265E 0l 1l.332 0.645
+195D0 CO .283E Ul .321€ 0O} 1.002 C.539
<1030 €0 +267E Ol 347t 01 06599 0.492
«0 «258E Ol «.360E Q1 0.596 0.471
0 «250E C1 .373E 01l 0.996 0.449
«0 «244E 01 «387E 01 04557 04429
-0 «238E 01 -400E Ul 0.657 0.411
-0 «227E 01 .426E 01 0.557 0.389
«0 «21l1E Ol +476F 0l 0.867 0.329
«0 «197E 0Ol .523f 01 0.S597 0.299
.0 «186E 01 .568E 01 0.557 0.260
.0 «177E 01 «609E 01 0.557 0.235
-0 «151E 01 .683E 01 0.554 C.1l89
«0 «10TE O1L +707F 01 0.595 0.134
s 0 «868E 00 715E 01 0.994 V.104
-0 «658E 00 ~720E 01 0.561 0.C70
<0 «543E 00 .723E 01 0.538 0.052
«0 «4TOE 00 .723E J1 0.585 0.C40
-0 «418E 00 o722E Ol 0.581 0.033
-0 «349E 00 729t 0Ol 0.573 0.024%
«0 «304E 00 T16FE Ol U.9¢5 0.C18

JET VELOCITY HAS BECOME TOO SMALL RUN TERMINATES

Appendix 111

EKRCR

Jed

T

1.C00
0.¢71
0.540
Ve £84
0.828
De759
Je €92
Je 597
J. €35
0,457
Ve 424
Je 409
Je«394
0. 381
0.368
Je 346
0. 23210
Je282
Ve 260
0.242
0.215
0e208
0e206
Je 204
Q0.202
e 202
Vaecz0l
04200
Je. 200

input and Output

COCOC
D)
<

4 & 8 o 0 4 o & o

s e & 8 0 ¢ s @

DOCO0O0Q0COCOOOCCO00LOOLONCODOOCCULO OO

QOO0 0LOLLCOOLOOCCOOOCCLULCOOLD

£60. CuQ00

JeJ

XP

Y

«131D
«2620
«5240
« 786D
«913D
« 105D
«131D
«157D
«21uD
22360
« 2490

<2020

« 2750
2880
«315D
«3670
24190
« 4720
«5240D
« 629D
« 734D
<8390
«1050D
« 126D
«1470
-« 168D
« 210D
«2520

VELJY= SeV
THD TV
90.0 .0
90.0 «131E
0.0 L261L
90.0 .522¢
90.0 .73¢E
ued L9!8BE
Yo L1OTE
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