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I
ABS1~ACT

I
This report concerns the predict ion of the flow

I characteristics of an isothermal free jet. A computer program

has been developed similar to that of Spalding and Patankar.

I Reynolds stress equations are used so tha t not only turbulent

I shear ing stress, but also turbulent kinetic energy and

dissipation can be calculated. This program is rathec short,

I about 2&~ statements, and for a noderate nunter of points

(usually about 15), requires only five seconds per run for the

I Amdahl 47C’JV6 coirputer. The results cocpar e fairly well, with

experiments in two-d imensional as well as in axi—symetric jets.

It is found that the simi larity ass~~~tion is only approximate.

I Also the results can be somewhat different for different initial

ioput turbulence conditions. Therefore, to coirpare the

I experimental results and to interpret their accuracy ,

particularly when no detailed measurements are made at the jet

orifice, should be done cautiously. The variations due to the

I assigned constants in the closure ncdel are also briefly

discussed.
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Contustion in dunp contustors is a coirplex process which

I involves mixing, mass transfer , chemical reaction as well as

circulations. The investigation using the Reynolds stress

I equation for predicting the flow characteristics of an isothermal

I 
free jet is one of the very first steps toward understanding the

mixing process . Based on the bcundary layer approximation of the

I jet mixing and neglecting the effects of a wall , the coupled

equations involving momentum, turbulent shear stress , kineti c

I energy and dissipation are iruch sirrplified with a proper closure

model. The numerical pred iction by the Spalding method with the

I vcn Mises tr ansformation is investigated with some modification

for the free jet calculation. A computer pr ogram is developed for

use such that it is relatively easy for the user to read and to

I modify the program for his needs. Further developt~rtt should

include the chemical species such tha t free jet coirb ustion can be

I predicted.

Since the AF~~ R—IFP—STANFORD Conference 1968 the prediction

of the turbulent flow has shifted its enphasis to turbulent field

I methods which involve the Reynolds shear stress turbulent energy

or turbulent dissipation with varying closure models as discussed

I in that report (1) . In 197(’, Reynolds (2) presented a brief

survey of the state of the art for coirputation of turbulent

I flows. Herring and Mellor 13) developed a coirp ute r pr ogram wh~ch

I
I 

1
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1
I is used fairly widely in the United States. At Inçeria l College ,

I Spalding and his coworker (4) worked over ten years on a program

which is large and ver satile with differen t turbulence models.

1 His program is used in Europe as well as in the U.S. Because

the program is large and ver satile it requires some training

1 and fluid mechanics background to use the program properly.

I If the user wants to modify the program for his needs, he usually

encounters many difficulties. It is well known that it is

I difficult to read and modify a cotrputer program, especially if it

is a large and ccxriplicated one, unless the user is quite familiar

I with the detailed procedure. La~~der (~ ,6) used the Reynolds

stress equation in a sequence of his papers on predictin g
I turbu lent flow. His criti cisn is the co~mon one i.e. there are

I too many constants and it is, in a sense , a coaplicated curve

fitting technique. Never the less, Launder ’s approach does give

I fairly good results in general. However , there are no reports on

the predictions of axi—s~~ netr ic jets which involve turbulent

U shear stress and kinetic energy as well as dissipation. This

I report is for such an 
investigation.2
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I CXNEJ~~ING EQUATIONS

1 1. Turbulence Closure Model

For a fluid of uniform density p the set of differential
I equations governing the transport process can be wr itten in the

I following form:

Equation of continuity

I
I ax4~~

0
Equations of momentum

a~~ ax4

Equations for (k inenetic) Reynolds stress

= - [
~

. ?* •e 2~ 
- ~ z~

_ _  _ _

I - 

_ _  _ _  

_ _ _ _

Equation for dissipation

= - Z%.1 -‘~~~ f2.~ 1~~ ~~~ 
.
~~~~~~~ ~~~ I —27’ ~~~ ~ 

_ _

ax~ ( 9.ç ~z:~ ~~~~~~~ a~~ / .1z4 ~~~ ~~~

Li a~~az,j  4 f l &~~~ ?çJ

_  - -



I
I
I where U is the mean flow velocity of the math flow ,

u2 is the fluctuation velocity, i.e. —

I = ~Z1 a~ 
is the dissipation and

I c~ is the dissipation f luctuatio n

Since there are more unknowns than the nunter of equations ,

I some closure asstmptions have to be made in order to solve the

equations. Based on the information on isotropic turbulence ,

harogenous turbulence and pure shear flow for large Reynolds

I number , Hanja lic and Launder (5] propose the following form of

closure for Reynolds stress and dissipation.

___ = ~~ - 5

- -~~~~ f~— - ~~~ ~~~~~~~~~ 
) 

~~~~ 
~~~~~~~~~~~ ~~~~~~ 

-
~~~ ~~~~ A “b’

/ j( ( 
~~~ i/ 3d  ~9Z •tj 8x~,, ~~

and

I’ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I
I where A”~~is a function of k , ~~~ and a constan t C
U

2. Boundary Layer Approximation

I A sir~pler version of the model for boundary layer flows

results in the following set of equations in (x ,y) coordinates.

c U2~~~~~ V4~~~~ ( 1)
a
I .Z~ U — - L E!~z’~ ~~~~~~~~ L -.~~~-- ‘~~‘ ~~~~~~— 

fl dx A ~;y a~( 4 99’~ 
/

(3)

___= - - e -i’-.o,a 
~j  (~1~

t 
~~~~ 

(4)

I _ _ _  — _ _  
/-~~~1 z1- ‘~3( 74T

a5 
(5)

I
where C 1 — 2.8 and C2 — O.O7C~

I There are six constants involved in the closure model as

tabulated. Thus we have five equations with five unknowns, U , V,

I
I
I
I

5 
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I
I This set of equation s is parabolic and the ini tial

conditions for U, ~~~~, k and E are usually not available at the

I beginning station, hence, some guess work of their distr ibutions

must be made. It is observed that owing to the uncertainty of ~

I and k in the earlier stages, the range of the rat io k/~ migh t be

I 
quite large by sir rply assuming some arbitrary distributions of

and k respectively. One way to overcome this is by assuming that

I the kinetic ener gy k is proportiona l to the dissipation ~ across

the stream. This idea comes fro m the limiting case that as E

I approache s zero or k approache s zero , the ratio k/E must approach

a finite value ; otherwise an artificial singularity is

I introduced . This assurrption seems particularly appropr iate for

free boundary flow. From dimensional considerations , it is found

that k/5 is prop ortional to (S
~5./U for free jet flow where 6~$. is

I the conventional half width where the velocity is half of the cente r

velocity U~ . Thus, it appear s to be proper to introduce

(6)

I which gives the asynptotic expression

1
for the plane jet and

a
V

for an axi—synsietric jet.

6



The constant C represents the adjustment ~f the virtual

origin. I f this approach is adopted , it serves the following

advantages in the final form of the equations.

(i) The equation for dissipation is eliminated at the

beginnning stages, thus reducing the system of five differential

equations to four

(ii) Only initial profiles of U , Zi~ and k are needed.

(iii~ The sensitive constant C5 , is avoided (at least at

the beginning stages) . As reported by Launder (6) , C5 in the

dissipation equation is such a sensitive constant tha t a small

change of C5 , will result in a large chan ge in the predictions..

As a matter of fact , Launder later proposed to use the value 1.44

as conpared to 1.4S as had been suggested previously.

(iv) It also provides the extension to calculate the

dissipation fr om the original five equations by using

f(x) — C~ (C+ 8~/ci~ 
for the development of the initial stages and

then use f(x ,y) — k/e dir ectly for furthe r downstream calculatio n.

7
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i F

I S

I NTIIERICAL ME’fl~OD AA’~D CALCULATION P1~ CEDURE

1. Transfor mation from physical coordinate s (x ,y) to streamline

i coordinates (x ,l1I)

The afore—mentioned five equations for U , V, ~~~~, k and c~

can be reduced furthe r to four equations for U , ~~~~, k and ~ by

the von Mises tr ans formation from physical coordinate s (x ,y) to

I streamline coordinates (x , ~b~~)  as discussed by Pantanka &

I Spalding (4]. Introducing the stream function ~~ and a

nondimensionalized stream function where 3V represents the

I streamline at the edge of the flow. Thus

and _ _  _ _

Finally it can be arranged in the following form in (x ,V )

I coordinates.

I
I
I
I
I
1
I

8 
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I

- L d!I~ ~ U — ~ p~U~�~~ C ~ 4

I 
Dx 1 

— 

~~ ~t) (7)

~~~~~
- 

~E=~ ‘
~~
‘

~~~~~~

I ~~~~~~~~~~~~~~~~~~~~
~~ r a e()

I 
~ d 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

C?)

_ _  _ _  — _ _

9~~ ~r d ~ C1)

1 
- 

~~- 

~~~~, 
(~$j ~~

) (9a)

I
I
I .

I
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I
I
( It should be noted that

ail l
I (1) , ?ç

~~~~~~ ax 
~I (ii) The stream f unction ~~(x) at the edge is a function of

x and the expression represents the entrainment rate, while w
re~iains to be of value one at the edge. The entrainment will

I automatically adjust the width for the growth of the boundary

layer.

(iii) The four differential equations can be put in a
J r .‘-.

ge~eralized standard from as discussed in [4) .

+ (a. + 4c~i)~~~ 
— -~

-- (c ~~
) -~- ~s’ (to)

where represents U, ~~~~, k or ~ and S represents the

source term.

2. Numer ical Technique

The system of equations is put in finite difference form as

— discussed in (4] and the final, expressions are ar r anged as

-. (II)

where the ~~~ represents the unknown quantities at

downstream stations to be calculated. A, B, C and F’s are

constants of flow characteristics evaluated at upstr~am station.

H 10 
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It is noted that the equations are linearized so tha t the matrix

of the coefficients is in tn -diagonal , for m. The solution of

the equations can be put in the following form as discussed in

Schlichting (7) by letting

= 1L. ,i, 
(I?)

where

- 

- 44’ 0/71 / -7’. = 
— 

(ii)
I 

~ ‘~i 
Wd-i 1~ 4 ~~~~~~~~~

The boundary condition for free jet by using syu~etry at centerline

y — ’~: 
‘
~~~~~~1(’  g ives Ii

~~~
= l

uv — O gives G , — O

gives G1 z H - 0 Ohd l~or -
~~

-
~
-=

~~ 0/SO
9W

Thus af ter calculation of and H~ from the cente r toward the

boundary edge for j  — 2 ,3.... N+l the unk nowns 
,
~~~~~~ are successively

‘I
obtained from the edge toward the cente r by Equation (12) .

3. Entr ainment

In the marching forward calculation , the non-d imensional

stream f unction 6.) is constant and at the edge w — 1. However ,

the stream function ~ at the edge is a function of x , and it is

expected that 3( will increase as x increases due to entrainment

By arbitrarily choosing a point close to the edge of the

boundary and arbitrarily requiring a value of the velocity at

say U 8 — fraction of the center velocity U , the entrainment ~~~~C

cart be evaluated from Equation (7~. Alternatively , the entrainment

rate is properly chosen as is the case in this program.

11
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The computer pr ogram has been written for a free turbul ent jet - 
I

with output in decay of center velocity , velocity profile ,

turbulent shear stress , turbulent kinetic energy and dissipation .

The goal was to write the program concisely so that it is

easier for the user to read and ncdify the program for his

needs. This pr ogram has been tested for sensitivity in initial

conditions , constants and entrainment rate . In the prog r am, t~~
total nomentum (FL(.~() is calculated and is coitpar ed with initial

total n~mentum (SM) , the difference DM FL(.DC — SM serves a check

for conser vation of ri~ menturn . Usually the ratio ~~f is about aL~Mfew percent.

12
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RESULTS AND DISCUSSIONS

Based on the report by Tsuei (8) , which has been tested on

I laminar and turbulent two dimensional jets, this computer progr am

is an extension to the case of the axi—symetric jet. In order

4 to be consistent with the previous r eport the notations are kept

about the same. An available library plotting subroutine is

I utilized to present the figures in the in—line plot so that the

I user can obta in the figures or nodify the scales without writi ng

additional subroutines. Many figur es are generated , but only a

I few are presented here to deiro nstrate the variations due to the

changes of constants. In all the figu r es, symbols 1, 2 , 3 and 4

represent the mean velocity , turbulent shearing stress , turbulent

I kinetic energy and dissipation respective ly~
’ These quantities

are non-d imensionalized by the cente r velocity with the different

I scales indica ted . Figures 3 and 4 show the slight differenc e in

similarity due to two stations x—2l and x—26. Figure ! shows the

I center velocity decay . It is noted that the prediction is lower

i than measur ements , parti cularly at the development reg ion.
U However , furthe r downstream the results compar e fairly well with

I exper imenal evidence. This disc r epancy might be attributed to

the effects of the initial conditions , boundary layer

I assunptions , assigned constants, or a snall longitudinal press ur e

gradient. It should be emphasized that because of the deviation

I in the velocity decay , the other non-d imensional quantities such

I as turbulen t shear , kinetic energy , and dissipation are all ,

* BECAUSE OF IN—LINE PLOTTINB , THE SYMBOLS 4 ,3 ,2  AND 1

I MAY FALL ON TOP OF EACH OTHER

1.3
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affected. It also should be noted that y/x is deliberately

chosen as the coordinate since the representation fixes

one point of y wh ich make the comparison look better than it

might otherwise have been. Figures 6 and 7 show the difference

due to one constant C~. Figures 8 and 9 show the spread of

the width due to the entrainment rate. From these figures , it

is noted the results can be different for different constants.

A comparison with experinents reported by Craig ~l0] is shown

in Figure 10. In conclusion, the results vary with the values

of d ifferent comb ination of constants and initial cond itions ;

however, it can compare fairly well with exper iments provided

the constants are chosen properly.
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I
I

FURTHER DEVELOPMENT AND SUGGESTIONS

I
Since a computer program has been satisfac torily developed for

predicting the flow char acteristics such as velocity, turbulent shear ,

I kinetic energy , and dissipation in a free jet , it is recommended that

further investigation with more elaborate closure models to study

I the three components of turbulent intensities as well be carried out.

Initial investigat ion should focus on the two dimensional case

I because most of the constants are deteni~ined by two dimensional

I considerations and measurements. After that , the study should be

extend ed to the axi-symm etr ic jet .

I
I

I
I

I
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1(~~ . t . . i t ~~.

C, .-.- Cl • 2.8 C~ — C1~~S 1 .45
C.~. a U.U7~~1 ~~ — cJ:J ’S3 — 2. 0

— O.0 ~.. Ce~~~ . CL)’~ 2 • 0. 13

~~~~~ 
P 1 — 3 . ]4 1~i9 1

I n i t i a l  Conditions :
Rea d: ‘11, Ui, Ti, IJ

boundary Conditions :
GU( 1) — CT( l) — CK (1) — CE(l) — HT(l) — 0
1113(1) — IIK(1 ) — HE( l) — 1

Ca lculate :
Initial flow rate Q
Initia l momentum flux SN
Non—dimen sional stream function V

_____J DO 9990 )C~ 1, 1~~~
~Thi s is the main loop X — X + DX

DO 444 ITER — 1, NITER 
1

1 Iterations, NITER — 6 for KN ~ 3 and then NITER — 3

DO 1 2 O J— 2 , NP
Ca lculation of C ’s nnd H ’s

—L l2oj

FDO 33O J J — 1 , N I 1 1
I Calculation of u , T , K , E j Diver gent~j (Sto p

I 4 330]

—L 444 ]
—

Calculate entrainmei t ENTRN and ~~ increi~ent DPSI I

[DO 440 J — 2, NPP
I Ca lcu late Y, y5, Q and momentum flux FLUX

I —4 440 _I
5 ( Chec k conservation of momentum DM — FLUX — SM

~Change DX as X increases

[c~LL OUTPUT

-[ 9S~90]

I 9 ~9~1 
_ _ _ _ _ _ _

More yes jc o to the star t ingj
or Data ? Ipoint J

[11111 1

[STOP I
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I

REAL. k~ kI~ KE
EXTERNA L FUNC
COMMON W (25 ) ,DW (25 ) ,Y (25) ,U (25) ,E (25) ,T (25) ,K (25) ,TEIU (25) ,UDK (25 )
COMMON KN ,NM ,KKI< ,NC ,N F ,N ,ENTR N ,X ~ Q ,FSI ,SM ,FLUX rt ’M ~ Y5~ R~ JR~ F
REAL UPE (25)~ GE (25). HE (25)’ DY (25), YU (25), YUU (25), YY (2Z)~

KK (25)~ IIU (25), UU (25), GU (25), HU (25 )~ UPU (25)v
2 LIT (25), TT (25), GT (25), HT (25), UPT (25), UK (25)r EE (25),
3 V (25), riN(25), DE (25), GK (25 )p HK (25), UFI ((25),VK (25),
4 XX (2OO)/2OO*O .O/~ UC (2O0)/2OO*O.O/~ GRA FH (4 00)/400*O.O/
DIMENSIO N Yl (25), UI (25) ,TI (25 ) pVI (25) ,EI (25) ,KI (25)
REAL YS (25) ,US (25) ,TS (25) ,KS (25) ,ES (25 )
REAL XXA (8)/4.~ 5., 6., 8.~ 10., 15., 20., 25.1
REAL UCA (8)/1.0 , 0.96, 0.84, 0.70, 0.57, 0.39, 0.29, 0.23/
DATA C/O.O/ , CX /5 .72/,Et’GE/1O.O/,XGROW/O.0025/’ DELTA/O.1O/
DATA C1/2.8/,C2/O.45/,CS/O .08/,CEPS1/1.45/,CEF’S2/2.0/,CEPS/O.13/
DATA CC/0.07/, C3/O.OO/ , C4/O.OO/~ CM/O.OO/ v CONST/0 ,8/ ,NWRITE /1/
DATA P1/3.14159/ p FII/6.28318/ ,KNN/1O/ ,RHO/1 ./,RJET/1 ./,UJ/1./
DATA LL/O/
DATA NPP/15/~ YI/O.OO~ O .1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, .8~

1 0.85, 0.9,  0.95,  1.0, 1.05~~1.1, 10*0.0/
DATA UI/9*1 .Or 0.98, 0.96,O.90~ 0.5, 0.25, 0.0, 10*0.0/,JJJJ/2/
DATA TI/O.O, 13*0.001, 0.0, 10*0.0/, KI/25*0.0O1/~ EI/25*0.002/
DATA TT ( 1) ,GU (1) ,GT ( 1) ,GK ( 1) ,HT ( 1) ,YU ( 1) ,YUU ( 1) ,FRESS/8*0.0/
DATA V (1) ,UK (1),YY (1) ,OE (1), A ,riPsI,6*o.o,,xLAsT,6o./,rIx/.o5/
DATA HE ( 1) ,HU ( 1) ,HK ( 1) ,UU ( 1)/4*1 .O/,UEDGE/0./~ NNN /1O/~ LAMI N /1/
CEFS1=1 • 44
C 1=2.6
N = NP P— 2
N P N + 1
NM=N— 1
NC = NP /2
C1=C1+0. 1
CS=O. 08
DO 11111 LLLL=1 ,2
CEPS2=CEPS2—0. 1
CS=0.08

6666 FORMAT ( 1)
DO 11111 KM<K K=1,2
CS=CS+0 .01
DO 11111 JJJJJ =1~~JJJJ

100 CONTINUE
ENTRN=O.5
XGROW =—0 • 0002
NNN=10
NWRITE 1
JR=1
R=400.
RR=R/1000.
F=CX* (C+1.0)
Y5~ 1.



a-)

N I (NPP)= 0.0
110 10 J=1 ,N PF
Y (J)=Y I (J)
U (J)=UI (J)
T (J ) = TI (J)
k (J)=KI (J)
E (J)=EI (J)

10 CONTINUE
HU ( 1 )=1 .0001
W (1)=0 .0
TDU (1 )=O .0
x= 0.O
DX=0 ,05
DM = O • 0
FLUX=0 .0
KKN = 68
WRITE (6~ 6666 )
0=0.0
SM=0.O
110 102 J 2 ,NF P
JM=J—1 .
tiY (JM )=Y (J )—Y (JM )
YRtI=0.5* (Y (J)+Y (JM ) )*2.*F I
IF (JR .E Q .0) YRM = 1 .
r ’w (JM )= (u (J )+u (JM ) )/2.*t’Y (JM)*YRM
W (J )=W (JM )+t’W (JM )
0 0 + 0.5* (U (J)+U (JM )) *DY (JM )*YRM
SM=SM + O.5* (U ( J)**2+ U (JM )**2)*L’Y (JM )*YRM

102 CONTINUE
SMM = SM
rio 110 J=1 ,NP
W (J)= LUJ)/W (NPF )
L’U (J)=I’W (J)/W(NPP)

110 CONTINUE
W (NPFI=1 .0
PSI = 0

101 CONTINUE
110 9990 NN=1 p KK K
EN TRN=ENTRN+XG ROW *X
NP P S = NP P
IF (KN.LE .3) NITER 6
IF (KN .GT.3) NITER 3
XS=x
x=x+r l x
DO 103 J=1 ,N PP
VK (J>=K (J )

103 V (J)=U (J)
L A M I N = O
IF (LAM IN .E0 .1) R=30
110 444 ITER=1~~NITER 

- -.-~~~~ .~~ - .--.--~~-~~~~~~~~~~~~~~~~
- - . . --

~~~~~~~~~~~~~~~~~~
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DO 120 J=2 ,NF ’
JM= J— 1
JP= J+1
UEI’GE=O .O
UCE=U C 1 ) —UE IIGE
F=CX* ( C+Y5*UCE)
IF ((KN.GT .NNN ) .AND. (LAM IN .E0 .0)) F=K(J)/E(J)
YF’=Y (JP ) *F1 I
YJ=Y (J)*PII
YM =Y (JM )*PII
DWPM =W (JP )—W (JM )
A= 0
B= —Ei4TRN/P SI
RP=RHO/PS I
RPP=4 • 0*RP*RF
CMU=RPF /R* (U C JM ) *YM*YM+U ( J ) *YJ*YJ)
CPU=RPP/R* (U ( JP ) *YF’*YF+1J ( J ) *YJ*YJ )
CM T=CS*RPP*F* (U (JM)*T (JM>*YM *YM +U (J)*T (J)*YJ*YJ )
CPT=CS*RPP*F* (U (JP)*T (JP>*YP*YP+U (J)*T (J)*YJ*YJ)
CMT=CS*RPP*F* (U (JM ) *K (JM ) *YM *Yh+U (J ) *K ( J ) *YJ*YJ )
CPT=CS*RPP*F* (U ( JP ) *K ( JP ) *YP*YP+U C J) *K C J ) *YJ*YJ)
CMK=CONST*CM T
C P K = CONS T * CF T
Ci’IE=O • 5*CEPS*CMT/CS
CPE=0 . 5*CEPS*CPT/CS
G1= (LiW (J)/t’X+4 .*A+B * (W (JP)+3 .*W (J)) )/4 ./ DWPM
G2= (3 ./ I ’X—B )/4 .
03= (DW (JM )/DX—4 .*A—B * (W (JM)+3 .*W (J) ) )/4./DWPM
GSU=CPU/DWPM /EIW C J)
GST=CPT/DWPM/t’W C J)
G5K=CFI (/DWPM/DW ( J)
05E=CPE/EIWPM /EIW ( J)
G6U=CMU /DWPM /DW C JM )
66T=CMT/IIWPM/tiw C JM )
66K=CMK/r’WPM /ti W C JM )
06E=CME ,’t’WPM/riw C JM )
AU=63-G6U
AT=G3—G6T
AK=63—66K
AE=03—G6E
BU=62+GSU+66U
BT=G2+G5T+66T+C1/F/U (J)
BK=02+G5K+06K+1 ./F/UCJ )
BE=02+05E+66E+CEF S2/F/U (J)
CU=131—G5U
CT=G1—G5T
CK=G1—G5k
CE=O1—G5E
IF (ITER.GT.1) GO TO 111
UPU (J)= (DW (JM )*U (JM )+3 .*IIWPM *U (J)+IIW (J)*U (JP) )/4./DX/t’WPM



- .  — .  -
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U P T J = I I W JM *T JM +3.*DWPM *T J +rIW J *T JP )/4./t’X/DWPM
uF K (J )=cr iw (JM)*KCJM )+3 .*riwPM*K (J)+rIwCJ )*K (JF))/4./DX /DWPM
UPE (J)= (1,W C JM)*E (JM)+3 .*IIW F’M *E (J)+DW (J)*E (JFI )/4./DX/t’WPM

111 CONTINUE
DUDW= (UCJP )—U (JM ) )/EIWPM
IITDW= CT (JP ) *YF—T C JM ) *YM ) /DWPM
TJJM= (T (J)— T (JM ) )/t’W (JM)*CYJ+YM)/2 .
TJPJ=CT (JF )—T ( J) )/tiW ( J)* (YF’+YJ)/2 .
DTDW= (TJPJ+TJJM >/ 2.
S U FIRES S —R P* liT 11W
51= -C2* RP* K(J )* E1UIIW *YJ
SK=. — RP*T(J )* DUIItJ *YJ
SE= —CEF’S1*RP*T C J ) /F* DUDW*YJ
FU=UPU C J ) +SU
FT=UPT (J) +ST
FK=UP KCJ )+S t<
FE=IJPE (J)+SE
GU (J)= (FU—AU*GU (JM))/(BU+AU *HU (JM))
HU (J)=— CU/CBU+AU *HU (JM ))
OT (J)= (FT—A T*GT (JM ))/(BT+A T*HTCJM ))
HT (J)=—CT /(BT+AT*HT (JM ))
GNCJ )= (FN-AK *GK (JM ))/ (BK+AK *HN (JM ))
HK (J)=—CK / (BK+AK *HN (JM))
GECJ)= (FE—AE *GE (JM ))/(DE+AE *HE (JM ))
HE C J >=—CE /( BE+AE*HE C JM )

120 CONTINUE
110 330 JJ=1 ,NF ’

130 U (NPP—JJ ) HU (NPP—JJ )*U (NP P—JJ+1 )+GU (NPP—JJ )
230 T (NF ’P—JJ )=HTCN PP—JJ )*T ( NPP—JJ + l )+ GT C NPP—JJ )

K (NPP—JJ )=HK (NP P—JJ )*K (NPP— JJ+1)+GN (N PF— JJ )
E (NPP—JJ )=HE (NPP—JJ )*E (NFP—JJ+ 1 )+GECNF’P—JJ)

330 CONTINUE
U (N PP)=U (NP )/EDGE
T (NPP)=T (NP)/EDGE
K (NPP)=K(NP )/EDGE
E (NPP )=E (NP)/EEIGE
0=0.0
FLUX=O. 0
110 440 J=2 ,NPP
JM=J— 1
YRM= 0.5*CY (J)+Y (JM))*2 .*PI
IF (JR.E Q.0) YRiI= 1 .
DY (JM )=2 .*PSI*DW (JM )/ (U (J)+UCJM ) )/YRM
Y (J)=Y (JM )+IiY (JM )
0 = 0  + 0.5* (U (J)+U (JM )) *I’Y (JM)*YRM
FLUX=FLUX + 0.5*(U (J)**2+ U (JM)**2)*DY (JM )*YRM
UU(J )=( U(J )— UEDGE)/UCE
IF ( . NOT. ( UU(J ) .LT .O . 5 .AN I ’ .UU (J r l ) .GT .O .5 ) )  GO TO 435
Y5=Y(JM )+ (0.5—UU (JM ) )/CIJU (J)—UU (JI1 ) )* (Y (J)—Y (JM))

435 CONTINUE

-~~~~~~~



S

IF (J.E0.NPP ) GO TO 440
JP = J+ 1
I ’WPM =WCJP )—WCJ M)
ENTU ENTRN *WCJ )/PSI* (UCJF ’)—U (JM ) )/IIWFM
ENTK=ENTRN *W (J)/PSI*CN (JP)—K (JM ) )/EIWPM
TDU (J)=U (J)* ( CU (J )—VCJ ) )/DX—ENTU )
UDK (J)=U (J)* ((K (J )-VKCJ> )/E IX—ENTK )*Y 5/UCE**3

440 CONTINUE
I’M=FLUX—SM
IF CCU (N P) .GT.U (N )) ,AND .CT(NF ) .GT.T(N ))) GO TO 9999

444 CONTINUE
UC (KN )=U ( 1)
XX (NN)=X/2.
IF (XX (KN) .LE. 1.1) XXC KN )=1 .1
DPSI=ENTRN*DX
PSI=PSI+DFSI
IF (KN.E Q .1) WRITE (6,1100 )

1100 FORMAT Clx , ’ KN X PSI YNPP YS ENTRN I’M UC 1 ) UC3 ) U
1 (4) U (S) U (6) UNM UN UNP T (NC ) T (N ) K (1) KC KNM

— 
2NN KNP ’)
IF ((KN.LE.1).OR.(KN.E0.NWR ITE)) CALL OUTPUT (5)
IF (KN .GT.51) NNN=5
IF (KN.E 0.NWR ITE) NWRITE =NWRITE+NNN

480 CONTINUE
490 CONTINUE

IF (X .GE .1.0) DX=IIELTA *X
IF (t’X.GT.2 .0) DX=2.0
IF (JJJJ J.EQ .2.AND.X.LE .5 .0) GO TO 556
DO 555 J 1 ,NFF
U (J)=U (J)*SORT (SM /FLUX)

555 CONTINUE
556 CONTINUE

SMM = FLUX
IF (.N OT. ((KN.E0. 63).OR.(KN.E0. 82).OR.(KN.E0.KKK))) 00 TO 9990
DO 1 J= 1 ,NF
GRAPH (J)=Y (J)/X
IF (GRAPH (J) .01.0.16) GRA FH (J )= 0. 16
GRAPH (J+NP)=U (J)/U (1)
GRAPH (J+2*NP)=T (J)/U ( 1 )**2*40.
GRAPHCJ+3*NP )=K (J)/U ( 1 )**2*1O.
GRAPH (J+4*NP)=E (J)*Y5/U ( 1 )**3*40.

1 CONTINUE
CALL PLOT9 (1,G RA PH,NP,5 ,O , FUNC~ . 2 ,  0 . 0 , 1 . 4w  0 . ,  400)
CALL OUTPUT (6)
WRITE (6,7770)
WRITE (6,7771) JR , N~ KKK ,EDGE’ CEPS1, 0 PSM ,FLUX P tiN , X , F , C ,

CX , Cl , C2, CS, CONST , lix PRR~ ENT RN
WRITE (6,7772) CEPS~CEPS2
WRITE (6,6666)
CALL OUTPUT (5)

L :.: t .
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9990 CONTINUE
KNM=NN — 1
KNM8=KNM+8
110 2 J=l ,KNM
GRAP HCJ+8 )=XX (J)

2 GRAPH (J+KNMB +8)=UC (J)
hO 3 J 1,8
GRAF ’H (J)=XXA (J)

3 GRA FH (J+KNM 8)=UCA (J)
CALL PLOT9 (1~~GRAFH ,KNM 8 ,2 ,0 ,FUNC , 28., 0.0,1.4, 0., 400)
KNP=NN+ l

9999 CONTINUE
700 WRITE (6,7770 )
7770 FORMAT (/, ‘ JR N KKK EDGE CEPS1 0 SM FLUX tIN

1 X F C CX Cl C2 CS CONST DX RI
21000 ENTRN - )

RR=R /1000.
WRITE (6~ 7771) JR , N~ KKK ,EDGE, CEPS1, 0 ,SM ,FLUX , tiM , X ‘ 

F, C,
1 CX , Cl , C2, CS, CONST , DX ,RR ,ENTRN

7771 FORMAT (1X,314,17F7.2)
WRITE (6~ 6666 )
WRITE (6,7772) CEPS~CEPS2

7772 FORMAT (lX ~~’CEPS= ’~~F5.3,’ CEPS2= ’,F5.3)
11111 CONTINUE

ST OF’
END

—— — S -
— - r

• .. S. 
~~~~~~~~~

—
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SUBROUTINE OUTPUT (ICALL )
REAL N~ KK , N I
COMMON W (25) ,I’W (25) ,Y (25) ,U (25) ,E (25) ~T (2S ) ,K (25 ) ,TEIU (25) ,UDKC2 S)
COMMON ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,SM ,FLUX ,DM,Y 5 ,R,JR ,F
DIMENSION Y Y ( 2 5 ) , T T ( 2 5 ) , K K ( 2 5 ) , E E( 2 5 ) , U U ( 2 5 )
NPP=N+2

1111 FORMAT (I4~ 1P11E10.2~ 1P2E9.1)
UEDGE O • 0
UCE=U (l)—UEDGE
UCEN=UCE/ (1 • 0—UE DOE )
Z=X/2 .
GO TO (1O0,200~200,200,500,600), ICALL

100 WRITE (6,1000)
1000 FOF~1AT (1X , ’ INITIAL AN D BOUNDARY COND ITIONS FOR NPP W 11W Y

1 U T K
1112 FORMAT ( 1X ,14 ,25 F5.2)

WRITE (6,1112) NPP , (W (J ) , J = 1~ NPP )
WRITE (6,1112) N ~ ( BW (J ) ,J =1,NP )
WRITE (6 ,1112) NPP, (YCJ ) ,J= 1 , NPF ’ )
WRITE (6,1112) NPP , (U (J),J=1,NF ’P )
WRITE (6,1112) NPP , CT (J) ,J=l ,NF ’P)
WRITE (6 ,1112) NPP , ( K ( J ) ,J 1,NPP)
WRITE (6,6666)

6666 FORMAT (1)
200 RETURN
500 WRITE (6,1234) KN ,Z,F’SI, Y (NPP), Y5 , ENTRN , tiN , UCEN ,U (3), U (4),

I U (S), U (6)~ U (NM ) , U (N), U (NP),T (NC ),T (N )~ Nd ), K (NC),
2 K (NM ) , K (N ), K (NF ’)

1234 FORMAT (I4,14F6.2~7F6.3)RETURN
600 ~IIRITE (6~6660)
6660 FORMAT (/,1X , ’ J W Y U T K

1 RX YY UU TI tc.K EE TDU
2 UDK ’)

DO 610 J=2 ,NP ,2
RX=Y (J)/X
UU (J)=U (J)/UCE
YY (J)=Y (J)/YS
TT (J)=T(J)/UCE**2
KK (J)=K (J)/UCE**2
EE (J)=E (J)*Y5/UCE**3

610 WRiTE (6~ 1111) J ,W CJ ) , Y (J), U (J), T (J),K (J), RX , YY (J), UU (J)p
1 TT (J), KK (J)~ EE (J), TDU (J), UDK (J)

• WRITE (6,6666 )
RETURN
END

SUBROUTINE FUNC (XIN ,YOUT )
YOUT=0.

— RETURN
END

• 
S •

~~ •~~~~~~ _ ~~
—a
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‘ 1assumption is only approxtaate . Also the results .can be somewhat different for

different initial input turbu l ence condition s . Therefore , comparison of
experimental results and inter pretation of their accuracy, particularl y when no
detailed meas urements are made at the jet orifice , should be done cautiousl y.
The vari a tions due to the assigned constants in the c losure model are a lso
briefl y discussed.
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