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The 1'nf1uénce of angle of impingement and of presence of a

iy o

crossflow on the f1‘ow, heat and mass transfer of a laminar semi-

4 ’ confined slot jet impinging on an isothermal wet surface was studied

numerically. The digital computer simulation model was bptain% .
form

solving the governing Navier Stokes equations. in their primiti
(velocity and pressure) together with the continuity, energy and

B species equations using a hybrid “upvgind and -central finite differenée

T

scheme based on the control volume integration approach. F1 uid:property

The parameters studjed include nozzle-to-plate spacing, effect

A

of the presence of a crossflow, ratio of the Reynolds numbers of the

—~—

2

. g
crossflow and the jet flow and angle of impingement.
The presence-of a crossfliow was found to reduce the stagnation

point and average heat and mass transfer rates below what Would be:

“N\

expected if crossflow were not present. For moderate crossflow

o
+

magnitude (with respect to the jet) the heat and rﬁ‘ass transfer rates

B e

on the plate are those of an impinging jet weakened by the crossflow, :
: | while for large values of the crossflow magnitude tbr{y dre those of

. / s - 5 " ' '
channel flows along 4 plate. Impingement exists in the former case

_but not in the latter. For a given crossflow magnitude and a given

N A N
i nozzle-to-plate spacing there exists an optimum angle (directed slightly

against the crossflow direction) for which the heat and mass_transfer

=

. C‘) “}\ rates are maximum. o

N R e L ]

variations with both temperature and composition were taken into account.
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’ de 1'ecoulement et des transferts de chaleur et de masse d'un jet

RESUME

On a etudié numériquement 1'influence de 1'angie d'inclinaison

et de la présence d'un vent transversal sur les caractdristiques

d"air 1dminaire ‘sem'i-conﬁné issu d'une i)use de section rectangulaire ,
et impactant sur une surface humide maintenue & temperature constante.a
La simu]atjon du probléme sur 1'ordinateur fut obtenue en résolvant
simultaném:ent les equations de Navier Stokes sous leur forme prilﬁitive
(vitesse et pression) et les &quations de conservation de la masse, de
1'8nergie et des espéces, tout en tenant comh‘te des modifications des
propridtés physiques du fluide diies aux variations de sa temperature
et de sa composit\ion (fraction de v:peur d'eau),

 L'Btude a portd sur les paramétres suivants: espacement entre

la sortie de la buse et la plaque d'impact, effet de la présence d'un
ve}vt transversal, rapport des nombres de Reyno]ids respectifs de ‘1'&cou-
Tement tran§versa1 et du jet;.et angle d'inclinaison de la buse.

Pour les nombreux cas &tudi@s on a analyse les champs de vitesse

et la distribution de\ la pression, du cisaillement, du transfert de

" chaleur ‘(nombre de Nusselt) et du transfert de masse (nombre de Sherwo?d)

le long de la plaque. - /
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Les resuitats obténus éonfi rment que 'Ia presence d'un vent
transversal reduit les taux locaux et moyens' de transfert de masse
et de chaleur du jet impactant. Pour de fa(ibles @coulements trans-
versaux, les coefficients de transfert suf la plaque sont ceux d'un

jet impactlént aff#ibﬁ et dévié; pour de forts 8coulements transversaux

on obtiegt par ¢ ntre des coefficients ,r'&e transfert du type de ceux
que produit un/écoulement d'air para]]e'le 3 une plaque Le jet impacte
effectivement sur'la plaque dans le bremier cas, alors qu'il est emporte
;ransversa] et n'impacte pas dans le second. ‘

tude de 1'influence dq 1,/ inclinaison de 1a buse a montra que
pour urt écartement donné de cette buse vis-a-vis de 1a plague et pour
ur:lv t transversal donnd, 1 éxiste un angle d'inclinaison optimum

pour lequel les coefficients /ﬁe} transﬂ;.rt de masse et de chaleur

soﬁt maximums .
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'5 '}z / ' k . l A . /
A control volume cross sectional area ' T
ae~,aw,,an,a' see'Equat'i,on (4.10)
Ap see Equation (4.19) .- .
[
® CasCy2CraCs  convective flux, puA; see Equation (4.8) v
Cs. ¢ skin friction coefficient, 1:/15ij2 /
¢ ) Cp ] specific heat capacity of fluid mixture at .
R constant presstrg, J/kg.’K. ., . . .
i N -
D v jet nozzle width, m 8
- DgsDysDpysDg ' _dif%ﬁ"sivelﬂux, TA/ax ; see Equation (4.9) ‘
DUp,lZﬂlp gradieht of velocity w.r.t. presélure change from fteration ,
' to> iteration; see Equations (4.21) and (4.22) :
o< L . o
, F ~ flux at control volume boundaries; see Equations (4.1) to(4.5) .
] . _ ‘ ,
. - FACTOR C residual normalization /factor : . ¥
() N A "' gravitational acceleration, 9.807 m/s2 y
L h 7 » heat transfer coeff'igient, Q/(& - Tp),' W/m2. °K
H nozz?e-to-impingemént-pl,ate spacing, m
) Jq Jolar flyx 6f‘1 relative to mass average velocity, a
, le/m%.s
J ; / mas ux of 1 relative to mass average velocity,
., n kg/m2.s- \_ o
‘ O 5 k ’mass transfer coefficién!:..N(l-mp)ﬂmj:mp), kg/m?s; '
gy 1 space coordinate, see Figure 1.1
L noiz1e-to-p1até spacing measured on inclined jet axis,
H/cos o, see Figure 2.1 ! ‘ ,
m ' mass fraction of wafer vapour, mass of water vapour/ - i
total mass of mixture ‘
oy M ratio of crossflow volumetric flow rate to jet volumetric ¢

. flow rate; also equal to the rat'llo of the corresponding T
L . mass- flow rates, and to the ratio of the Reyrolds' numbers” =~ - 4
¢ of th€ crossflow and the jet,  wo - '
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M _molecular weight N '
. w molecular weight of fluid mixture; 1/MW = My/Mij |
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_ pressure,” N/n?
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C o In Chapter 4: pressure correction term from &
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R half width of nozzle', D/2, m 7
r space coordinate; see Figure 1.1
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RESID ~ normalized residual; see Equation ‘(5.§) ! e
. s, source term a p ﬁ
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Stanton number, h/(p: C. 0)
Jpj

component of Tinearized source term; see Eﬁuation (4.20)
thermodynamic temperature, K

velocity vector

averaée velocity at the exit of the jet,nozzlé, m/s
velocity component in the x-direction, m/s

suction velacity along- impingement plate in positive
x-direction, m/s

under-relaxationffactor; see Section 5.5.1
average velocity at entry of crossflow, m/s
velocity component in the y-direc@jon :
volume of control volume, 1.0 uv

mass flux of water vapour aTDng impingement plate
in positive x-direction, kg/m<,s

molar concentration of water vapour, mole/m2.s
space coordinate, m; see Figure 1.1

space coordinat:, m; see Figure.l.l
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size of control volume; see Figure 4.1
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exchange coefficient; see Table 3.1
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u ' dynamic viscosity of fluid mixture, kg/m.s
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T shear stress along impingement plate, uav/ayll , N/m2
¢ variable; see Table 3.1 ’
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N CHAPTER 1 i
" INTRODUCTION

@

Impinging air jets of various sizes and geometrical configurations
are widely used in a Targe number of industrial processes involving
heating, cooling,(and drying of surfaces because of the high heat and
haés transfar rates they can yield. Applications include annealing of
foil, tempering and tbughening oﬁ glass, maﬁuf;cturing of prestressed
autombile WVndshield;. cooling of leading edges of turbine blades and
electronic components. In the paper industry, for example, some typical
(m} . app]icﬁtioné are: drying~of tissue on Yankge dryers, drying of veneer
with hot air or supérheated steam, drying of newsprint at relatfve]y'low
moisture content éy combining 1mpin§ing'jets with a suction ‘applied
through, the wet web. ' . )

Extensive work has beé; p?evidu;]y done by many researchers to
investigate_ flow configuration and heat/mass transfer under round and
slot jets 1mp1ngipg on permeable or impermeable surfaces. For a long
time this wopk has kee; concerned with the study of only one single
transport process (i.e. either heat or mass transfer), but stu&ies‘
reporting simultaneous heat and mass transfer results have been published

recently.
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«One of the important variables, theueffect'of which has not
yet Séen studied in the case of algemi-confined laminar impinging
jet involving both heét and mass transfer is the angle of impingement.
It may be noted that industrial devices seldom entail a single jét,
but rather comﬁrise one or several rows of jets with the consequence
that each jet impinges in a crossflow created by the neighbouring ones.

The bresent study is concerned with simultageous heat and mass

transfer under a semi-confined slot jet impinging at a range of

angles on an impermeable plate over which a crossflow is also imposed.
By "semi-confined" it is intended that the jet is partially confined
by a surface parallel to the impingement plate and §1tuated at the
level.of the nozzle exit.

" The computational methoé presented by Gosman et al. (G7) is -

, ehp]oyed to develop a digital computer simulation model for a steady, ‘

laminar, relatively dry and hot slot air jet disgharging into a cross-

flowing air stream and impinging on a cooler wet flat plate. ‘The

configuration is sketched in Figure 1.1. The simu{at1on is obtained

by so]ving'iterative]ylthe g?verning equations of motion in their h‘g» .
primitive form along with the energy and conservation of species

equations using a hybrid central and upwind d1ffefenc1ng scheme

based on the control volume integration approach. A non-unifbrm grid

is imposed on the flow field and a Tine-by-line method is used to

generi?g/; tri-diagonal matrix which is fhen solved numerically. The

entire domain is swept for each variable at a time.and then iterated

over all variables.

A brief review of the related literature is given in Chapter 2.

OO
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The theoretical development which leads to the finite difference

equations is presented in Chapter 3 while the numerica] and

computat1ona1 procedures are discussed in Chapters 4 and 5 respectively.

\
The numerical resu]ts for flow, heat and mass transfer characteristics

are’ discussed 1:n Chapter 6. ‘yThe parameters which have been studied
include nozzle-to-p]ape spacing, effect of the presence of ém"ssf1dw
(by comparison with q‘ases%wtthout‘crossﬂow)'. ratio of the crossflow
mass \ﬂow-raté \to the. jet ma?%“:&ﬂow—rate. and angle of impingement

for inclined jets impinging in the crossflow direction (downstream) as

. well as for jets impinging against the crossflow direction (upstream).
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CHAPTER 2
REVIEW OF RELATED LITERATURE

/

'

2,1 INTRODUCTION

Many publicatibns have appeared, in recent years on the
fluid mechanics and heat and mass transfer aspects of both’
;aminar»and turbulent impingement flows. These studies, 5
both numerical and experimental, were concerned with various
types of jet velocity profiles and of confinement configura-
tions. A number of publicgtions have also examined the flow
and heat transfer characteristics of multiple impihging jets.
ParameLers such as nozzle-~to-plate spacing, presence of ton-
fining walls, motion of the impingement surface, temperature
dependent properties, presence of swirl, and applicétion of
suction’ or blowing have been considered. A few investigators
have stﬁdied the effect of non-normal impingemeﬂt, but they
all were only concerned with turbulent flows, and no previous
data or results have been found for the case of a laminar
impinging jet discharging in a crossflow at various angles.
In view of the large number of parameters governing fl;w,
heat and mass transfer under’impinging jets, it is not sur-
prising that a serious disParity exists between :hg.reéults
and correlations of various workers. Obot (01) in pariicular
has analyzed the extent of disagreement. A number of exten-
Ssive reviews on variqus aspacts of impinging jets have

appeared in recent years (qﬁ, M1, M3).

9
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The reader is referred to these review articles for general knowledge
and comprehension of the phenomena related to impinging jets: Only /
the more relevant references of direct interest to this study will

be mentioned in the present thesis.

It may be noted that most of the numerous publications in
impingement transport are concerned with axisymetric round jets. The
case of slot jets has been studied to a lesser extent, but, although
the behaviours of these two types of jets are not quite identical, ihe I
trends of the transport phenomena and the influence of many parameters

are similar; consequently, work on round jets as well as slot jets will

be cited here.

2.2 IMPINGING JETS :

2.2.1 Flow Characteristics

rThevf1ow patterns of jets impinging on a solid surface have been

e R RTR A LT

discussed by many investigators (Gl, M1, D1); four distinct flow regions.

I

¥
3
3
|
H
A
1

can be c7aracterized. These are shown on Figure 1.2 and are described as

[t

follows:

(1) Region I is the region of flow establishment. It extends from the
nozzle exit to the apex of the pojential core. The so-called potential
core is thg central portion of the flow in which vé?ocity remains equé]

to nozzle exit velocity.

(2) Region IT is a region of established flow in the direction of the
jet beyond the peak of the potential core; it is characterized by a
diminution of the centerline jet ve{ocitx and by a spreading of ;he jet

in the transverse direction. This region is often refered to as the \

free jet region.

(3) Region III is the region where the jet is deflected from the axial

iy
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direction due to the presence of the impingement surface. It is
usually called the impingement flow region.

(4) Region IV is the region‘of lateral flow along the impingement
surface and outsidé the stagnation zone. This region 1skknown as
the wall jet reﬁiqn. where the flow increases in thickness as the
bound$§¥‘1ayer builds up along the solid surface.

ﬁggggreceding characterization of flow regions is generally

‘valid for an unconfined jet. In the present study, as noted in Chapter

1, the flow is confined between two parallel plates (the impingement
surface and the upper confining plate of equal size), and this induces
a region of recirculating flow betwéen the confining surfaces (H3, S$2,
¥2). Most industrial applications of impinging jets for heating, cooling
or drying do involve the presence of a confining wall of some kind.

0f fundamental importance in the study of impinging jets (or any
jet) is the distinction between.laminar and turbulent jets. For a
round jet, for example, Vickers (V1) states that the critical Reynolds
number (based on nozzle diameter and nozzle exit ¢eloc1ty) which
distinguishes laminar jet flows from turbulent jet flows is about 1000.

On the other hand, McNaughton reports four ‘jet patterns for free jets

(M2), namely:

\‘71) The dissipated laminar jet, Re < 300. In this case, thé'viscous

forces are large compared to the inertial forces, and the jet diffuses

rapidly into the surrounding fluid.

(2) Fully laminar jets, 300 < Re < 1000. In this case there is no

naticeable diffusion of the jet into the surrounding fluid.
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(g) A transition or semi-turbulent jet, 1000 < Re < 3000. (

(4) A fully\turbulent jet, Re > 3000. )

These results were confirmed by Cederwell (C1) who also found that .

jet§ are turbulent for Re > 3000. Although this discussion relating
jet patterns to Re range is based on‘§tud1es of circular jets,
corresponding criteria appear to apﬁly also to jets issuing from s!ots.
Gardon and Akfirat (G6) indicate tha? slot jets are turbulewt for
Re = 2000 (where Re is based on the slot width)./ ‘

A theoretical study reported by Levey (L3) indicated that the
effect of the impingement surface was not felt by the jet further
than one slot width from the surface; this study was for an idealized
case, i.e. incompressible flow with no account for viscous effects or

turbulent mixing. Other studies (Gl, G2) and particularly the

b
experimental work of Tani and Komatsu (T3) confirmed that no effect of
the impingement surface on the jet was observed beyond about two jet

‘diameters from the plate. Consequent}y, an impinging jgt can be

' constidered to behave like a free jet except in the immediate vicinity

of the impingement surface. - ¢
{ Results of some pmevio!; studies on flow in the four characteristic
regions are described below.

#

Region of flow establishment (Region I)

Near the nozzle exit the jet is decelerated by the tangential
shear stress whi]e‘the surrounding fluid is correspondingly accelerated.

This interaction produe®s a zone of mixiﬁg at the jet f1ow?per1phery

L'
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( } which grows in width in thé downstream direction, leéving a potential
. ‘ core within which the fluid properties and the velocity remain relatively

unchanged from their values at the nozzle exit. Eventually, at some

~

position downstream, the coré is dissipated as a result of the mixing
action. ’
Experimental data reported by A1bert§9n (A1) suggest that the
sole force producing deceleration of the jet and acceleration of the -
surrounding fluid is g;ngential shear within the mixing region. Then,
if viscous action has no 1?f1uence on the mixing procéss, the mean flow
shou]p‘be dynamically similar under all conditions. Thus a similar
velocity profile must characterize every section in the éfffusion zone.
Asha'matter of fact~A1bertson's experimengal data follow thie general
-éﬁend of the Gaussian distribution and he writes for each vaéye of x:

O _ ; .zm.; EXP(%;) (2.1)
: ¢

c

where:

x = distance along the axis

¢ ] Yy = tramsverse distance from the jet axis

|, u(y) = veloeity at distance y from axis ' / | .

9 .o
')uc‘ﬂ velocity on the jet centerline

\f |
\,s = standard or root-mean-square deviation (the value-of y fdr which

u = 0.606 ug).

o . This equation is merely a result of 4 curve fit and has no theoretical

basis. The condition of dyegmic similarity requites that at all cross’

sections, regardless of tﬁé’éfqux velocity, »

Sag " : ] ' (2.2)
X - 0 :
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where the value of K must be determined experimentally fop—4a slot
jet. Combining this analysis of the velocity field in thg potential
core (Region I) with a similar analysis in Region IF%énd with his
experimental data, Albertson states that the potential core length

for slot jets extends 5.2 slot widths. He investigated air flowing

tgroqgh slots_of widths‘0.635, 0.159, and 0.079 cm for a range of
Reynolds numbers. s ‘ “
In an appendix to reference (Al), Baines examined the results
of Alber;son more closely and conc]uded that the Reynolds. number has
an effect on the potential core 18hgth. For a round jet he recemmended
" values of 5 nozzle diametePs for Re = 14 000, and 7 nozzle diameters
for Re = 100 000.
The length of this potential core has been measured by several:
’ither researchers. Hrycak et al. (H4) found that the length of the
potential core is dependent upon jet Reynolds number, He reported ¢
Tengths of 15 jet. diameters at Re = 500 for round jets. This length
. increases with Reynolds number to a maximum of about 20 diameters for
Re = 1000. As Re increases further, small scale turbulence is established
and the potential core length decreases sharply, hecom1ng he]ative]y
constant at a lenﬁhh of about 6 to 7 diameters for Reynolds numbers
\\\ larger than 10 000. Other rese chers (s1, /Dl N1, §7) have reported‘Q
thé length of the potential co QW axisymetric turbulent Jets to
- gxtend from 4.0 to 7.5 nozzle diameters.
Since. from a heat transfer standpoint core length is important,
“ .1t appears 1n view of the disparity of these resu]ts that additional
)ﬁgyork;1n this area is requireé

L
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Region of established flow {Region II)

For free slot jets Albertson et 51. (A1) showed that the decay
of centerline axial velocity is inversely proportional to square
root of the dimensionless distance from the jet nozzle exit. With

the definition for K given in Equation (2.2), Albertson writes:

u( 1 (lei ork uc(x) '/t_(x)";5

uc(0) J D ug(0) D

L

where:
uc(x) = centerline velocity at distance x from nozzle exit.
D‘= nozzle width , |
C.= potential core Tength

| For free circular jets Albertson (Al), Gauntbr et al. (Gl1) and
Donaldson et al. (D1) found that the decay of the centerline velocity
is inversely proportional to dimensiontess distance from the nozzle

exit. If K' 1s the value of K — as defined in Equation (2.2) ~~

determined for a round jet, one writes:

uc(x) 1 /xy <! u (x) - x\~!
u (0) ) EE'(E) - u(0) EC(E)

A
{

where:
D'= nozzle diameter
C' = potential core length

For Taminar impinging jets, Saad (S2) and Huang (H2)have observed’
in th$1r numerical studies that rate of spread and axial ve]ocity/ decay |,
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are dependent on shape of the velocity profile at the n9221e exit.
Unlike the case of a parabolic inlet jet profile, there is a strong
and immediate 1ntera;tion between the jet flow and the surrounding
fluid for a flat (plug) velocity profile. In this latter case,
axjal momentum just inside the free streamline is an order of magnitude .
gréater than that in the entrained fluid just outside the free stream-
1ine. Accordingly, the high momentum flﬁid of the jet begins to diffuse
immédiately into the weaker flow field into which it is discharging,
causing a considerably higher rate of spread of the 3et. For the
saﬁe reasons, the axial velocity decay is also faster for a jet
issuing with a plug profile than for one issuing with a parabolic
velocity profile:

In some app{ications, and particularly in the present study, the
impingement ;urface is ﬁ]?ced insid; the potential core region. In
this case the free jet region will be vanishingly small.

-

Region of deflection (Region III)

As the jet flow approaches the impingement surface, it is rapidly

‘decelerated and pressure increases. If the impingement suqface is coA

impermeable and non-evaporative, the velocity is zero and the pressure
attains a local maximum at the stagnation point. Over the impingement
surface, the axfal flow is deflected i.e., axial momentum is transformed

into transverse momentum. Flow is of the boundary layer type with the

influence of viscosity restric;eq,to a thin Tayer near the impingement

surface.

e
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Beltaos et al. (B4) in a study of shear stress along the
impingement plate in the case of turbulent axisymetric jéts,
found that it increases almost linearly with radial distance r
from the stagnation point te a maximum value, after which it
decreases with further increase in r. Similar results have been
found numerically by Saad (S2). Saad (S2) and Li (L2) found that
shear stress on the plate, expressed nondimensionally as skin friction
coefficient, Cf, does not depend on square root of the Reyno]ds number
as is predicted by boundary layer theory for a flat plate boundary
layer. They found, neverthe]essﬂ that Cf decreases as jet Reynolds
number fncreases. .
Evaporation along the impingement plate increases the masshf1ow-

rate of fluid over the plate. As the evaporation rate increases, the '
"effective local Reynolds number" increasgs at constant jet Reynolds
number, causing Cs to d?erease (L2). 1In addition to this Re effect,
eyaporation also decrgases the axial gradient of the radial velocities,
thereby further lowering C¢. In his honmdter simulation of axisymetric
roupd jet Li (L2) also found that the appl%cation of suction through
the plate leads to an increase in Cg.

Wall Jet Region (Region IV)

Glauert (G3) divided this flow region into two parts:

(1) an inner layer where the effect of the wall is felt by the fluid flow.

—

(2) an outer layér which 1s characterized by the features of a free flow.

Ahe.boundary between these two layers is taken as the positiomkof the

gt i |

-
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maximum velocity. G)
In the case of round jets, Poreh et al. (P3) and“Glauert (G3)
RS
showed that this maximum velocity can be expressed as a functien of the

radial digtance r as follows:

v? _ Constant {
max’ M

where n ranges from 1.1 to 1.143 according to various investigators.

Martin {M1) and Donaldson et al. (Di) further report that :
v Jus =B r ™

where n takes the same values as in the previous équation. and where

B is a function of H/D only (S1).

2.2.2 0Oblique Impingement

It has been seen in the previous paragraph that the existenée of
four distinct flow regions have been established in the case of a jet
impinging normally on a flat surface;, and that a fifth reg?%(region

of recirculating flow) also exists when the jet is confined. The same

regions can %e expecte“d to exist in the case of oblique impingement (B5}.

However, while for normal impingement the flow is entirely symetric, .
this is not so for oblique impingement.

©  Beltaos (B6) measured the wall pressure distributions in the
impingement zone (Region I1I) for slot turbulent jets impinging with
various\ angles. Operating at L/0 ratios ranginggfrom 45.5 to €8.2,

( he found that the stagnation point, which corresponds to the location

< [ \ ‘
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of maximum wall pressure, does not coincide with the intersection of
the wall and the jet centerline gut is shifted by a distance, s,(see
Figure 2.1). This shift is caused by the tendency of the stagnation
streamline to intersect .the wall at right angles. With their
experimental data obtained for L/D = 20,30 and-40, éﬁhauer and

Eustis (S10) evaluated the eccentricity of the stagnation point and

proposéd the. equation,

S$-0.15 tan o | T
L )

with notations as indicated on Figure 2.1.

For the case, 6 = 60°, Beltaos (B6) repaorts that the pressure
excess with respect to ambient mean pressure is seen to take negat1ve
values on the side of negative x (Figure 2.1). This occurence has
also been observed by other investigators (K1, S10) and 1s be1ieved
to be the result of a vortex formation in the entrainment field.

When 8 becomes sufficiently large, the boundaries of the free jet

and of the wall jet get so close to each other on the side of negative

x that some of the fiuid in the upper layers of the wall jet is entrained

in the free jet, thus completing a circulatory motion and forming a vortex.

At the same time, the vortex is located sufficiently close to the wall”

so as to impress some low pressures on it (B6).

F LR fJ‘J ¢

v

2.2.3 Deflection by a crossflow

Although several investigators have studied various aspects of

— 4 il
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impingement heat transfer for a turbt.g,ent jet in"a cross flow, only

one publication (83), as will be seen further, reports observations

of the flow pattern characteristics for such impinging jets. How-
ever, because of the applications of free jets in the areas of fluid
waste disposal, dispersion of effluents from chimey stacks, and fan

and win@ombinations used by V/STOL aircraft, many researchers have

studied the flow of turbulent jet flows deflected by a crosswind.

Since their conclusions are of interest to the present study, they

will be briefly summed up h%re. )
Careful observation maﬁ;_ by Pratte and Baines (P4) of a jet

of nonbuoyant smoke discharging normad fid aacrossﬂow_,‘Jead to theﬂ ;

delineation of three flow zones (see Figure 2.2):

(/1'5 The potential core still exists. In this potential zone the 4

i

streamlines are essentially parallel to the jet direction, and the

.

crossflow is affected in the same manner as if a solid cylinder were

‘ present. The small entrainment/—velqgﬁ:%moves fluid toward the jet

at the sides and a separation occurs just behind the maximum width.

In the wake, the mean velocity is much smaller than in either jet or
crossflow and two attached vortices can be seen, exactly as. found in
flow around a cylinder at low Reynolds number. At the end of the poten-
tial zone the eddies are of comparable size to the jet and appedr to

be strong enough to add to the jet entrainment. Downstream of the jet
and attached eddies, the crossflow recloses, forming a decelerated but

relatively steady motion.

et e v

(2) Zone of maximum deflection: this zone is characterized by the

deflectign of the jet and by a rapid decrease of mean velocity. Just

P
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béyond the potential zone the crgss and jet flows mix rapidly becausé‘ '
the volume of fluid entrained increases with the effective jet diameter.

The ac,t'iaonw of the crossflow momentum causes the jet to benéd over. Turbulent
shear acts as in the simple jet (i.e. without crossflow) to entrain the
surroundi/ng air, as do the attached eddies which grow and intensify to
occupy a 'I,arge part of the jet cross-section as a pair of vortices. The:
mean velocity decrea\;es much more rapidly than in thé casé of a simple .jeth
(K2). In a re'laj:ive}y short length the jet ish moving in a d'irectf%in only

a few degrees different from the crossflow direction (see Figure 2.2), and
no longitudinal relative motion Setween the two flows can be detected.

(3) In the third region, referred to by Pratte and Douglas as the vortex
zone, t}he two turbulent %rtices are carried along at the crossflow velocity.
The profile continues to rise at a slow and decreasing rate, the vortices
increasing 1‘,n size along with the jet cross section, but decreasing in
angular velocity. It would be expected that in an infinite crossflow, the
turbulent and vortex motions would be dissipated by viscosity, so that the
jet would appr"oacri the conditions of its surroundings. An indication of
tl'%'e Tength of the vortex zone is given by obgervation of its continued
existence 1060 jet diameters downstream of tl;e source in a wind tunnel.
Pratte's results are in good accordance with what has also been
found by ,Keffer and Baines (K2) and by Platten and Keffer (P5) who plotted
the loci of maximum velocity obtafned for a jet discharging at right ang]ies

into the main stream. They report that the most marked result of increasing

the yelocity ratio (i.e. the ratio of the jet velocity to the crossflow velocity)



P W SRR

e

-

14

" 20.

is that the trajectories experience'a less abrupt ﬁ;ﬂection upon

entering the cmssf'I?w. One would expect the abs;ﬂute jet penetration

to depend upon the initial momentum flux of the jet relative to the cross-
wind, and this is( confirmed by fhe higher values of x/0 reached by the
high velocity ratios within the curvilinear zone in Platten's experiments
(P5).

The only study of the flow pattern of an impinging jet in a cross-
flow that this literature research could uncover is the one published by
Bouchez and Goldstein (B3). Flow visualization has been perfonneg for
turbulent jets in a wind tunnel using a fog generated by dropping carbon
dioxide pellets (dry ice) into a pressure vessel filled with hot water.

The authors show interesting picrtures for H/D = 6 and '12. They found that
when the jet impinges violently on the opposite wall, tt;ere is a strong
turbulent recirculation- zinne,upstream of the impingement area. This ,
vortex is associdted wit,lli a noticeable underpressure in this area. Just
downstream of this underpressure, an overpressure is present and is in
effect the signature of the stagnation point. Due to rapid lateral spread-
ing of this zone, there is a sidewall effect when the tunnel walls interfere
with the flow. This occurs only a few diameters downstream of the stagnation
poinf and causes an yplift of this area of the j;et.’ As the Wrate
mass flux ratio (of the jet to cr‘ossﬂow)j;creases, the re;ir'culaﬂon zone
diminishes and finally disappedrs as does the underpressure.

[t may be noted here that all the publications reported in this section - '
are concerned with turbulent jets. An extensive litterature research failed ‘
to uncover any previous study of the flow field characteristics of an impinging

laminar jet in a crossflow.
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2.3 IMPINGEMENT HEAT AND MASS TRANSFER

Al

2.3.1 Analytical Studies
™~ AN

2.3.1.1 Various theoretical approaches

|

|

Two categories of theoretical approaches have been adopted by
most researchers to predict the laminar impinging jeé heat or mass transfer &
characteristics: (1) inviscid flow - boundary layer solution matching
schemes, and (2) iterative finite difference procedures to solve the full
elliptic governing equations. T
(1) Inviscid flow - boundary layer soﬁtion matching schemes: This approach
is used near the stagnation region, based on the assumption that in the free
jet région (as defined in paragraph 2.2.1) the flow is inviscid and can be
represented by an appropriate potential flow solution, and tr;ét\iq\the ‘
stagnation region a laminar flow exists. '\ The potential flow solutio\ri'is\
used to provide the free stream velocity for computation of the wall boundary
layer flow. The governing boundary layer equations are transformed into
convenient forms by using suitable similarity variables, and the resu]yting
differential equations can be solved by finite difference methods, hence
allowing prediction of the stagnation region heat tramsfer. The ma{n draw-
back of this method, besides its inability to predict the effect of turbulence,
is the uncertainty as to the size of the laminar bounda'ry layer flow.
Measured values were found to ‘exceed predicted values, sometimes by a 1argé
amount, both for éjrcufar and slot jets (H5). .

Wall jet heat transfer predictions, although mostly limited to slot

Jjets, have been found to agree with experimental results (H5). The
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theoretical approaches emBloy consideration of two flow layers: an
inner layer along the wall and an outer layer assumed to behave as a
free jet. Both integral and finite difference‘solutions. often complicated,
have been obtained by various investigators.
(2) Iterative finite difference procedure: The full elliptic partial
differential equations of conservation of mass, momentum, and energy
are transformed into sets of finite difference equations which are then
solved iterathe]y. This method, Tike the previous one, is not satisfactory
to handle turbulent flow problems. For laminar jet flows, however, this
approach provides solutions which are in excellent agreement with experimental
measyrements, as has been shown by Saad et al. (S11) and by van Heiningen et
al. (v2) : "

2.3.1.2 Parameters governing heat and mass transfer

(i) Jet velocity profile at nozzle.exit: Sparrow and Lee (S7) studied
the“effect of jet exit conditions and showed that, for a non-uniform initial
velocity profile of the jet, the streamwise velocity gradient at the stag-
nation point was relatively constant over a large range of nozzle-to-plate .
spacings, For d uniform (flat) initial vélocity profile, however, there

were significant changes in velocity gradient for different spacings. From
the relationship between stagnation.pgint heat or mass transfer and stream-
wise velocity gradient,’the.behaviour of the stagnation point heat transﬁgr.

e inferred. Scholtz and Trass (S4, S5) derived a potential flow solution
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so]ved'numem'caﬂy the full Navier - Stokes e;quations, in theirv stream .
function-vorticity formulation, coupled with the energy equation for an
impinging slot jet. They found that for H/D = 4 and Reynolds number between
100 and 950, the .;.tagnat'ion heat transfer raté for an initially parabolic ~
velacity was 1.5 to 2 times the value for an initially f1a1; velocity profile.
Yan g}{einiy@gen explained his results by noting that the jet contracts slightly
below the nozzle f;n' a parabolic profile, while for a flat profile the
jet e:xpands Aconti'nuously. Consequently the free streamline 1is significantly
closer to the impingement plate for the parabo]\ic velocity profile oyn‘ng i:o
its higher momentum and lower rate of spreading, leading thereby:to steeper
velocity and temperature gradients‘near th; impingemept pléte. ’

Saad (§2)ﬂ in his simulation of flow and heat transfer characteristics
of a laminar semi-confined impinging round jet further confirmed these results.
(11) Nozzle-to-plate spacing: Although the rate of heat transfer mustidecrease, -
for sufficiently large va'1ues( pf nozzle-to-plate spacings, for small values
of H/D heat transfer has been reported by several researchers to be in;ensi tive
to nozzle-to-plate spacing. Sparrow and Lee (S7), for example, formulated
this conclusion for H/D ar:Jund 0.25 and 1.5. Saad (S11) in his simulation
of an axisymetric round jet found that, over the range 1.5 <H{0<12, there is
no perceptible decrease at Re = 950 and only 15% decrease at Re = 450.

N In his simulatiop of simultaneous heat and mass transfer for a round
axisymetric impinging jet, Li (L2) found that transfer rates decreased with
inéreashg nozzle-to-glate spacing for,H/b>_6_. He associated this resul} with

a decreasé in the Timiting radial 've1oc1ty’ gradient.’

(114) Jet _confinement: When the impingement and confinement surfaces are

EN
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sufficiently large, a complete recirculation t;ubbloe attached to the

corifinement plate is established. Such a reci rculatfon bubble influences

the sprpading of the jet and the flow pattern of the deflected jet.” As

is reported by van Heiningen et al. (V2), this feature of the flow influences

the heat transfer rate distribution along the impingement surface. As for just

the Stagnation zone however, by comparing his own results for semi-confined

jets with the experimental results for unconfined jets of Scholtz and Trass

(S4) and Gardon and Akfirat (G4), Saad (§2) showed that the preéence ofa . ”

confinement platé has only a minor influence on the stagnation point heat -

. transfer for 2<HyD<4 and 450<Re<2500, regardless of the shape of the, initial

£
Py

jet velocitx profile. Van Heiningen's results for thewstagnation regiyu are s
consistent Jwith Saad's conclusion,
This observation is in Jgood agreement with the statement of Giralt et

al. (G2) that the stagnation flow region can be considered to start at a distance

around one nozzle diameter from the impingement plate. It is the velocity -

profile at this particular location that determines transfer rates in the )
stagnation zone. Hence, provided that the effect of the Fonfinement plate - 2
induced recirculation flow is not suf ficiently strong to affect the free i
streanlines (i.e. region II of the flow figld), the effect of partial

o

confinement is not felt in the impingement region.

(1v) Temperature - sensitive fluid prope'rtie‘s: Van Heiningen et al. (v2)
presented the influencé of variable proherﬁes (viscc;sity, thermal conductivity,
etc.) on the Sta\nton nwrper. They alTowed viscosity to vary with temperature
according *t"o‘ tﬁe'Van Driest interpolation formula. It was. found that the non-
d'lmension.al‘;'teuperature gradient at the wall was affected by the change from

constant to variable fluid properties. However, away from the stagnation foint *
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the heat transfer coefficient in form of Stantoﬁ number based Bn properties‘
at tge|nozzle was foutg/to be hardly affected by, the change in variable
properties. , Van QEiningen noted that this was in agreement with the
theoretical solutions of the inf1uénce’of variable properties on two-
dimensiony].stagnation fiow and laminar boundary-layer flow over a flat .

plate without a pressure gradient. - r

*(v) Suction and blowin?: Saad (SZ),yvan Heiningen (V2) and Huang SHZ)
investigated the effect of suction on impingement heat transfer for round
and sh?t jets; in Saad's ”sg. far example, the suction velocity was 1%
of the jet velocity. T Y all found g@at suction enhances the transfer
rates by about a constqht abso{u%e increment over the entire region from

the stagnation point ou;ﬁfo the'wall jet region. Skin %rictdon was like- .

X wise found to incregse with the application of suction.

= On the ather hand blowing 1ead§lto a lowering in local heat transfer
coefficients over the Entire 1mpingeméﬁt surface by an equivalent constant
absolhte increment. The enhancement of the heat transfer rate dﬁe to suction
has been observeqfexperiﬁéntally by Obot (01) for a turbulent round jet.

»

(vi) Presénce of evaporative mass flux: This is the case of simultaneous

heat and mass tran;fpr. No computer simulation of this case was available
unt11pthe recent stud;Lbf L1 (L2). He found that thé presence of an evaporaé%ve
mass Flux increases the various boundary layer thicknesses and reduces both
heaE and mass tréﬁsfér‘rq;es; "He observed that this reduction was almost
independent 6f the qet Réyno1ds numbe;, but was depehdent on the magnitude

of the axial velocities over th; impingement surface.

(vit) Presence of a swirl: The study of Huang (H2) seems to have been the
“»

H
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only attempt to investigate numerically the effect of swirl on laminar .
impingement transfer rates. Huang solved the full Navier-Stokgs gguatioﬁs’”
together with the energy equation in their primitive ?b%m‘hsing a hybrid
central and upwind difference scheme. He observed that swirf enhances the
rate of spreadlof the jet causing, under céftain conditions, development

of a t;roidal recirculation region next to the impingement plate. This
closed recirculation flow in the stagnationfregion effectively insulates
tgg plate from the jet flow, causing a subs%éntia] decreﬁse in stagnation

-

region heat transfer. Furthermore, the stagnation point Stanton number

. %
was found to be insensitive to variation in the nozz1g—to-p1ate $pacing

(X

for 1.5<H/D<4. Since introductidn of a swirl generally results in lowered
average heat transfer rate; (H2), it is evident that §@1r1 should be avoided

in all practical applications excepf when a less peaked transfer rate profile
1s desired. ¥

(viii)ﬁ Reynolds Mumber: Initial attempts to predict heat transfer from an

1mﬁCnging jet to a plane surface analytically were 1imited to the neighbour-

hood of the stagnation point. Most investigators assumed laminar conditions

to exist in the‘impingement region, even for turbulent jets. This assumption

is suported by Gardon and Akfirat (G4, G6) who observed experimentally the
existence of secondary peaks in the loca) heat transfer distribution ;}ong

tﬁé plate for small A/D rat10§, and who ascrﬁbed these secondary peaké to a
transition from léminar t; iurbu]ent boundary 1ayers. With this Taminar flow
assumption, a Relﬁ dependghce for "the Nusselt number was found by most researchers,
Kezios (K3), for example, reports the following expression for the stagnatioﬁ

point heat transfer: p o

whte
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- Nu0 = 0.g75 ReD/Z

!

where the characteristic length is D/2 (nozzle radiys).

It is however appropriate to remark here that Wolfstein (W1)
\
noted that the observed dependence of Nusselt number on Reynolds number,

as indicated by the exponent on the latter varying from 0.56 to 0.87,
suggests existence of tlrbulence even near the stagnation point. The
effect of free-stream turbylence should therefore be considered, and one
of the major reasons for the disagreement between theory and ueasureﬂents
may be neglect of this influence.

q

(ix) Fluid properities (Schmidt*or Prandt] number): Many heat and mass transfer

correlations in tergs of Reynolds, Prandt! and Schmidt numbers have been

established. Waltz (W2), using the results originally derived by Eckert,

obtained the expression:

v

0.3 0,5
Nu = 0.44 Pr Re o~
r .

for the Tocal values in.the axisymetric flow, where Rer is the local Reynolds

‘number at distance r from the stagnation point. For the average values he found:

x

— .36 -]
Nu = 0.88 Pr Re:

Metzger (M4), using Eckert's wedge flow solution, obtained for slot jets the

PN -
following equation for local values of Nusselt number based on distance from {
the stagnation point:

Nu = 0.57 Pr’** pe)® o R

e B v

o, e o W
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and for the average values of Nusselt number he found:

0.37 0.5
Nu = 1.14 Pr Rer

-

0.333
Wolfstein (W1) found a Pr dependence for the stagnation Nusselt

- number, in the range 0.7 <Pr < 10.

The inability of such formulas to account directly for the effect
of the nozzle~to-plate spacing must be considered their principal weakness

The proglem of mass transfer in laminar radial wall jets has been

P L

(HS).

studied analytically by Scholtz and Trass (T6) using the von Karman - Polhausen

approach which assumes polynomial forms for the velocity and conéentration

profiles. Assumiyg Sc > 1 they found that the mass transfer coefficient for\

-1.25 0.75
the laminar wall jet was dependent on (x/R) and Re . These results

. 1
recefved experimental confirmation by the work of Kapur and McLé?d:(K4) who

used a laser holography technique to measure logal sublimation rates. Scholtz

and Trass (S4, S5) later obtained a solution for mass transfer in the stagnation

region. For a non-uniform laminar round jet with 1 < Sc < 10, they gave the

following correlation for the stagnation point Sherwood number:

0.361
Sh = 1.6484 Re® Sc. . \

“ This cprrelatibn has been found to be in gpod agreement with experimental

results for the mass transfer coefficients in the case of sublimation of

naphthafene into air (Sc = 2.45) (S5). ‘

\
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2.3.2 Experimental Studies -

\

2.3.2.1 Introduction: whereas\numerical 1nvestigat106¥'on impinging jets
were mostly concerned with laminar jets, almost all experimental investi-
gations have been for turbulent jets.

| Hrycak et al. (H5) surveyed the correlations proposed by various
researchers and noted that a comparison between resu}ts of heated jets
impinging on room-temperature surfaces and room-temperature jets impinging
on heated surfaces is difficult because of fundamentally different boundary
conditions. In addition heat transfer rates were measured in different ways
by the many researchers. The various methods include use of metal rod
calorimeters, steam calorimeters, thermoéouples. and heat transfer gages.
The areas over which these measurements were made varied in size, and what
some Investigators called local Qalues were in fact at best average values
(H5). As for mass transfer rates measurements, methods such as laser
holographic interferometry, weight loss determination of humid materials,

&
and sublimation of naphthalene were used.

\ In a critical review of the many different analytical and experimental
studies, Obot (01) has found large quantitative diffiyences between the
results. However, the experiments reportea in the present review of more

1(mited scope reveal in general the same trends.

2.3.2.2 Parameters qoverning heat and mass transfer

(1) Nozzle-to-plate spacing: Huang (H1) investigated both stagnation and

average heat transfer from a hot turbulent jet to a surface normal to the

Jet flow with various nozzle diameters and nozzle-to-plate spacings.

I

ey o
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In his investigation the heat transfer coefficient was found to be
independent of spacing for H/D < 6. In contrast, major changes were
found by Gardon and Cobonpue (G5) who present results of tests of
cool air impinging from a circular jet onto an isothermal hot surface.
These authors provide results for variation of heat transfer rates with

radial distance from the stagnation point, for a nozzle exit Reynolds

number of 28 000. They obtained, for large nozzle-to-plate spacings,

. smooth bell shaped profiles with the maximum at the stagnation point.

As nozzle-to-plate spacing was reduced, they obtained secondary peaks
in the heat transfer rate profiles. At H/D = 6 an anular hump begins to
develop and grows into a well defined secondary peak as H/D decreases
further. When nozzle-to-plate spacing is less than the potential core
length, they found that, at the stagnation point, the central peak was
replaced by a central minjmum in heat transfer. For values of H/D < 0.5,
the impingement of a free ﬁet gives way to a wall jet and the heat transfer-
rate increases again. ° |

Chia et al. (G2), who studied mass transfer under turbulent
axisymetric impinging jets at Re = 34 000, ;eport the same type of radial
distfibution of mass transfer-rate at various nozzle-to-plate spacings.
The radial variation at H/D = 1.2, in particular, shows two pairs of
peaks at values of x/R of 1.2 and 3.9, in contrast with the bell shaped
distribution found at H/D = 8.0. Similar peaks were also observed by
Gardon et Akfirat (G4). The inner peaks were attributed to a thinning

of the accelerating boundary layer flow when th ﬂnozz]e-to-p]ate spacings

are small; the formation of the outer.peaks was{ attributed to flow turbulence,

) - o
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\\jigecifica]1y to transition from laminar to turbulent flow. )
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The experimental investigations mentioned above havéibeen
carried out with relatively high ﬁeyno]ds numbers. Of great importance
for the present study are the results of Kapur and McLeod (K4) whose
Reynolds number is of the same order of magnitude as that used in the
present computer simulation. They report that the mass transfer coefficients
near- the impingement point for Re = 1340 and nozzle-to-plate distances of
0.5, 1 and 1.5 diameters, are found to be independent of H/D, both at the
stagnation point and in the region close to it, as are those in the wall jet
region more remote from that point. These results are in agreement with
those of Gardon and Akfirat (G6) who found that for Re less than 2000 and
nozzle-to-plate distances of 0.5 to 5.0 diameters, the stagnation point
Nusselt numbers depend on the Reynolds number only.

The large variety of experimenté] conditions chosen by the variéus
researchers, as well as the complexity of the problem, make it difficult to
draw precise quantitative conclusions as to the effect of the nozzle-to-
plate spacing on heat and mass transfer.o However, the general trends ha;e

been established clearly enough and could be summed up as follows: For very

. small H/D ratios (up to 2 or 3) some researchers find no effect whereas other

investigators find a small diminution of the stagnation point heat transfer

when H/D increases. For larger values of H/D, the local heat transfer co-

- efficient at the stagnation region 1ncfeases with spac%nqinreaches a maximum
1

value for a spacing corresponding to the potential core gth (usually between

6.0 and 8.0), and then decreases for higher spacings.

Among the many published corre]ations, the one of Gardon and Akfirat (G6)

w,_,,w
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. ~0.62
could be cited. They report St to be proportional to (H/D) for

H/D > 16. For a round jet, Gardon and Cobonpue (G5) found St to be
proportional to (H/[))"1 for H/D > 20.

(i1) Nozzle desigq: The nozzle shape influences the impingement heat or
mass transfer because it determines the jet velocity profile at the nozzle
exit, }he turbulence level and the length of the potential core. Metzger
(M4), who compared heat transfer for a slot jet and a circular jet when the

o

same target area, flow rafe » and nozzle area were considered, found that

the round jet gave a hé;t transfer rate 8 percent higher than the slot jet.
It‘was noted however that the shapes of the areas cooled were quite different,
and it was concluded that the shape of the area to be cooled (or dried) is of
primary importance in deciding which type of jet to use.

(iii) Fluid properties (Schmidt and Prandtl number): Ghamberlain (C2) used

foom-temperature turbulent air jets impinging on a segmented, Invar, steam-
heated surface. Nozzle exit Reynolds numbers to 67 000, and nozzle-to-plate
spacings to 50 nozzle diameters were investigated. He reported the following .

correlation for the local stagnation point Nusselt number:

“ ) L

0.447 0,333 - .
Nu = 1.16 Re - Pp ) for H/D < 7
0 D ) FAR
0.569 0.333
Nuy = 0.384 Rea Pr o for H/D > 7

A}

where R%; is the Reynolds number based on arrival velocity. For Iocapions,ﬁlong

the plate away from the stagnation point, the correlation.
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( ] was suggested; here hr is the local coefficient at a distance r from
- the stagnation point. ®
Nakatogowa et al. (N1) found good agreement between the cor-

j relation
Nu_ = 0.535 Re Pr
D D

and their experimental values for heat transfer at the stagnation point for
u 5

various Reynolds numbers (from Re = 10 to Re = 10 ) for spacings lower than

the potential core. L e

(iv) Angle of impingement: Very few investigators have studied the problem

, 0of heat and mass transfer under an oblique 1mp1nging'jet. In 1954, Perry (P1) .
investigated heat transfer from a hot round oblique jet to a plane surface.
(m; The impingement plate was water cooled and he measured the heat flux with
a calorimeter of 0.65 inch diameter placed at its éenter, from the temperature —

rise of a metered flow of water. The calorimeter diameter was used as»thef,_ww_%~;___/////

characteristic length in Nu and Re for all the correlated results. This was E

so because the heat flow/was measured only over the area of the calorimeter

and also temperature and velocify values for the correlations were obtained

PRI

as mean figures over the area ofthis instrument. Perry found that changing
the angle of jet impingement from 15 to 90 degrees increased the stagnation
g heat transfer coefficient by nearly 100 percent’for any temperature and velocity.
The nozzle-to-plate spacing was at Teast 8 nozz1ead1a@gters,Aand his

» test results were correlated by :

B L e B [y e T N e e = £l A
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(! 0.7 0,33
' Nu = K Re Pr
where the value of K is dependent on the angle as follows:
Angle of 0.7 .0.33
Impingement K = Nu Re Pr
(deg.)
90 0.1810
75 0.1745 {
60 0.1579 4
45 0.1422 %
30 0.1224 ,
15 0.1037
. Nothing else seems to have appeared on this matter until 1972 when
Korger and Krizek (K5) published results for mass transfer under an oblique
(:)‘ impinging round turbulent jet. Their investigation technique was based on

sublimation of naphtha]ene.‘ They found that the maximum,mas§ transfer

location js displaced in the divection of the jet nozzlg for an inclined jet

(i.e. away from the intersection between the jet axis and the plate) by an

amount e

e=(14+0.15L) tan a

4

where L (nozzle-to-plate separ&tion along axis of the jet) and ¢ are expressed

in mm, and where a is the angle of impingement. This formula was found to be

independent of the jet velocity for 10 < uy< 40 m/sec.

From the potential flow analysis of Schah (S8) it is found by Kroger

and Kr that the stagnation point for inclined round jéts coincides closely
(:) q with the maximun mass trasnfer point. )
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The r\authors also give the mass ratio of the two dividing air

, streams af;er impingement:

q l+cosa -

q; l-cosa

This equation has also been reported by Beltaos assuﬁing that the ratio
behaves as that of a potential jet (B6).

Korger and Krizek reported that the maximum mass transfer value
decreases when the angle is decreased under 90°. Studying the mass transfer
distribution along the plate, they found that when the jet comes from the
left side, for example, the values on the right side of the maximum transfer
point are higher than on the left side. This is because most of the jet
stream flows on the right side.

Figures for the average mass transfer coefficients aré”shown, and
the results indicate that for 30° < a < 90° the average mass transfer values

are sensibly the same as the one for normal impingement (a = 90°). It is

interesting to note that Perry (P1) made the same type of conc1usfon‘concerﬁing :

the average heat transfer coefficient for round jets impingiﬁg‘at angles
between 15 and 90 degrees. )

(v) Presence of crossflow: Metzger and Korstad (M5) studied experimentally

the effects of a cross-flowing air stream on the heat transfér characteristics
of 'a single line of circular air jets. The crossflow, perpendicular to the
line of jets, 1s characterized by the ratio of the crossflow to jet mass
fiow-ratés, M. The\gengral effect of H/D in the downstream region is found

- -

to be similar to the behaviour previously reported for jet flow alone, butAthe

!
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crossflow increases and complicates it. The upstream propagation distan;e of
the jets is relatively short, even for moderate crossflow rates. As a
consequence, the heat transfer-rates immediately dbstr;;;VBf the nozzle exit
plane are reduced significantly Be]ow what would be expected if crossflow T
were not present. Correspondingly, the average heat transfer-rates, over
regions immediately downstream are increased significantly above what would
be expected if crossflow were not present, despite the fact that the
impingement angle for the deflected jet must be less than 90 degrees.
Further, they found that on an overall basis for a symetrical region extending
ten nozzle diameters both upstream and downstream of the nozzle exit plane,
the presence of crossflow always reduces the average heat transfer below what
would be expected without crossflow. 4

Sparrow et al. (s9) report measurements of the 1oqa1 heat transfer
coefficients resulting from impingement of a turbulent round jet which
interacts with a crossflow. H/D ratios were between 3 and 12, and the ratio
of the jet to crossflow mass velocity (M' = (p&)&\{ Qnﬂ.) was varied from
4 to 12. The deflection of the jet by’the crossf16ﬁ\w3? found to be small for
mass ve]qcity ratios M' > 8, and for fhese mass ve1ocitfég\the impingement :
point heat transfer coefficient achievés a maximum value af\§e§§ration
distances H/D = § or 6. Again, this result is comparable to wh;%\h@s been
found py prior researchers in the absenEe of crossflow. For arma;s ve1ogjty
ratio M' = 4, the maximum is attained ai smaller separation. distances owiga
to the:substant1a1 deflections experienced by the jet at larger H/D. The \\\\\ ,
influence of the presence of a semi-confinement plate was 1imited to cases \ﬁk\\

. v
where. H/D >4 with the largest effects at the Towest mass velocity ratio.

Bouchez and Go]dsteip (B3), who studied experimemtally the impingement
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cooling from a circular jet igv§ crossflow, found that heat transfer
coefficiéﬁts are lower than thosé reported in the literature for an
impinging jet in the absence gfcérosstOw.

Nagpal (N2) studied experimentally the effect of spent-flow in
perforated-plate air impingement heat transfer. The spent-flow is in
fact the crossflow coming from neighbouring jets and interfering with
any particular jet. Nagpal correlated the magnitude of the local heat
transfen rates with the geometry of the perfoééted plate and the air
flow rate. From his results and analysis he provided a basis for
engineering design of muiti-jet air - impingement cooling or heating devices.'
Most of his results concerning heat trahsfer rates are highly conditioned
by the particular configuration of the perforated plates he used (free. flow
area ratio, etc.). The mean heat transfer rates, for example, are averaged
over areas containing several plate perforation; and thus several jets and
could therefore not be compared with the ones obtained in the preseﬁ; study.
However it is of importance that his results on the mean heat transfer conclude

that %here exists an optimun plate spacing at which the average heat transfer

1s maximum. This optimum value of H/D is a function of the plate cbnfiguratibn

(diqgnsion and number of orifices, free-flow area ratio) among other things.

Il
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CHAPTER 3
MATHEMATICAL FORMULATION

3.1 INTRODUCTION
The governing equatiqns for the flow of a variaBle-p?operty )

binary mixture issuing from a rectangular jet are presenteﬁ in Sectigg 3.2.

In Section 3.3 al1 these equations are conve}ted to a unique stand;rd form
50 that a single ;g}ut1on algorithm can be applied to all. The boundary
conditions associated with this set of elliptic partial differentidl

equations are established in Section 3.4, Finally, the regression*eduat1ons '
to account for variation with temperature and composition of physical ‘

3 Q
properties of the binary air-water vapour mixture are presenfed in Section

3.5.

3.2 GOVERNING EQUATIONS

Application of the laws of conservation of mass, momentum, energy -
and species to multicomponent Newtonian fluid flows yield the foTlowiﬁg ‘
vector &quations (B2):

mass: D p+p (vel) =0
Dt ‘
1‘ [
momentun: p - U s - P - Vop + g T (3.1)
' pt o
v : ‘ -
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”' will be used in two-dimensional cartesian cooydinates.‘\ﬂhe fluid flow {s

LILRENRLY. 8 ol &

. . -
LA § ° L
- . ‘
/L«
° 39.
\ v ’ e
o7 ®

energy: pCp--— = - Jeq -I_vu+z (J q )

S ot i=1
\\\ -«
+(3]_nf.) DP -t z H*I (V Jf - R,'.)
3 InT pt i=1
| N - v - A P,Xi
p 7 e’
- species 1: — py + py (v-v) = - Vedy * 1y s(3'2)
: Dt ’ .
wheFe: o ’= bulk density of the fluid : . S
’ Teg® mass of i per unit volume d ‘
P' & hydrodynamic pressure N~—
" H
= viscous stress tensor
o .
) Ji = molar f'lux of 1 relat1ve to mass avgrage ve]ocity
. Ji = mass flux of 1 ré}atfve\go mass average ,velocity . p
q = ensrgy flux per unit area. relative to'Mass average velocity

A, = partial mlar enthalpy of i- - !

x
]

i molar rate of production of species i o . ;
s ' . i

Ny, = mass ﬂux v’i‘lth respect, to stat1onary coordinates

oo r-i - mais rate of production of species .0~ o - ;

j)( above equatioms. which Qre general for the dctcription of Newtonian
ﬂuids, constitute the set of governing equations 1n the present. study .
‘ Because of the farticular geometry og the System. these equaticns

C - ‘
assumed t6 be Newtonian and steady. A1l 3/at terms are then eliminated.
_ ]
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( i Further simplificationd and assumptions made in individual equations
' B .
are listed below. . o

- T
1

Momentum Equations

\, ' Gravity is supposed to be acting in the positive x-direction.

Energy E uatio}l : * \

\(i\\ The gas flow velocities involved in this study are. low.

Consequently, the pressure work (a“‘") o , and the viscous ,
alnT P x1 Dt ‘;C‘ -

dissipatixon 5:U are very small with respect to the other terms in
, .o the energﬂ; equation, and hence are neglected.
': (i1) The'giffusion-thenno effect is assqmed ta be negHgib1e, and .

therefore the heat flux vector for a mu1t1 component fluid is given

O\‘l * by: ) , *# «

s .
N, e -
it ot R o s e SR i v i b S AL e S s i
" .

‘ ST +1::1 O, . . (3.3)
o :
. " Species Equation ' ] \
. ‘ (1) Thetﬂu'ld\‘\‘ls chemically inert and is an ideal mixtui of,'
water vapor (A) and dry aiy (B). Thus, Ry = 0. .
(i1) The therm l-diffusiokffect is assumed to be negligibﬁe, \ .
. ‘, . and’ thérefore the mass ‘ﬂux formulation reduces to Fick's first law: o )
- Ea L
3y = - PopgTMy

(3.4)
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conyénient to choose temp;raﬁuré as the dependent variable in the energy

equation. Applying the caloric equation of state, enthalpy terms in the

1

and h, = hi'ref+ ! CpidT . (3.5)
Tref

where h1 ref is the reference enthalpy, and the integral term in Equation
. ’ % \

(3.5) represents the sensifile enthalpy per unit mass.

Further, for a two—componenf system of A and B, the diffusion ~="

coefficien}s are equal,.i.e. 6AB= §BA= 8, and thus JA = - jB' (3.6)

, ¥ ’ . !

. By substituting the flux equations (3.3) and (3.4) into the

;governing equations (3.2), and by using equations (3.5) and (3.6), one

' obtains the following set of simplified conservation equations:

L]

mass :
a a_ a |
* 1
momentum: . CT
: © oy " B it T :
- : — ) o (X YK 4
x - component: o{ u x5y ) o (ax o ) 09,

1
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species:

The viscous stress tersor for a Newtonian fluid can be expressed as follows (B2)::

where

XX

v
ax

Wyl
3y ay | ax
3 aT
)"W( X‘ay)
\
3 +
ax [(CPA - Opg )T]

= —a-u--z - -
T -u{Zax -S-(VU)‘}d :

tyy'-u{Z%;--_%(V-U)} L

» - B - :a—uq w—e

[

v.“--a—l‘-+-a-¥-

ax

ay

ax
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' Conservation of Mass:
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1)
which, by using th%sewation of mass equation, yields:

o=..-];. -QQ.-}- .QP.
v p{uax Vay}
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3.3 GENERAL TRANSPORT EQUATION

The set of five conservation equations (3.7) is the set of
g;veming equations to be solved-numerically. Following the k\nethod
of Gosman et al. (G7, C5) we transform these five equations into one
standard form so that they can all be treated by the same so]utipn
algorithm.

This standard form, also called \géneral transport equation",

-

is given by equation (3.10) in rectangular coordinates:

Floue )+ 5 (owe) - () - Lir &) -5, (3.10)

/ Vel -

. ] 4’.
|<- convection terms ->| “4— diffusion terms +l source term

»

Equation (3.10) describes the transport of a quantity represented as the

variable ¢. The first two terms account for convective transport of ¢ due
hY

to_bulk motion of fluid. The following two te represent diffusional

transport of ¢: The term on the right hand side, the "source term", accounts

for any sources of transport of 4 other than by canvection and diffusion.

"

The equation of conservation of mass can be written.in the form of'

t \

b b e x
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. of
the general transport equation where ¢=1, T=0and$ j = 0. However
»this equation will not be solved directly but will be used to generate

an equation for pressure, as will be shown further.

Qnservation of Momentum: :

% - component: Substitution of the viscous stress equation into the

X - component conservation of momentx\m equation gives:

., AL R4 fu 1 i,y
pS v F R R R T G

\ »

“
ey

The continuity equation multiplied by u gives:

ugz (Pu) + u g (ov) = 0 | | - (3.12)

'\ ,

Adding equations (3.11) and (3.12): °

au 3 u 3 P .4 22y 1 32y
Uu—+u—=—(pu) + v=+y ={py) = - =y —t sy S
P ax uax (pu) 3y ay(p) U 3“_3;( 3uaxay
22y
+u372' * 09,
and rearranging: : ' 6})
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i
i
A

A

3 3 S8 [, 8uy |3 ul - _ 3P
37(puu) *‘-@-(pvu) ax[“ ax] [u ] T

which is in the form_of the general transport equation with:

R
¢ = Uu
r =y
=90, 1.3 (g
S¢ ax+§uax(vu)+pg

y - component: Substitution of the viscous stress equations into the y -

component of the‘ momentum equation gives:

v v t1d 32v 1 3%u 4 3%y v
[ e v - o 4 + i S
ey X v y = y - H axz -5 M 3yax zu 3}'2
LY ¥

The continu?ty equation multiplied by v is:

3 3 .
vﬁ(pu)w‘v%—i(pV) 0 /

N

Adding equations (3.13) and (3.14) gives:

/

PN
v ) 3V 3 ‘ 3P 3%v . 1 9%y
— a—— + LASE B2 S - et + 2
UGtV gx pu) Hevmt v oo (pv) ay @ T 3Y ayax
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(3.13)
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‘ and by rearranging: ’ ’ , \ /

EURSACURE I8 -é_[ué.v.] o heday[u 3]

\ which is in the form of the general transport equation with:

«

=V
'y P'-‘u ‘
f CREE 2 pEm *

~

Conservation of Enerqy:

(m} Sknce specific heat capacities of dry air and water vapour are only weak
- functions of temperature, their variation within a small control volume 1
i
% s negligible. This simplification eHminates the 3C, terms in the equatmn
of energy conservation (3.7) and g1ves - ;
~
\ + |
4 aT T 1 2 T 1 3 3T ! |
PUSXt PV y = Toax (A3 + *'5;“3}7) , A I
T % P , |
‘. - C mp 3T 3my 9T
+6p'c£L——~E-B-— |——— (3.15)

Multiplying the continuity equation by T gives: . t

3% (pu) + T—- (ov) = 0 ' ‘ (3.16)
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Adding Equations (3.15) and (3.16) yields:

aT ) aT 1 3 ar 1 3 aT
DU-a-;*T-a;(DU)"'P y+T (OV)-—-—(K-B-;)"'-E-ay(l-ii)

Cp ax
Cp, -.C aT am, 3T
+ 50 A" "Pp —A__ (3.17)
Cp ax ax 3y ¥y

Combining the terms of the left hand side, and noting that:
»

enables us to rewrite Equation (3.17) in the following form:

- (o) +-—(pvr) - [* “] --ﬁ;[l—ﬂ] - - x-ali-(%;)

Cp x Ep 3y X X

Copa - C
ay oy Cp Cp X 3Ix 3y ay

which 1s in the form of the general transport equation with:

-
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Y 19 = T -
r= A/Cp - -
. L Cpa -Cpg | amp 3T . oma aT Ma 1 T3 1.
Sr“—ﬂt—ﬂp [FFZ"ETE‘; Maw G ryy )
[
Conservation of Species: e N
e

Rearranging the terms of the species equation transforms it into the

~general form of the transport equation:

‘:‘;(;WA)'*%(DW“A)':%[DG:—':A]-?—[péﬂ] =Q

¢

with ¢ = my

/ ,
r = ép !
\\
Sp=0

A summary of all the governing equations in the standard form ggiven in
Table 3.1. ) = ; ‘

L]

3.4 BOUNDARY CONDITIONS

With the four governing equations, Hst;ed on Table 3.1, must be
assocfated the boundary conditions at the five boundaries of the flow field,

indicated on Figure (3:1). The éondwy_ms at these f{ve boundaries are

- T

detailed below. i v
\
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" Table 3.1 '
General Form of the Transport Equation
2 2 2 3 2 3
W lous) 43y Cove) =g (T 55) - 57T 5f) =,
d \
Equation ¢ r S¢
X~momentum u u
y momentum | v u N \
aT a1 i1 o .
Energy T M, A [—;—a;( ) * % oy ——)]
Species My Sp 0
< ¥
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Boundary I

where the mean velocity U is fixed by the cheice of the Reynolds °

number: U = yRe/pD, and since for x =0 we ha

~A

r=|j—yo | cos @
\
(see Figure 3.1) where-

Yo = ordinate of jet centerline on exit plane

L]

and yR = R/cos 8

"the .velocity at the nozzle exit can also be written:
2
Tl | y-yo | cos @
- y; ToS 9

so that the boundary conditions are finally:

¢ 'y .
Fusg-U 1_<'y-y0) cos 8 : i

_ | -
= y -y
v=3T 1-( y°) sin o

T = prescribed value T

J

-

U=

N

5 . r

m, = prescribed value m:l

]
°

Boundary II
" ,
Plate confinement: no-slip, non-evaporative, impermeable, {sothermal

(g 3

P O e b Tt e T

YW B
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wall at the temperature of the inlet jet, i.e.

u=0; v=0; T=T,; am/ax =20

Boundary III

Impingement plate: evaporative, permeable, isothermal wall with a
thin film of 1iquid water (i.e. free uanund moisture) at the surface,
where uniform suctilon may be applied.
The y-component of t’g;e velocity along this plate is v = 0.
For the normal ‘component an analysis of the mass transport phenomena
in the vicinity c;f‘the plate is required.. The resultant velocity along
the impingement plate is a vectorj,sun of the evapora‘tion velocity and
of the prescribed suction velocity which is superimposed on it.
Assuming negligible solubility of dry ai: in water, the evaporation‘
’ velocity can be derived starting frém Fiék's first law in terms of
ny, the mass flux relative to stationary coord1nates:‘

'

O j ”

nA=-mA(nA+nB)‘DGAB mA - . (3-18)

where s, 1s the mass diffusivity in m2s-l

. my is the mass fraction of A ( m = pA/p)

-

7 \ na and ng are the mass fluxes of épecies A and B, respectively,

in kg2 s,

~
~

This equation gﬁbw that the dif?%sion flux na retative to stationary

coordinates 1s the resmt{nt of two vector quantities: the vector
N :

u‘\ \\\ .
nmA(nA+nB) N (
. ) N . B

\ #e \\./ ' .

e o e 38 M
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which is the mass flux of A resulting from bulk motion of the
fl‘u'ld, and the vector § T

Ja = - Pdpp MM
which is the molar flux of A resu]ting from diffusion superimposed
on the bulk flow. ' ),/) J |
In our case, where the evaporating system has attaxined a steady
state, t;he're is a net motion of A away from the evaporating surface.
In the vicinity of this surface the bulk flow can be neglected §1 nce
there is no tangential slip (v #0) and since the present ca1cu1at16n
of the evaporation velocity does not invoWe suction, which wf11 be
o accounted for subsequently by adding the term “suc to the velocity.
As the flux of the non-evaporating component B at evaporating surface

is zero, Equation (3.18) with ng = 0 givés:

4§
M % - T E g A
‘According tp our assumptions the evaporation is normal to the plzte.
so that we can solve forn, ° : ’
’ >

ot smy

“A’x . 1 - mA 3X

o '
and since "A.x = pply where uy 1s'the velocity of specief A, noting ,

. that o/p, = 1/m, we.can Write:
‘ / ' ‘ ‘ s

1
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* 'y - Iy "
'Noting that u = AuA mBuB » but with ug 0 in the present case,

“and adding thel term for suction finally yields the following boundary

condition for the velocity in this region: X

£
\ Lem ,
= + . "~

\ ( 1 - m ) Ysuc ,

-

P ow
ls

Note that since the mass ﬁransfer rate 1s unknown before the problem
1§/§olved, being part of the solution to the problem, the u¥component
¥ ..

jboundary tondition along the impingement plate~is of -an iterative

(nature. o

\

Although provision has been made in the -last equation to in-
corporate the influence oflsuction, thif'Parameter has not been
investigated because of timé" limitations. Therefore for the present

study ug,,. = 0. | /

* The boundary condition' for the mass fraction of water vapour along
the\plate is: T , _ ,
. . ‘9 '
P,y M - “ '
sat A ! . .
I'ﬂ ¢ - ; ’
meww 1t g /

S Y
\/> - " This boundary condition i{s derived by assuming exisfence of

thenmodynamic equilibrium between liquid water and water vapour.
Also Raoult's law which as&umes 1deal sOIution and no differences

between fugacities and pressures is used.\ These are reagonable

ar e mam ) e e e

e o
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assumptions in the present case because the solubility of air in
;
water under the temperature range investigated is negligible (H1),

and because the operating pressure is low.

\~\~,\«t =
Boundary IV:
Outflow region. ‘ ‘

The two different cases of impingement in the abgence and in the

presence of cros$flow must be examined separately.

(i) In the absence of cros@flow: In this case there are of course I

_ two outflow reg1ons, situated at the open extremities of the 1mpinge-

- o

ment flow f1e1d (see Figure 1.2). Because of entrainment of fluid
gy the tonfined jet, a recirculation zone is formed between the o
confinement and impinéZment plates. Two flow patkerns are possible
at this boundary. Depending on the size of the impingement and
confiniﬁg plates (the two being in all cases of éﬁeagame size) this
recirculation bubble may either be completely encloseq,g?or wide plates,
or cut by the outflow boundary {n the case of narrow plates. In the
first case, fluid flows out at all points across this boundary. I? the
second case, however, there’are regions of inflow and outf1o;‘33332ent,
respect*xx\y, to the confinenLnt and impingement surfaces. ‘
* The manner in which the y-direction ve]ocity, v, is specified 1s

valid for both the above cases. Before a converged solution is obtained,

the mass residues for each ontrol volume can be relatively 1erge.

. Within each iterative cycle, as the computation marches tqgards the

boundery, the resu1t1ng|v-velocity profile generally leads to an over-
- .

all mass accumulation inside the physical system. In order to fulfill

2
ST p—

o et e
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(1

the overall mass balance, a correction must be made at each iteration

so that the Rverall mass inflow equals the overall mass outflow. This‘

can be done by writing:

- = = 1
v(d=1) = v(J=2) + E”inc ™

(3.19)

1 1
=] = =NJ=- +
lV(J NJR) V(IJ NJ 1) -"Vz ine .

)
In these equations, v(J=1) andv(J=2) are the v-components of the
velocity along and immediately inside the outflow bounqary\resbgctiver’

for the 1eéft side. And v(J=NJ) and v(J=NJ?1) are the v-components of

[y

e
the velocity along and immediately inside the outflow boundary respectively

. = . \fv—:/ .
for the right side. The term Vine is the correction term determined by:
\

* 3
.vincfpdA s = /pudA - fpv“dA (

Bound. IV - Bound. I,III Bound. 1V

'where v* is taken one grid‘ point inside Boundary IV, i.e. stands for

o \

v{3=2) and v(J=NJ-1) on the left and right hand side of-the flow field
respectively. ?
Note that the right hand side of this equation rgpgesenf% the

net mass accumulation inside‘the physical bounda?iég. Equations (3.19)

mean that the shape of thesvelocity profile calculated in each iteration
) (

*2 {s retained, but scaled to satisfy the overall mass balance. The

Eorrected value of v at Boundary IV will affect the adjacent points and'
the effect, in gene#al, carries into the entire flow field. This

correction is applicable regardiess of wether or not an inflow occurs
v

at this boundary. . .

o

[ S RN
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The boundary conditions for u, T, and my are estab]ishedﬁhx
specifying no more variation in the y-direction for these variables
at Boundary IV, i.e. 3/3y = 0. This boundary condition is correct )
when there is only outflow at this boundary, but in the regions where
1nf1oweoccurs it is somehow paradoxical as it implies determination of
upstream conditions from downstream conditions. Van Heiningen (V2)
who studied various possible bougaary copditions at the outflow ~
boundary for a semi-confined 1amina3 slot jet came to tﬁ; conclusion
that the impingement ;;gfon flow field anq\heat transfer are insensitive
to variations in specifications of boundary”conditions at the outflow,
provided.tHat this flow boundary is sufficiently distant from the ‘
impingement region. Saad (52) aﬁd Huang (H2) have used succesfgl]y =
tpe equivalent condition&of zero radial variatign at this boundéry in
their numerical studies of round jet impingement. Li (L2) also used
@his‘formulatio for the gutflow boundary condition in hi§ laminar round
jet simulation with an impingement plate significantly smaller than that !
of the present study. He showed that using a larger 1mpingemgnt plate !
(i.é. having the outflow boundary conditions specified further from the
impingement region) has a noticeable effect only over the outer part of / f
the plate, whereas the imp#iGement region results are uﬁg;fected. /
In view of this analysis, the 3/3y = 0 boundary condition was

adopted over the\entire Boundary 1V.

(11) .In_the presence of crossflow: In this case the outflow rea%gn is

Jocated on the right hand side of the domain of interest, whereas the
left hand side, the source of the crossflow, constitutes Boundary V

( see Figure 3.1 ) , . #

1
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As in subsection (i), twodflow patterns are possiple, i.e.
with the recirculation being totally or only partially enc1ose&.
Again, a correction musf be made at each iteration in order to ful-
fill the overa]]rmass balance. This is done by writing: .

4

v(J=NJ) = v(J=NJ-1) + line a

& \
where the correction term Vine is determined by:

v pdA = foudh .+ [ ovdA - fpv*dA
Bound.IV  Bound.I,III Bound.V Aound. 1¥

Following the discussion given in subsection (i), the same boundary

condition is taken for u, Ty andtnA, namely %y =(Q.

\

Boundary V:

Crossflow entry.

The crossflow, of temperﬁture aﬁﬂ water vapour content identical
to that ofuthe inlet Je;, enters parallel to the confinement and
impingement plates. \}

i The crossflow is specified to have a fully developed velocity

profile:

<

Tty
. | ,

The magnitude of the crossflow {s defined by the ratio, M, of

V=

rofo

the crossflow volumetric flow rate to the jet volumetric flow rate:

=<t

H
D .

M=

<

‘?.
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; b
where V is the mean velocity of the crossflow at its entry. As the
‘ of .
crossflow and the jet flow areVthe same fluid (air in this case) at
the same temperature, and at essentially the same préssure, the
density and viscosity are a]sd/effectively the same. Thus M may

also be regarded as the mass flow rate ratio between the crossflow

and the jet flow, or as the corresponding ratio of thS’Reynolds ; ¢
numbers of the crossflow and the jet flow. )
‘ . - A
Hence Boundary V is def1neh by:
’ -U=0
- ' 27 \
v=3v |1 [x=H/Z2 \
H - H/2 {, /
T= TJ ¢
| "7 J

Note that Boundary V does not exist in the limiting case, included

in this stﬁﬁy, where there is no crossflow.

3.5 FLUID PROPERTY EQUATIONS

The fluid throughout the flow field is assumed to be an ideal
m1xture‘of water vapour (species A) and dry air (species B).

The effect of variable temperature and composition on all fluid
properties is éhnsidered. Because the pﬁéghure variations encountered
in the present study are small, the effect of pressure on all fluid
properties, except density angd mass diffusivity, is assumed to be
ne5?191b1e. Second order p:;ynomia]s were derived from available data
to express the dependance of each fluid property of interest on¢gemperature,

These pelynomials were déed by Li (L2) and gave satisfactory results.

PR e ]
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3.5.1 Density ,
Within the temperature range' of 300°K to 600°K and approximately

105 N/m? pre\ssure (1 atm), the compressibility factor for air is

sufficiently close to one that the ideal gas law is applicable, giving:
o =P MW/RT - |

where R = gas constant = 8 314.2 J/kilo-gmole °K

W =*the mixture molecular weight, expressed as (B2)

W = my/Miy + mg/Mig -

3.5.2 Viscosity
(1) Water Vapour

Based on their own experimental data, Thomas and Jackson (T1)

prof:osed the following equation for the dynanﬁc viscosity of water

vapour:

up = (0.99354 g-6) + (0.27067 E-7)T + (0.88906 E-11)T2

4 N
where u = dynamic viscosity, kg/m.s \\
T =

temperature, °K

¢

A\
A1l their data were taken between S00°K and 800°K, and the average

) ¥
deviation of data from the equation is 1.88%. Comparison of results
from the equation with other existing data (HG; B1) for temperatures

as low as 273°K 1%?56 satisfactory. A -
(11) Dry Air ’ :
Dat;; for yiscosity of }lry air reported in reference (H6) are .
fitted to a second degreé function of temperature using the least
\\ “
i 4
] \
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squares method. The resulting equation is:
My (0.25641 E-5) + (0.60198 E-7)T - (0.23723)T2

Comparison of results with data from other sources (Bl) is satisfactory
(Lé); the average deviation being only 1.4% over the tempg;ature range
350°K to 450°K.

\
(i11) Mixtures

The variation of.viscosity of binary mixtures with composition is

usually not Tinear, and mixture viscosities are often larger than the ¥

-

values predicted by mole-fraction average. At low pressures, Reiﬂ and
Sherwood (R2) recommend use of Wilke (W3) estimation method for mixtures.

For binary mixtures of dry air and water vapour, the Wilke formulation is:
N r 4
w=uy /L 1+ Og/xg) opg] +ug / L1+ (xp/xp) o]
X ,

W where x = mole-fragction

tag = L1+ 1.126 fupfug 12/ 3.6022 /

dga = [1+0.888 [ug/uy 12 /.4.5674

For reduced temperature of approximately 2, which is within the
temperature range under investigation, viscosities of dry air and

water vapour are independent of pressJ?e up to about 108 N/m2 (B1).

\ {

3.5.3 Specific Heat Capacity =
{
(i) Water Vapour

Crotogino (C3) recommends the following regression equation for
w .

>

Prem—— [
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the specific heatf of water vapour:
. .
CpA (0.18241 E-4) + (0.21976)T + (0.23487 E-3)T2+

where cp = specific heatpg;pacity J/kg.°K

(1) Dry Air
A least squares fit of the data given in reference (H6) for the

specific heat of dry air between 300°K and 600°K gives:

CpB = (0.10256 E-4) - (6.17317)T + (0.36146_E-3)T2

A mrve s e stiamg e

Comparison of the results with those tabulated in the CRC Handbook (B1)

shows negligible difference between the experimental data and the

least squares equation.

(111) Mixture "

The specific heat of the binary mixture is assumed to be a mass-
‘q -

fraction average of the individual species (B2):
§

{
i

Co = Con g + Cpp My
\&‘ Y

3.5.4 Thermal Conductivity !

-

~

(1) Water Vapour x '
A least Equares fit of the tabulated data in the CRC Handbook (B1)

to a second degree function of temperature. gives:
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" (0.86868 E-2) + (0.11318 E-4)T + (0.85793 E-7)T2

. f‘ "

whereTA = thermal conductivity, W/m °K H

o 2 e B e
o~

AComparisdﬁ with data from 6ther@f0urces (HG)’in the temperafure range

A

© of 373°K to 600°K shows average and maximum deviation of approximately

2% and 4% respectively (L2).

: (i) Dry Air \
Thermal conductivity data for dry air is reported in reference (B1).
A least squares fit of these data gives:

o= (0.38793 E-3) + (0.95425 E-4)T - (0.30699 E-7)T2

(i11) Mixture -

vl

Reid and Sherwood (R2) recommend the Lindsay and Bromley (L1)

-y

(,) K equation for the thermal conductivity of a mixture of polar and non-

polar gases:

A= }A/ (1 + (xg/xg)00e} +2p / {1 # ("A/"B)"BA}

4

where ' Jua o

-~

— 12
. 1 Sp LEAI07T | 1+ 155/
g "% “\/1'428%“120/7 T+ 410/7
i j \

- < T2 i
1y, 1 ¥ 1+120/T [ 1+ 155/
1.428 yy 1+ 410/T | 1+ 120/T

- -

/
The Lindsay-Bromley equation is estimated by Cheung to have an average

o
: > . ppe——
¥ -
. . .
. i .
; . ’ Fy
.

error of 2.1% with a maximum error of 6.9% (R2).
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3.5.5 Mass Diffusivity

The variation of mass diffusivity of a mixture of air and

water vapour with temperature and pressuré can be estimated by

—

using the following well known equation: -
Ps = CT" '

where § = mass d1ffd§iv1ty, m2/s.

Various researchers suggest different values for n, which riﬁge

from 1.5 to 2.3 in the literature (B2, T2). Careful review of %he
literature shows that n is calculated using experimental data for
low temperature ranges only (L4); Little experfménta] work on
diffusivity has been reported for even moderately elevated tempera-
tures. The'only notable high téﬁperature study measurements of tﬁe
diffusivity of the air-water vapour system was made by Klibanov (K6).

The temperature covered ranges from 300°K to over 1500°K.” The,

experimentai'Hata were correlated by Crotogino- (C3) giving:

5 = 0.2794 E-4 - 0.1306 E-6T + 0.4016 E-9T2 for T < 521°K
§=-0.1057 E-3 + 0.335 E-6T 9 for T » 521°K

\ '

3.5.6 Auxilliary Equations and Data ‘ . :

' Saturated Vapour Pressure of Water Vapour
Its evaluation is necessary in order to specify the boundary

]

condition for my along the impingement plate. -Data tabulated in
steam tables (B1) are fitted to an Antoine type of equation giving:

X

.
‘
k ' 4
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1 - . 3919.9 ¢ R
In Psat = 23.365 - T_'Fm | g
with Psat = saturated vapour pressure of water vapour, N/m2 |
Molecular Weights . - v
The molecular weight of water vapour and of dry air, mA and )
WB« respectively, are taken to be 18.02 amd 28.97 g/gmole (T2).-
~ .

. : ’ o . )
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CHAPTER 4
< NUMERICAL _FORMULATION

4.1 FINITE DIFFERENCE EQUATIONS

‘r

e &
In this® chapter the finite difference form of the general transport_-

equation is established. There are mam; ways in wh‘lgh sets of algebrai;:
equations can be constructed so as; to s‘1mu1”ate. in major respects, the
behav1our of partial differentiﬂ equations, but some ways ;re better
than others in accuracy of simulation, convenience in use, and tendency
to promote convergence-in iterative solution procedures, Huang (H2) ~
reviewed the various solution pmcedures which could be applied to solve >

problems of the present type and gave ‘an extens1ve review of the literature.

In the present study the finite“’gﬂfferen@ equations aré derived using

‘of gr*ld' is referréd to as the scalar _grid.f The""rema Aing variables are

the control volume integration techpique (G7). Thus$ the general tra'nsport
eguation is integrated over a control volume, "

~ The field of interest will be' covered by a rectangular grid network.
At each nodal point ﬁ;&mection of the grid lines) the properties of

the fluid (dénsity, viscosity) aré’?efined Since these properties

depend on the tenperature. pressure and composition of the Fluid, thése . . %
variables (T, P, A) are a]so defined at the same pointf‘e’“ Because all

scalar quantities are calculated at grid Tine intersections, this type k e
|

the two components of the velocity yector. It would also be possible to i
define them at the same grid points, but since the veiocity is a result s,

b

. .
.
~ » ,
. : %
i .
-
. -
- @
A .
. .
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C s grid control volume, as the ve]ocity vegtors u and v alre located at

,D

s of pressure grad1ent" it s highly prefef*ab1e to calculate velocit)

conpnnents at locations between the noda] points used, for pressure

Sy

These ve'locity components are- then calculated at points: midway

between tfhe scalar nodes these. points are on the boundar'ies of the

4

scalar contro1 volumes.

t
Kl

\ One of %ﬁﬁadvantages of using such a. "staggered" grid system |is
that 1t simpliﬂes computat1bn of mass ﬂux 1nté and qut of the scalar

-

the szntr‘ol vqune boundary 1tse'|f (Figure 4.1). The control vol

between neiaghbpuring vnodeé‘._ It 1s important to note that, if ;be control

"volume. Hence, the control volumes for u afd v are not the same as those

for the sca?ar variables.

Sinc
the bourﬂry conditions for velocity are usually well specifie ;/at the

Hnés o’r with the boundaries of the scalar grﬁi contro‘l vo]unes

-at the wa/H boundar‘les as\“difﬂcu'lt and ambiguous. the physical boundaries.

are therefore chosen to coineide with the sca]ar control volume boundaries.
Hav1ng specified he variables and the control vo]une. one can

) 1ntegrate the transport equation over the correspending volume, inside

Thus:

R

"which the scalar properties are assumed constant. )
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e ‘ ‘ 3 3 3 .
i (,J ‘ f/{%—; (ou¢)+-a-;(pv¢)-:;;*(r-5%) (r %y ]dﬁ ffs dv
, v ' )
f using Gauss' theorem gives then: A o
: ' ; %
4 ( N - ,
A . 1 F N e ,
- b f [m-r—i] dy +/ [_m-r%ﬂ dx . f 5,0V = 0
‘ s i W v .
boundary . boundary . .
I’ 4 surface , surface .
:) 'l . A N - -
: that _is: ‘ . B P
] n -
- _31 '-f - _E_Q_ - r - . .
, o f [(pw r= )', (pug - 1 24 )w]d.v : -
* s - " ) N ’

~‘ . ' , +/.[(av¢!-r-§-3-) (pv¢-r3y ] deV 0

9 a” -9 v w
(k or in short:

» v
, X .

- - - a . {

Q : Fo = Fy +Fp - F f S, V=0 M (4.1)

e ‘ where the subscripts-e, w, n, s indicate that the correspondfiy quantities

ﬁ A ‘
« are evaluated at the east, west, north aétl south boundaries respectively,

and: .
- - {4.2)
-t , \ )
‘ o . ’ n »
, i 3
) - m F, \‘[(ow r -a-;% ), (4.3)
“ .
(] . '
F af - ) .
i n 4 (ove. r‘-a-g-)n& (4.4)

. .
. - ' ,
- «
N v
A . . P - . * «
- .
s N . N
» N
, . s -

5;.. .
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X
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(4.5) 4

i 2 . e
= -7 )
FS 'L‘(pwb T 3y )s dx

(Fe - Fw) represe;nts the net f;'lux of ¢ in the x—'direction through the
control volume, and (Fn‘— Fg) represents the net flux in the y-direction.
A11 geometric quantities and locations relative to an arbitrary scalar
control volume are shown on Figure 4.1. . P
Equation (4.1) can be re-written under the more compact form

1; Fi = S¢,VO'| . c (4.6)

\ LN /

9 i , Gy,
where I denotes summipg over n, s, e, and w with appropriate signs, - b"’
i - '

- . \
and S, o1 -ffs¢dv
y . :

By assuming that transport across the control volume boundary

is ‘one—dimensional, flux expressions derived from one-d‘lmens'iopalr

flow theory can be used (C5), and approximate so]ution§ for the F ™

terms can be obtained (C5, S12). For the particular case of FW this

solution takes the fo'Howing} form:

a

Fu = "w“wAw[wa +(1-1) fP] 2\/

°

(4.7)
where. £, = EXP(Pe), / [EXP(Pe), - 1] .

(Pe)y, = o bxgy / Ty ‘
A, = dyps 1.0 (area of the boundary perpendicular to x-dirgction)
‘ ;o ¢ .
°w’(pu+°P)/2‘ 4

ks

-
)

rwf(rwrp)/l’
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" Note chat the points P and W, and the intervals axg, and Aypg
° as shown on Figure 4.1 correspond to the particular case of transport
of a scalar variable; thus, when ¢is a scalara(t/emperature. T, for ' ,
e €xample) the subscrjpts of Equation (4.7) correspond to points indicated '
on Ff&g?re 4.1. But 1f ¢ is a vector quantity Nﬁ?‘“‘?‘kjure giﬂ not be
the same. For ¢ = u, for example, the control volume to be considered
is translated to the west since control volumes for vector and scalar-
variablés do not coincide. Hence, when Equation (4.7) app]iFs to the F
u-’ve'loc*ity, the subscripts represent points indic_:ated on Figure 4.2.
y Similarly, when ¢ = v the domain of interest is shifted to theb south !
and the points corresponding to the subscripts of Equation (4.7) have
to be deter?g;%ed with respect to the v-velocity control volume of '
integration. ) : o

'\ 1(3‘

The calculation of exponentials by dig'ita‘f computers is relative]y

-

. slow, However, by using Spalding's method (512) to express exponentials .,

in a simple algebraic form, computer time can be Y‘edL\ICEd. For any x, {

1 '
1 2 : i
PR 2(“?) , if |x | <2 :
‘ . :
L ~ |1 . if x> 2
eX -1 : .
0 1f x < -2
Y \’ H

Using this approximation and letting a, = pw"w’\nfw' and Cw = p,UA,
Equat:'lg\n~ (4.7) becomes: ’

[

l‘ 0
¥

Rty (e ) Y G ~ . {4.8)
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when |(Pe)w[ < 2

when (Pe)w s 2

-

when (Pe)“ < -

Further, letting Dw = PwAw/Axew’ (Pe)w beco“vgs Cw/Dw and the coefficient

a, becomes:

w

when |C,/2| < D
when cw/z"> Dw,, ‘
G2 <, .

G/2 + 5,
C,

0

~
—

%
y

The various exbressions of a in Equation (4.9) can be expressed
Lt ‘

conveniently as:
a,=max ( |G/2], 0, ) +%C,

u 4 .
It should be recalléd that, by definition, the C and 0 temms
\

(4.10)

’

‘ represent convective transfer and transfer due ﬁ diffusion, respectively.

The parameter Peua the local Peclet number-is the ratio of convective
to diffusive_ transfer rites.
(4.8) the total flux across the boundaries into or out of the contro]
volune 1s a we1ghted sum of the convective and diffusive ﬂuxes For

2 loca'l Peclet number between -2 and Zsboth convactive and diffusive

T -
. S
4 . ]

One chn ‘then see that, according to Equation _
Te

.2

i

§ o i e ot

e
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3 &

- dominant matrix of coefficients for all Pe.

f i 74,

trans'férs 'laré‘of comparam&magni:ude. However, as the -conv;ctive
transfer increases and becomes dominant, t\he diffusive transjer can
be neglected. Thus, for large |C,|, the flux F, across tt{&;est side
bouﬁdary oflthe control volume becomes either Cwq,w or, Cw¢P depending
on the direction of the flow.

Equations (4.8) and (4.9) hay be regarded as a hybrid of central&
and upwﬂind-d'iffertince schemes (C5)in that they reduce to the former
when' |Pe| is less than 2 but yield the latter for large values of |Pe|.
Recalling the conclusion of Spalding {S12) that éhe upwind-difference
scheme is preferable to the central-éifference scheme when |Pe| is
greagg_!; than 2, it can be seen that' the present hybrid scheme has the
advanta?%s of beiné more accurate over a wide range of Peclet numbei‘s

2

than either of‘its components (R3), and of yielding a diagonally-
/

¢

Applying the same principle for the other F terms and summing

over n, s, e and w yields:

.

i o

= Tap + - e
IP g 120 T 930y - ol (4.11)

from definition of the C terms, it appears that the term £C; on the .
{ l ~

right hand side of Equation (4.11) represents the total mass accumulation

in the control volume. From the continuity equation it can be dquated

to zero. Therefore: .
::Ff = faf'bi - ¢P§:a1 ‘ _ | (4.12)
.
~
R, . .
4 . "

&
VS

i e s e
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Substituting into the original transport equation (in the form of

Equation ¥(4.6)) yields the following fequation: =M

L - ¢ La =S '
2% 7% T e v

wherg the subscript i stands for e, n, w and s, and S@,vo1 ai/‘ SgdV ’

w

is the integral of the source term over the control volume. 3

4.2 CALCULATION OF THE SQURCE TERMS

. o
The evaluation of S¢,vo
of them ar-e’obta'ined by integrating the corresponding S ¢'s over the

control volume, and the final form is expressed in a finite difference /

1 for u, v, m and T is necessary. anh

form. ) ) <

. kY i
)
¢ )

4,2.1 x-component of velocity vector, u

4

S

~

u -
$,vol

u y P lb 3 u . 3v |

3

>V

I Sudxdy 1.0 : °
v

E)

and with the equation of conservation of mass:

A

o .
e ‘S:,vol = 1.0%[[[—%;-%?’%; (u%%-* v%)?"pg]dxdy
Y

~

. .
W (r . L] R . d@
-
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-

o lflf oot [ -

Pl \

+1

3-§jﬁ/%(v-§9j—)tdx]dy+ ffp%dxdy A v

[N

l‘-f(v—"—)l & |

™

]

4

, 1 1
. $4.vol [(Pf)d¥+§£[(u W dy - 4
‘ e,

+ (Qg)lpjfdxdy 1.0

Het 8]
/

note that the, subscripts e, w, n, s and P are relative to the control

<

1

u
5 3

s.vol (og)l ax_ Ay

W
3 1‘uipl.'wns * ew “ns

i

(4.14)

{ volume of u, r . |
'z
¥ b , :
4.2.2 y-component of veloeity vector, v. ;
s’ vor = 1.0 41 5 oty ‘ - oy
% A
~ 3v.
ol 1, 3
S’ vo] -10_[_[{ '—"I“ay['i'(f"a%"" T )]}__dxdy
S
/ 1 2 .1 2 13
e Sovol "o{f[f "'a'i,dYT"‘ - f[f}' AT +;V3;)dy]dx}
; O - h - N N\
g \\\'/ \ ) ¢ -
! 1
—— - - ok LT ™ e . . - T SR %‘.‘ e g
) 7o !
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O ‘ s‘;m {J‘Pl dx+f[3-u(_u3§. % )|]

i <
! L .
v - 1 ( s 1/u ¢, 20 Ao $ )
S¢,vo‘l I'O{Plprew + -3-( (u =Ty ) )Iﬂ Axew} '(4.15)
-y 4 )
e, Y
.. note that the subscripts e, w, n, s are relatjve to the control
“*- v volume of v.
. Q Y
: ] ’ N
4.2.3 Energy egquation -. Sy
-~ » .. v «
S.r = 1.0S S,dx
. - ¢,vol v Spdxdy . A
(\ 4 . 1 2 )
0 ‘ ST 0 { Cpp - Cp amp oV + My OT
o = 10 {40 el ek Ak b i b |
- , A e
) ¢ Ta (1 Ta 1 !
: "x[‘a';é?{(’c—)*—y'w(t—)]fdxw }
P . P
¢ .
-
. T Am amp AT
e s =10 Ama N, Ama AT
< $,v01 : 3} AX Ay Ay
\ u ) - . ')
= L( ) + AT 4 ( ) AXA
. ' X Ax Ay 8y (4.16)
B o . o
; . , ,
b - »
’ 4 2@
L+
£
o .
‘ ] ‘ \ —
\ " _ .
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4.2.4 Species Equation

: (4.17)

A
SO,VO] = !6 Sdedx =0

4,2.5 Modification of source term for stabi 1ity

, ; N . . ) .
The finite difference equae’ions derived in the previous section
‘ constitute a set of non-1inear algebraic equations to be solved

iteratively. The s;abi lity of t{e iterative sd1ution scheme must theh

a

be examined. : ' . e
Consider a set of algebraic eq»uat'lo;ts of the form

-

e

T .
x1 = j*,‘(ainj) +bi . \

where the x's are any unknown variable vectors. IF the equations are

'linear. f.e. a's and b's are constants, the use of algebraic equat'lons

4

as substitution formulae in iterative procedures is stable and yields

converdent solutions when ™ ’
. e o
‘\ i L . .
) Pre l‘fjl g1 - for ea}ch i
‘ ‘ ‘ (4.18)
d J:'l ]aul <1 fpr at least one

<

| " For 'non-vlinear,gquatio#?. these‘cond*ltion? are often sufficient,

ey i’?»\ although they may not bgcthe necessary conditfon for convergence (cs).

-
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e el o
~

/

In order that our system-of equations satisfies these conditions,

and also to avoid numerical problems when the coupling coefficients

are~zerg d/j ring an 1tm'ation. we will introduce a false source term,

Sf 1o6® 1nto Equatjon (4. 13) as fol'lows

%

Sfalse =

or S

false

o

{

= y 'S -

\

\

[~}

max (net mass outﬂow from control -volume,0.0) -(¢p - ¢p)

”~

@

h 4 L )
where the superscript prime indicates values from the previous iterationg

Note that sfa'lse will.not affect the f};:al results for converged solutions.
- < . . 5 >
%Ity * 1240 S v "'a"(w‘r 0-0) “P - 4p) . -

- A

1

a ’ .
or ¢P fa‘ + max(i:c1 0. O)Z Ia 4 5 ‘ vo1 + ¢p m@x (‘:c1 ,0.0) ‘
N % .
or. ¢PAP = ?11’1 + S.u - (4.19) »
)
wh + max(zC,, 0.0 . & ’
ereAP fai maxizi,o.) \\
t

" in Table 4.1.
+er

k]

and since max (;cﬁ, 0.0) can be only positive or equal to zero, the
conditions in (4 18) are satisﬁed

« The ﬁnite difference foha of Su for the variables are sumarized

\ 2 . A Pt \-\’%\
. ~

-
. . -«
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4.3 PRESSURE CALCULATION

«A'l::hough there {s nq simple means of estimating ihe ressure~
terms required for sg'lution of the momentum equatfons, this.difficulty =~

may be overcome by ng use of the continaity equation. The net

Yaccuuulation of mass 1nside each contm&oﬁm is %a{culated and the

4 p—

Tocal pressure is adjusted at successive 1tae;§ﬁﬁons S0 that velocities

N

2 o
are consistent with conservation of mass’ in~that control volune %’Msﬁ

procedure is carried out by: (1). ‘defining a new dependent variable aP,

the pressure correction term, such that P = E‘ + AP where P~ 15 an.

»

estimated value of pressure resulting fm the previous 1teration, and
P, is the actual local.pressure. (2), substituting (P~ + AP) for P 1n
s the source term of the u-momentum equation. -(3), subtracting the u-

K equation from the u”-equation. This’ u‘-eﬁuat*lori. although it belongs

s o

to the same {teration as the u-equation, results from the va1ue of

pressure of the previous 1teration. i.e. P‘ ) ' v

1

'

) ‘n = - » - : e . 5 ﬂ‘ . ¥
ap(up - tﬁ, ) §a1(u1 "1) + l.q (AP' 'Aee),.”ns ,

57 .
For approximatel converged resu]ts, u; ~'us for 1 = e, w, s, n, one '

can for .simplicity assume u“- u,-O Hence )(\.
3

7 ‘ aP (UP - us) -;1.0 A.yns(A' . :' Ape) ’ . - e N
\\ , . . 4 .'” k—"/‘ )
o or ' u, = us+ (AP = KPe) DU, : . (4.21) -

4 ] ww DUP = 1.0 (Ayns ) /.%

I3 \ ., ‘ L




81.
From its definition, DUP can be visualised as the derivative of -
velocity with respect to the pressure chinge from iteration to
{ -

jteration.
In a similar manner one obtains(;-

N N

. ~ \
Vp = Vp t (APS - Apn)‘DVP (4.22)

%

wt:ere v, = 1.0 (Axew) / 3'9

Similar expressions could be  obtained for all surrounding nodes,

r
and noting that the no points for pressure 1ie on 'the teontrol volume

¢+

boundaries of u and'v

‘l‘lE =g+ (APP - APE) DUE

‘4 (APw - APP) DUN ,'
p C & (4.23)

= v- + (AP - AP ) DV ,
W N (P,N) N

==
=

<
i
<

+ (APS - APP) DVS
Now, from continuity equaitjon:

Wua), + (puA)g - (puA)g - (puk)y = 0 (a28)
L %

‘

where A stands for the cross sectional areas of the control vo]urpe

boundaries. Substitution of Equation (4.23) into Equation (4.24) gives:
] - :

»
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N

(ouh), +(ov"A)s - (ou"A). - (pv d),

+ (pA DU AP —aP_ ) + (pA DV P - aP
(o )w ( y P) (r )S (A\S P)

. \ N}\
+ (pA DU AP - AP ) + (oA DV AP - 4P ) =20
5 | (p )E( - P) (o )N( N -P) “
liearrang‘lng,
) , N ra
(oA DU) "+ (pA DU) + (oK DV) + (oA DV)JAP, |
, E W N p )
" (pA DU)E APE ."' (pA DU)w APN. + (pA .DV)N APN + (pA %—HLS\- ?Ci - . ‘
»
y where }i:Ciis the net accumuylation of mass. )
( At this point one can see that this equation for 4aP.alsa fits the

' general form of the algebraic Equation (4.19):

(/

.
A = + v ~
tp (Ap) = fa e, + Su

\)\

where ¢ =4P, a=pABU , Apmxa1 » and  Su = - I,;C.
. » 1

7

Thi\s enables determination of AP using the same solution algorithm
as the one used for the other variables. After solving for AP, one can
then update the velocity components by Equations (4.21) and (4.22). In
the present simulation Study it is rather the pressure difference that is
of interest; this pressure difference is calculated with refe‘rence t?}:grle/,

Jet nozzle pressure. b . ¢
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Table 4.1 s
Definition of Su
//
¢ {za. + max (zC,, 0.0)} = 1a, . + Su
P 1\1 i i g 11
where Su = ¢- max (zC, 0.0) - S
) P i i ésvol
S N
¢ $,vol
w 1 ) Ap Ap w
u PLavps +3 [ ‘z' (Wix vy )] IV (pg)lpAXewAyns
A '- ! —) -
Y .PlnAxew *3 . P (u ax TV Ay ) l,,axew
Ch, -C. T -
p P Amy A Am, AT
T ép A B A -+ —A_ AXAY
Cp | A Ax Ay Ay |
ATA 1, , AT A
- A ['A‘; AX (3;) + Ay By (t_) ]AxAy
‘mA 0 g ¢
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4.4 CLOSURE
. The computational procedure used for solving the set of algebraic

equations derived in this chapter is described and discussed in

\ >
Chapter 5. .
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CHAPTER 5

COMPUTATIONAL PROCEDURE

~—"5,1 INTRODUCTION . ‘ o
Implementation of a finite difference scheme requires.iﬂﬁcret1-

zation of the domain of interest. This discretizatiqg is achieved by
selection of a grid which cov;rs the whole domain. This grid distri-
but%on and its effect on accuracy of the:solution are described in
Section 5.2, ‘ f ] ' .
Finite diffgrénce metths always result in sets of algegraﬁc '
equations, and when,fhese are tridiagonal in nature, as in the present

problem, solqtibn is simpler than for a general set of algebraic

equations. It will be seeﬁ’?ﬁ75ection 5.3 that the iterative solution '

~ procedure used in the present study is based on the tﬁ1d1agona1 matrix

algorithm (TDMA). The TDMA is described in Section 5.4, Section 5.5

" is a discussion of convergence criteria and of the use of under-relaxation

factors, while an outline.of the coMputer,prograﬁ~éqmp1etes the chapter

. ’
as Section 5.6. ' ‘ ’/ ’

5,2 GRID DESIGN
Size and distribution of the grid are of fundamental importance

.,m v - b
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in influencing not only ‘accuracy of solution but also the convergence
‘characteristics. In the present simulation ;t\e gri.ds used are non-
uniform, i.e. the spacing between grid lines is not constant. Thus
the grid is finer in areas where g;adients of the variables are large,
and vice versa. Although the grid d;istribution is not the same for
all runs, it is fixed at some predetermined pattern tf.n'oughout each
computation. Due to large differences in the flow field bie?:weergr the
various cases’s'tudied, use of a single grid pattern throughout the -
present study would have beer? inappmpriate and inefficient . As
gradients of the flow field variables and of heat and mass transfer
coefficients are high in the impingement region, a fine grid distribution
is required here. Since location of the impingiment region is a function
of angle of impingement and strength of the crossflow, the grids used
were adjusted according to these variables. Consequenfly, more than
ten d‘H’ferent~ grids were employed in the present study. However these
grids are all of the same type,”differencing only by shifting the finer

grid spacing zone to follow the impingement region.

Velocity, temperature and composition boundary layers build up along

"the impingement and confinement surfaces. Here the relatively large

gradiénts of these variables require use of fine grid spacfing. This is
particularly important for the impingement plate along which heat and
mass transfer are to be calculated. For example, the equ\ation used for

the case of heat transfer is

o . \\ﬂ
hoA (T '—T)=Ak(—9- Sy
i v dxx--xp ‘
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wherd A represents the area under consideration.” And —1't is clear

that the quantity (dT/dx) cannot be determ/ined properly if the
| *p ] ,

grid line adjacent to the plate is not p1aceF‘sufficient1y close.

Numerical tests were made to ensure that fur‘rther increases in fineness

of the grid spacings adjacent to the impi éemem': plate have no effect

on the computed transfer rates. The grid“ spacing in the x-direction

is thus small near the plat:a and larger 'in the central region. It —

may be mentioned here that the c.rossf}tgw entrance velocity profile

would be more accurately defined if ;dhe grid were also small in the l

central region, but multiplication ,gf the grid poinés leads to a

tremendous: increase in computer time; there is a tradeoff between

f .
these two considerations. In viéw of the smaH nozzle-to-plate

spacings considered here, the x-d1 rection resolut'ion chosen for the .

present study is however sufffcient to define adequately the crossﬂow
parabolic entrance velocity /grofﬂe. |

As to the grid spacing in the y-direction, it must be small in
the area covering the nozzle so that the inlet jet pmfi]e is adequately
defined, and in the impingement region to ensug gccurate calculation
of the stagnation point transfer rates. In the upstream region occupied
by the crossflow, as’well as in the downstream region near the outflow
boundary, rates of change of the variables are small and a wider resolution
has consequently é:een used.

A 20 x 40,grid'system' was used in the case of a jet without crossflow,
and 20 x 50 grids were used in all computer runs involving the effect of

/ A , i
a crossflow. A typical grid spacing distribution is listed in Appendix B
- .
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as pért of the program output.

It has been mentioned eariier that better accuracy can be obtained
through higher resolution, i.e. by using smaller grid line spacings.
It is appropriate to recall here that this statement is subject to the
folTowing limitation: when a numerical scheme such as the one considered
here is used on & digital computer, reducing the grid spacing will
improve accuracy only up to a certain point after which smaller spacing
yet will in'fact.reduce accuracy. This limitation is due to the fact
that digital éompdters have a finite word length, i.e. that the resolution
of numbers by the computer is finite. In coTPutation of derivatives of
a function, two numbers corresponding to the values of the function on
two successive gr¥d lines are subtracted and the result is divided by
the gr%d spacing. Hence it is clear that in.the case of small gradients
and of very small spacing between the grid lines, a fixed round-off
error eventually causes an increased error in the results.

Another factor, also related to the grid distribution, which
affects solution accuracy is control volume size. As discussed in
Section 4.1, the hybrid central and upwind differences method is based
on the value of the Peclet number, Pe, which is computed locally.at each

grid point as follows:

Pe = 226]

where §1 1§ the length of the control volume. Hence the value of Pe
depends not only on "local fluid properties, but also on the size 61

of the control volume, which in turn depends on grid spacing.
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Clearly, it is possible to design a gridupa‘ttern such that the
diffusion terms are neglected in the whole flow field, thus leading to
unacceptable solutions. Since the velocity field is n;&kﬁown before
computation, it is not possible to determine the local Peclet number
and then design-the grid distribution accordingly. A trial and error
method must be used. )

'Tbe grid spacing distribution used in the present study and shown
'inv Appendix B is the result of taking all factors discussed above into

consideration.

5.3 SOLUTION PRQCEDURE

The finite difference equations derived in Chapter 4 constitute g

a set of strongly coupled non-linear algebraic equations. Basically

"the solution to these equations is obtained by determining values of

the variables at each grid poinf from values at neighbouring points

\

by of an iterative procedure.
NI x NJ grid mesh where NI and NJ are the numbers of grid
lines| in ths x- and °y-direct10ﬁs resgective]y, there are (NI-2)-(NJ-2)

>

algebraic equations for each of the five variables i:. v, AP, T, My s

making a total of 5 (NI-2)-(NJ-2) simultaneous equations aside from

“»



A i § s e

e o e e+

R .

90.

In the present case(ﬁg is possible to simplify the problem by reducing

the number of simultaﬁeou& equations to be solved from S(NIJZ) (NJ-2)

to (NI-2) (NJ-2). This is done by solving separately for each of the

five variables using the iterative cycle of steps listed below:

1.
2,

Steps 2 to 7 constitute an iteration.

s

Guess the values of all variables, u, v, P, T, My

Calculate the corresponding properties of the fluid (density,

viscosity, etc.) .
Assemble the coefficients of the u-momentum equation according to
the guessed values, then solve for u.

Assemble the coefficients of the v-momentum equation according to

the guessed values, then solve for v.

Calculate AP, then P and update the u and v according to Equations

(4.21) and (4.22).

Assemble the coefficients of the energy equation according to the
guessed values, then solve for T.

Similarly for mA. |
Treat the modified variables as improved guesses and repeat s'teps

2 to 8 until the specified convergence criteria are satisfied.

the equations for individual ¢'s need be solved simultaneously. The

In steps 3, 4, 5, 6, and 7, only

method chosen to solve each time this set of (NI-2)+(NJ-2) simultaneous

equations uses the tridiagonal matrix algorithm (TDMA), whereby a set

of equations each with exactly three unknowns in a particular order

(except the first and last ones which have only two unknowns) may be

,ﬁwﬁﬁvﬁﬁ»vso4veq §equent1ai1y.

S
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( \ In the present study the marching direction goes from
confinement plate to impingement plate. This marching procedure

isvc1ear1y preferable when crossflow is not present as information

on the jet inflow to thg flow field is provided at the begining of
a \the‘computation. In the case where a crossflow is present an
alternative marching procedure (from crossflow entry to out{low
. boundary) could be used since it is the main-flow direction, but
v trials with this procedure did not result ﬂp any substantial computer
time saving. o |
[ Values at grid nodes along a grid line J are taken to be unknown
(values at W, P and E for each point P), but values at each N and S
neighbqurz i.e. variable along grid Tines J-1 and J+1 are taken as
kndhn’ﬁsing the most recent ya]ues., The TDMA {s then applie& to this
grid ' line by recasting the algebraic Equations as presented in Equation
| . (4.18) into the following form: ‘
2pdp = (apoy + ageg + Su) +ahy * a6

with the underlined quantities assumed unknown. This results in equations

; with three unknowns, except for/nodes adjacent to boundaries where only

two unknowns remain affer specification of boundary conditions. Hence

At W -

for each grid 1ine there is (NI-2) equations with (NI-2) unknowns which

can bg solved by the TDMA as described in the next section.
It may be noted here that it is not necessary to obtain a fully
| , converged solutian for the matrix since the other variables have only J
.approximate values. Therefore a 1imited number of sweeps from south to

north is sufficient. Following the recommendation of Gosman et al. (G7), v

et e A ey T
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only three sweeps were performed at each iteration for u, v, T and P
while five sweeps wgre used for aP. R

§.4 TRIDIAGONAL MATRIX . ,

.

The problem having been transformed into one represented by a
tridiagonal matrix, the solution is obtained by iterating over the
entire flow field and over the several variables. The TDMA will be

rapidly presented here and the reader is referred tol}eference (c4)

‘ for more details relative to its practical application.

As seen in Section (5.3), the equations at hand are of the form:

o T (apdy *aghg +Su) +ay +a (8.1

WhEPE‘¢p: ¢y and ¢ are the dependent variables while all other terms
are assumed constant. °

Letting a=a,

b= a,
€% 2ty ageg ¥ Su

d= ap
Equation (5.1) can be rewritten for each control volume as:

| :
-b¢w + d¢P 7 a¢E s

-

And for a1l éontrol volumes in the same line one gets:

[P S S

bt o ot St e
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. - b + d - a = C \
: 2 % 2% T % ?3 oL !
- ToB3dy *odyey - a3y =G .
b dj_p * ey - Ay gy =G |
4 l ;
-b,. ¢ >+d - a =C |
NI-1%N1-2 - NI-}¢NI11 N-t'ND T N1
Q . *(5.3)
'6r_iﬁ matrix fcfmn: < / ) i . e o
‘ k N a |
' F Q Ar T '@ ’
,d -3, v ¢ c2 +b %
by 43 - b3 - €y |
b 4 -y 9 C4 i
i . ” é
by 4y -y 4 G
- |
bNI-ZK N-p -2 || Nz | i f
’ -b d C +a I
NI NI-1 ¢NI-1 NI-1 NI-1 ¢NI
st . [ &

wh1/ch can be abreviated as: I:A] [ ] [CJ /
We know that A " ‘can be factored 1nto two (NI~ 1) +(NI- 1) matrices, :
L and U, such that L and U are unique. So _ %

o gl
[A] . [L:I [u:] . v
4 N
\ - [ ]

s e ot B el
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~ . where C° is a column matrix with elements C

»
s

arfd [A] [,,] =‘{L] [u] [«»J ‘ b

Recalling that\[A] M =,|cj ’
and 1etﬁng [U]{%] = [C‘} ’ A . (5.4)

23
.yields: ’ o .
i ‘ % ° ¢ ’
n [e] = [c] u (5.5)
. &

Defining C1 = ¢1‘, all the C,'s are given by Equation (5.5) and

i
one can solve for the ¢'s using Equation (5.4). . A

€
~
~

»”

Y
5.5 UNDER-RELAXATION .FACTORS AND CONVERGENCE CRITERIA

5.5.1 Under- relaxation factors
; '}

‘

/
. Large changes in the tridiagonal/mitrix coefficients from iteration
to iteration might lead to divergence. To cope with this drawback the .

so-cq]]ed under-relaxation }ethod is used. If ¢ and ¢P K are the

P,k-1
values of ¢ computed in the (k-1)-th and in.the k-th.iteration

.~ respectively, then the value actually used J#f the fé}]owtng iteration,

5

say ¢P,k‘ » 1s given by:

bp ke = URF op  + (1-URE).0p =) -
» . - -
whefe URF is the under-relaxation factor which is a real number
_bétween 0 dnd }. ' A ‘ x ) '

AP

PN
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« 5.5.2 Convergence Criteria ‘ ) ::3

.

v
» ¢

As seen earlier the numerical procedure eptails two iterative
loops. The first one scans the seven dependent variables, the second one
repeatedly treats the flow field for individual variables. It has been
seen that the second iteration loop does not require a converged solution.
Therefore,only the criterion for the first iteration loop need be

defined.

-

The iterative procedure is consideféd a converged solution if the

absolute normalized residuals (Equation 5:&1 for u, v, AP, T and m, are

\
e, '
. all leds than a prescribed small number CC, théxconvergence criterion. ‘

-

ThUS:"P X . ) Bl
¢ RESID = Z |zag¢; + Su - .Apep| / FAETOR <CC (5.6)
all ! ‘
nodes

y
where FACTOR, the normalization factor, will be interpreted later in this
section. The term RQEID as defined in Equatii; (5.6) is the difference
between the left and right hand sides of the governing equations (4.19);
heﬁcé for exact solutions RESID = 0. For thf‘equations for u and v,
(\EﬁcTOR equals the total inflow of jet and crbssf1ow momentum; physically

this means that the convergence criterion implies that the tota1;

accumulation of momentuq\inside the physical system has to be less than

a prescribed percentage 6f the momentum inflow. Similarly, for AP, ' ,

1

. FACTOR represents the total inflow of mass through the jet and crossflow.

For T and my s FACTOR represents the product of total volumetric inflow

and a c¢haracteristic difference in T or-m, , reébectively
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After testing the effect of a range of values of convergence
criterion, CC, the va12§ of this important computational parameter was
set at 0.015. Figure (5.1) shows the values taken by velocity at a
monitoring point in the flow field (I=18, J=20) along the iterative
computatién process. It is clearly evident that a large va]ue\for cC
would give quite inaccurate results, while a lower value would result
in an increase in comguting time without yielding a discernable
improvement in the velocity results. The transfer rate values are

subject to the same behaviour. Choice of CC = 01015 was therefore

clearly a good choice for the convergence criterion.

5.6 OUTLINE OF THE COMPUTER PROGRAM

Figure (5.2) is a flow diagram showingkthe computational procedure.
Figure (5.3) describes Subroutine CALCU which solves for the u-momentum

equation; solution of all other equations follows identical steps, and

Subroutinas CALCV, CALCP, CALCT and CALCW are similar to Subroutine CALCU.

The grid distribution is set up by Subroutine GRID. Subroutine INIT
computes subsequently all the geometrfc quantities relative to each
control volume and stores them in arrays for subsequent refernce. A1l

variables are then initialized, and fluid properties (p, u, C , X and ¢)

P

‘ are calculated by Subroutine PROPS and stored in arrays. The non-

| iterative boundary conditions are then prescribed, and‘a first oqtput
1§;printed describing the flow field as initialized.
One complete iteration is then performed~hy calling sequentially
the subprograms CALCU, CALCV, CALCP,.CALCT and CALCW which up&ate Us
v, AP, T and m

A
values, the arrays containing the fluid properties are then modified

values throughout the grid. Based on these updated

by Subroutine PROPS. After each of these iterations several tests are

AL s o
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performed: if either the computer time spent or the number of
iterations performed‘exceeds the prescribed values, the iteration
procedure termina:es automatically. Also the residuals RESID are
checked for convergence after each iteration. If the RESID for the five
equations (u, v, AP, T and mA) are all less than the convergence
criterion, CC, the program is assumed to have reached the converged
solution. The 1ocaf transﬁort coefficients are then calculated along
the impingement plate from gradients at the wall of the v, T and mA
distributions.

The line-by-line solution of the u-equation is performed in

subprogram CALCU which contains loops for the computation of the

= convective terms C and of the diffusive terms D; from these terms

CALCU establishes the TDMA coefficients, a, according to Equation

(4.10), and finally computes the source terms Su for all nodes.

Iterative boundary conditions are prescribed in subprogram MODU. -
After calculation of the u-residual, CALCU applies the under-
relaxation factors and caiis subroutine LISOLV. LISOLV performs
the Tine-by-1ine solution procedure using the TOMA. The maximum
number of sweeps (traQerses) to be performed is designated by NSWRy
in the flow diagram of Figure 5.3.

The complete program is listed in Appendix A, while a typical
output 1isting will be found in Appendix B. Additional information

oh some aspects of this program can be found in reference (G7).
-

W
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Set up Calculate Initialise Calculate Impose - Initial
Grid Geometric u,v,P,T,mA -7 Fluid Boundary | Output
Arrangement Quantities Field Properties Conditions
I 1 P 1 | .I
CALL GRID CALL INIT CALL PROPS ‘-—————ﬁ
CALL Update
CALCU u-field
Final
Transfer Rate
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Fluid
Properties
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CALL
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Calculate Calculate Calculate
CALCY Convective Terms Diffusive Terms TDMA Coefficients
Ce, Cw, Cn, Cs DE’ Dﬂa Dn» Ds ae. aW’ ana aq
LISOLV - Calculate
- . Source Terms
Su
RETURN .
T TRAVERSE TRAVERSE =
. - > NSWPU TRAVERSE + 1 i
N Impase Tterative
N Boundary Conditions
\\\
- . CALL .
N MODU
Calculate RESID
TRAVERSE )
=1 Under-relaxation
L IGRID calculate 1GRID *
= u(IGRID,J) for - —
. IGRID + 1 2 < J < Nd-1 = 3 =3
- FIGURE 5.3 Computational Flow Diagram: CALCU
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CHAPTER 6
o
RESULTS AND DISCUSSION

i
n

6.1 RANGE OF PARAMETERS

Nl .
Using the finite difference equations derived in Chapter 4

and the numerical procedures described in Chapter 5, a simulation
of the flow, heat transfer and mass transfer characteristics was
performed for a laminar semi—confinedvrectangular jet discharging
perpendicularly of with an inclination in a crossflow and 1mp1nging‘
on an isothermal wetted surface. Simulation runs of an identical
jet impinging normally but without crossflow pr&Qide comparison
between crossflow and non-crossflow cases. /The results prgsented
i? this chapter include parameters of nozzle-to-plate spacing, effiact ’
of presence ofﬁa cnossf{ow, ratio of crossflow to jet Reyno]ds numbers,
and angle of impingement. For the latter variable the range of variation
included ¢jets inclined towards both the crossflow upstream and downstream
direction (negative and positive angles, respective]y).\

The.rénges of the parameters used in the pr;sent stud; are given

, in Table 6.1. A serial listing of al] computer runs is g;ven in Appendix &
‘c. A nozzle wiﬁth of 3.2 mm and a fully developed parabolic velocity

profile were selected as the base case for the numerical study. The

Reynolds number of the jet at the nozzle exit is 1000, based on nozzle‘

width, and is constant throughout. For all runs the impingement surface
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‘ Table 6.1
- i

Values of Parameters used in the Numerical Experiments

g v ——r
Ratio of Reynolds |Nozzle-to-plate Angle of inclination
numbers of cross- spacing - of nozzle
flow to jet

M H/D 8

i 0001 2 . “45. \

i

% 001 3 f -'30‘

. - ]

g Cro L e e 4 -10°

I 0.25 - 5°

%, 0:4 0"

I 0.5 5°

; W 0.7 100

;f 1.0 C %%

| s 2.0 >

\
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g Wt = = A
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was maintained at a temperature of 350°K, while the jet and the
crossflow temperature was 450°K. The .confinement plate temperature
was also 450°K. The impingement surface temperature gives a mass

fraction'of water vapour along the plate, m,, equal to 0.302. This

P
value varies slightly between 0.3020 and 0.3023 from run to run due
to its dependence on the local pressure which varies very slightly.
The jet pressure at the nozzle exit is 1.013 E05 N/m? (1 atm) and
its water content for all runs is 0.1 mass fraction water. The
crossflow enters parallel to the confinement and impingement plates
with a fully developeg velocity profile, but its entrance temperatgie

and humidity are constan; (flat temperature and humidity profiles).

The crossflow entry (or southern edge of the plate) is situated at

a distance 6.4 D érom the center of the nozzle aperture. .

The magnitude of the crossflow {§,defined by the ratio, M, of the
crossflow volumetric flow-rate to the jet volumetric flow-rate: M = UH/{D.
Figure (6.21) on which the pressurdé difference betweeﬁ the crossfiow
entry pressure and the'ambient pressure (or nozzle pressure) is plotted
versus M ;hows that the overpressure due to the crossflow on this side
is negTig{b1é with respect to the ambient pressure the order of magnitude
of which is 10°. As the crossfiow and the jet flow are of the same fluid
(air) at the same temperature and water vapour content, and essentially
the same pressure, the density and viscosity are also effectively the same.
Thus M may also be regardsd as the mass flow-rate ratio between the cross-

flow and the jet flow, or as the corresponding ratio of the Reyndﬁds numbers

of the crossflow to the jet flow.,
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%he Tepgth of the plates on the outflow side was varied between
6.1 é and 8 D in order to have longer plates when the nozzle inclination
angle has a large positive value (6 = 30° e.g.) and when the crossflow
nﬁgnitude is high (e.g. M = 1.0 or 2.0). This was done so that the
transfer rate peaks would not be too close to the‘ZZQe of the plates,

which could have introduced an undesired interaction with the outfiow

' boundary conditions. In retrospect this provision was in fact not

necessary for the small H/D ratios studied here, but would be needed
for study of larger values of H/D.

w

For cases without crossflow, the conclusions of Li (L2) concerning
influence g e lengths on transfer rates were used to reduce computer
time. I;';j:jzafkatffgzheffect of extending plate length from 4.7 D to
18 D is felt only over the outer parts of the plate, whereas the impinge-
ment region results are unaffected. Thus a length of 4.75 D was\chosen
in the présent study for runs without crossflow. Only a few additional
runs have been done with a larger plate (tota] fength of 12.5 D) in
order to compare the average value of the transfer coef?icients Qith
results obtained with crossflow.

Results in the literature are generally presented in non-dimensional
form. In fact the governing equations themselves are comménly transformed
into appropriate non-dimensional form by using suitable characteristic
parameter values (e.g. Saad (S2), van Heiningen et al. {(V2)). But
choosing correct scaling parameters is difficult or even impossible when
tempgr%ture and composition dependent physical property variation is
allowed. Consequentﬂy. in the present study the governing equation; have

been solved in their dimensional form, and the dimensional results have

5
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» _ been converted subsequently into a non-dimensional form for

presentation. Thus the lengths and distances are normalized with
respect to the nozzle width , the jet flow conditionS'aqg expressed
in terms of ReynoIdsAnumber, while the heat and mass transfer results
are presented in terms of Nusselt and Sherwood numbers respectively.

u e

-

w7y
6.2 FLOW CHARACTERISTICS

6.2.1 Centerline Velocity Profile

6.2.1.1 Without Crossflow:

In the case of the runs performed without crossflow we can state,
in view of the results recorded in Section 2.2.1 for the poténf1a1
core 1en§th, that for the close nozzle-to-plate spacings of the present

study we are dealing with potential  core type of flow up to the stag-

- nation region adjacent to the imptngement surface. This expectation

is confirmed by the results of the present investigation presented in
Figure 6.1 as decay of centerline axial velocity . The three solid
1ines show this velocity profile for the case without crossfiow, for
\values of /D=2, 3, and 4. As is typical for this type of flow,
the u-velocity decreases only slightly withlax1a1 distance from the
nozzle exit until the flow is about one nozzle width from the evaporating
surface. Thereafter, axial velocity decreases rapidly to reach the
value of the evaporation velocity at the impingement surfaces which is
not discernably different from zéro on the scale of Figure 6.1. This

evaporation velocity is directed away from the impingement surface and
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= without crossflow

---=with crossflow, M=.25
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Figure 6.1 :
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is thus negative with the iign conventions taken here. ;lgwever,
as this evaporation velocity is three orders of magnitude smaH?r
than the jet velocity, (U/uj).nm; seems on Figure 6.1 to reach zero,
as it yu_)uld were the plate non-evaporative. Negative values for
u-velocity in the vicinity of the plate are of course printed on

(\ , -

The axial velocity decay behaviour is consistent with the

the computer outputs.

findings of previous investigators, including Giralt (G2), Sagd (s2), -
Huang (H2) and Li (L2), who showed thag, over a wide range of nozzle-
_ to-plate spacing and Reynolds number, the centerline axigl velocity
of a round jet (both semi-confined and unconfined) is affected by
,)theﬂpr:esence of the impingement plate at only about one nozzle
diameter from the plate. This fact is further confirmed by the
“'observation that the three curves for/_H/D = /, 3, and 4 collapse
effectively into a single curve beforg the effect of the impingement ‘
plafe is serulsed. This sudden decrease of centerline axial velocity “ )
near the 1qpingement ‘regi)on is of course associated with the correspondingly
,large transformation of x-direction moméntum into y-direction momentum.

(; 6.2.1.2 With Crossflow: |

‘Y As i t is the u-component of velocity which produces the desir‘al;je
impingement characteristicé of the flow field; it is of 1n;£rest t‘o note

+ the effect of crossf'l'ow on the u-velocity. Comparfson on figure 6.1

of the axial decay profiles of Mray FOT H/D = 4, with’ and without cross-

flow, indicates that the umax velocity profile is altered-drastically

By a crossflow of Reynolds number only 25% of that of the jet.
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Since the jet trajectory is now deflected by the crossflow, the
Toci of maxjmum vg]ocity are no longer on the nozzle centerline
as is the caég without crossflow. Thu; the values of (“/“j)max
on this and{sabsequent graphs in the presence of crossflow represent
the decay J? &he yaximum u-component velocity situated along the
central streamline of the defTeEt;d jet.
Bﬁﬂﬁﬁge of ?e large change in the profile caused by a value
of Mas small as 6.25, a set of such profiles for a range of 4 values
of M is shown on Figure 6.2. Although it might appear from Figure
6.2 that—there is an anomalously abrupirchange in profile between M=10%
and the comparative profile shown without crossflow, it should be
realised that a profile for the case of crossflow with M = 0 (not shown
on Eﬁgure 5%?) would be a curve logated much closer to that for M = 10%
than to tﬁg profilé shown without crossflow. This effect of crossflow
is due to interaction between the jet and crossflow starting right from
the point where the jét discharges into the crossflow. Consequently,
' whereas up,, decreases scarcely perceptibly (by ca. 1%) one nozzle
widtﬁ\?;Om the nO{zle‘exit in the absence of crossflow, Unax decreases
by 15-20% over the same distance for M in the range 10-25%. Likewise,
only 35-40% of the .drop in Upax OCCUrs over the last one nozzle width
) \%\ distigce above the evaporating surface, as compared to 85%‘of the drop
in u,, over this same region in the absence of crossflow.

Figure 6.2 shows that the greater the crossflow, the more rapidly
the up. velocity decreases. ,The direction of this trend was to be
\expected since it is apparent that for very largecvalues of M, the profile

of<figu§é 6.2 would approach the limit of a vertical line; i.e. u

max
.
dropping almost to Zerp for a sma\1 value of x approaching zero.
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10

no crossflow

Figure 6.2 : Decay of jet maximum h-velocity for various
crossflow magnitudes.
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This limiting case corresponds to a strong cressflow affected
imperceptibly by a negligible jet flow.
In view of the evidence from the flow field results that the
effect of crossflow is to cause a sharp decrease of the u-velocity
component which is the essence of the impingement process, one could
“already anticipate that the heat and mass transfer rates at tﬁe
evaporating surfac; would be lower when a crossflow is present.
/ On Figure 6.3 velocity decay profiles are shown for the cases of
an orthogonal nozzle and of a nozzle inclined at an anﬁléacf -10° (i.e.
direcfed slightly again;t the crossflow direction). In both cases a
crossflow of M = 10% is present. Since -10° is a rather small inclination
angle, the two profiles of Yrax 2T€ not greatly different. However, by
reference to the curves for Uax it-is none the less clear that for 98=-10°
the Urax velocity decays less sharply than for 6 = 0°. In other words,
at a constant crossflow (M = 10%), a change in & from 0° to -10° shifts .
the u-velocity profile somewhat closef to the profile without éross-
flow. - Such a trend in the flow field would be expected to be accompanied
by an increase in transfer rates at the impingement surface, as will
indeed be confirmed subsequently. Decay of the u-velocity is due to
transformation of the jet u-momentum into positive y-momentum by action
of the crossflow. This transformation.is-seen as deflection of the jet
towards the positive y-direction, and the onset of this def]ectiﬁn will
obviously be retarded and less significant if the jep leaves the nozz]é
_with a negative inclination angle.

Figure 6.3 also shows the deéay of the total velocity im terms of
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the ratio (U/Uj)max’ One can see that, for small distances away from
the nozzle aperture, the decay of the total velocity normalized with
the jet inlet tota] velocity is greater than the decay of the u-component.
* This is due.to the fact that U also entails the v-component of velocity
which; at the begining, is directed against the crossflow direction and
which w111’be affected more than all other flow chéracteristics by the
”cross%1ow since the first cro;sflow effect felt by the jet is the
impediment of the jet stream progression in the negative y-direction.
This total velocity, U, is not as relevant to the impingement process
as is.the u-component because it is not directed perpendicular to the
plate. Up to halfway to the impingement surface the profile for decay
of U is similar to that for Unax * Thereafter the profile for U rises

“"to a maximum quite close to the impingement surface. This maximum is

of course that of the wall jet. Beyond the wall jet maximum, the U
velocity profile drops very sharply as the impingement surface is

approacﬁed.

6.2.2 FlowrField Analysis:

The complete flow field, from impingement to confinement plate, *

and from crossflow inlet to total flow outlet was mapped for two

cases of inclined impingement into a crossflow. This was done through
‘an additional subroutine, SPEED, which calculated total velocity, U,

and its angle with the x-axis at all grid nodes. The results of th}s
computation for H/D = 3 and for a crossflow magn1tude M= 0.1 for jets
impinging at inclination angles of -10° and +30‘ are as presented on
Figures 6.4 artd 6.5. On these figures the velocity vector is represented

e
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by arrows drawn with the appropriate angle, and of length
approximating the actual magnitude of velocity.

-}igure 6.4 (for 8=-10°) shows clearly the deflection 6f
the jet from the nqzz1e centerline by interaction with the cross-
f]ow.; At impingem;nt the.jet is split into two large recirculating
flows. The Bulk of the jet goes in the downstream direction of the
crossflow, while the smaller part forms a wall-jet, about 1D thick,
in the direction opposing the crossflow. With the relatively low
\\\\\\‘\1ntensity of crossflow for fhe case shown on Figure 6.4, i.e. M =0.1,
the recirculation bubble on this side can be seen to extend ;bout 3/4
the way to the crossflow entry. Such a recirculation bubble on the
crossflow inlet side was also observed by Bouchez and Goldstein (B7)
in their flow visualization for turbulent jets in a wind tunnel. They
found a strong turbulent recirculation zone}upstream of the impingement
area. They also observed that as the flow rate ratio, jet‘to crossflow,
decreases, the recirculation zone diminishes and finally disappears
Although the flow fields for M =—1\9/and.2.0, have not been plotted,
this lagt observation of Bouchez is none the, less confirmed as values
of v-velocity in this region of the f]éw field in the present study show
only positive values when M = 1.0 or 2.0. It is also of interest to N
note that on this side 'of the flow field, just adjacent to the'nozzle.é///;>
there is another recirculation bubble, but a very small one, dueh;o th
fact that the jet at the nozzle exit is directed somewhat againQ; the
crossflow stream direction. )
The outflow side of the flow field is filled with a 1arge recircula-

tion bubble of the type discussed in Section 3.4. This recirculating flow,

- o
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is cut by the outflow boundary (Boundary IV) so that theremis aatualTy
outflow ovsr most of thi‘; flow boundary but with inflow for a region
-about 1D wide adjacent to the confinement plate. This inflow is a
reflection 0\15' the pumping or entrainment power of the jet. This |
inflow stream flows along the confinement plate in the negative
y-direction to a point near the nozzle aperture where it becomes
eﬁtrained by-the\\‘jet; the junction of these two streams creates a
pair of small vontices near the confinement plate. e "

Jhe stagnation .pm'nt is carried downstream by the cross flow.
For the condition; of Figure 6.4 the stagnation point can be ‘'seen
to be about 0.50 downstream from the point on the impingement surface
which 1is directly beneath the nozzle centerline.

Figure 6.5 shows the same ‘general type of velocity pattern for
8 = +30°, One difference from Figure 6.4 is that the stagnation
poin't is of course shifted further downstream than for the case of
8 = -10°, being located now about 1D down from the point directly
beneath the naozzle centerline. Intuition might have suggested that,
with the jet inclined at an aggle of 30° towards the crossf'l:w |
direetion, a recirculation bubble on Ythe crossflow entry sidé might
not have been formed. However, evenagp\qugh the fraction of the jet
flow which recirculates upstream against the crossffow is greatly
reduced with 8= +30°, it is still sufficiently strong to produce a
recirculating flow extending most of the distance to the crossflow

entry region. On the other hand, the recirculation bubble observed

near the nozzle aperture on the crossfiow entry side of the flow field
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" for & = -10° is not present when 8 = +30° due to the smooth merging

of the crossflow and the jet. e

Because of the evaporation occuring at the impingement surface
in the prfsent study, the velocity at this surface must in all cases
be a vector directed perpendicularly into the flow field. However,
within the timits of scale necessary for the'representations of Figures
6.4 and 6.5, the closest velocity vectors ﬁo the impingement surface are
still sufficiently far into the flow that their direction reflects the
air flow field rather than the evaporative boundary condition. It has
been mentioned in Subsection 6.2.1.1 that this evaporatiog velocity is

three orders of magnitude smaller than the jet velocity.

6.2.3 Shear Stress Analysis:

It is instructive to analyse the effect of 8 and M on the lateral
distribution of ‘shear stress along the impingement surface by reference
first to the case without crossflow and for g = 0°.

.When there is no crossflow and s = 0F the flow field is symetrﬂs
with respect to the nozzle axis. Starting from this axis (1 = 0.0)
the v-component velocity is zero at the stagnation point, but increases
very sharply with |1| under the influence of the pressure gradient, then
falls off because of viscous action and of the increase of the cross-
sectional area occupied by the spreading stream. Thi¢ flow pattern
results in the shear stre§s distribution along the impingement surface
shown on Figure 6.6. For negative values of 1, the fluid flows in the
negative y-direction, which)leads to negative values for 1, so for
convenience |t| has been plotted. As expected in view of the findings
of previous researchers, the influence of nozzle-to-plate spacing is

verj 1ittle for the range of small values of H/D studied here, which
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correspond to location of the impingement surface within the‘potentia1
core of the jet. Thus over the range from H/D = 2 to H/D = 4 there is
a reduction in the maximum value of sheér stress of only 6.6%.

Figure 6.7 shows the difference in‘the shear stress distribution
between the case without crossflow and that of a jet discharging into
a crossflow of magnitude M = 0.1. The presence of even this small
amount of crossflow sharply reduces the shear stress on the impingement
surface. The maximum value of t is reduced by two thirds. This reéh]t
which shows that the crosswfnd general tendency is to smother the ‘jet

properties and characteristics by reducing all gradients at the impin-

gement surface will be further confirmed by the results obtained for

transfer rates. This effect for shear stress as shown by Figure 6.7

is consistent with that shown on Figure 6.2 for the u-component velocity.
Figure 6.7 shows also clearly the existencglof a stagnatign point

(where the shear stress becomes zero)in the case where M = 0.1 and

H/D = 4; it is shifted downstream by the actjon of the crossflow, as

was already noted in the flow field plots, Figures 6.4 and 6.5. The *
stagnation point corresponds also to a maximum of the pressure along

the plate; such a maximum for P is shown on Figure 6.10 for a similar
case ( M = 0.1 and H/D = 3 ). ?

As the crossflow of Figure 6.7 is quite small (M=0.1), the shear
stress distribution along the impingement surface for a jet impinging
normally has been plotted on Figure 6.8 for larger values of crossflow.
The two quite different types of ffow behaviour, depending on the

magnitude of the crofstow, are evident on Figure 6.8, For small
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values of M, as represented hy M = 0.1, the jet effect1:e1y impingeS
Bn the plate, thepé is a stagnation point, and the flow field, although
strong]y affected by the presence of the crossflow, is still dominated
by the jet. But for large values of M, represented by M = 1.0 and 2.0,
the §heér stress at the evaporating surface is always positive,’j.e.

there is no stagnation point. The profile of t near the crossflow

e entry approaches that for puré channel flow. However, from ébout

1/D = -2.0 the sheaf stress increases significantly due to the agditional
flow provided byrthe ‘jet. Shear stress reaches a maximum on the

downstream side &f the jet infat at about 1/D = 2, i.e. at about the

¢ " same position /as for the case of M'=m0.1, although the maximum t is
( -~

now less even thoughﬁthe Fota]«f]od is s1§n1ficant1y 1§rdér. C1eaF]y,
no impingement occurs in this case. This absence of 1mp1n§ement is
confirmed E;sihe absence of a feak in pressure profile along the
evaporating surface wheﬁ M=1.0o0r é.O. This pressure profile is
similar to that shown on Figure 6.10Vfbr M=2.0and 8 = +30°. Thus .
. one may §§; that for large values of M the flow field is dominated by
the crossflow, wi\th the crossflow swgeping away the jet and preventing -
» At from even 1mpinging on the transfer surface. With such.a flow N
) 4%éhaviour the system is expected to yield very poor transfer rates for
large values of M, asuwi11 be confirmed bygthe heat and mass transfer
. results presented subsequently.
The effect on shear siress profile of varying angle of inclination
of the jet nozz1é for a flow field which is crossflow-dominated (M = 2.0)
1s'shown/on Figdﬁe 6.9. Tbrepver, somparison of the’curves for 8 = Q°

and M = 2,0 on Figure 6.9 (H/D = 3) and on Figure 6.8 (H/D =_4) also

a
e

indicates the magnitude of the effect of H/D on Ehgar stress in the

range of close nozzl to-plate spac1ng,/ Shear stress must -of course:
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increase as H/D decreases. In this connection it is useful to
“recall theLZefinition of crossf1$w magnitude, i.e. M = HV/DU. As U and
D are held constant, the crossflow mean velocity will be increased if
the H/D ratio is decreased for a constant value of M. With the'no-s1ip
boundary condition for the v-component velocity at the evapoFative
surface, the velocity gradient here will also be highé}'when H/D is
smaller, resulting in a higher shear stress at the surface. Comparison
of the curves for M= 2.0, 8 = 0° on Figures 6.8 and 6.9 indicates that
the peak in shear stress, which is the‘signature of the influence of
the jet on the crossflow is increased by about 60% (i.e. from 1.0 to
1.6) as H/D is decreased from 4.0 to 3.0. The;e calculations quantify
the intuitive conclusion that the further the jet nozzle is spaced from
the evaporating surface, the more the system is crossflow-dominated.
Comparison of the various curves on Figure 6.9 indicates the ‘
sigﬁifigant fact that the shear sltress is steadily increased as the jet
nozzle is rotated in the dirq;tion from positive through negative angles
of inclinatiop. As ‘can be seen by reference to the plots of the flow
field for 6 = -10° and 6 =+30°, Figures 6.4 and 6.5, the more the nozzle
is rotated in the direction of negative angles, the more of the jet flow
which is directed upstream against the crossflow and.towards the
impingement surface, and hence the larger the v-component‘ve1oc1t1es
subsequently in the region beneath and immediately downstream from the
nozzle. The résu]t is a higher gradient in v-velocity near the plate,
causing higher shear stress.

The small secondary peaks evident on these curves have their
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origin in the computational procedure, and seem to be associated with

the relatively fine computational grid near the nozzle edges (around
gridlines JNOZ and JSTEP) which is required for an’accurate definition

of these edges. Indeed, these small computational maxima correspond
exactly to |1/D| = 0.5 when @ = 0° and go slightly further away from

this po{nt as g is incrq;éed to +30° and +45°, corresponding to the
slight shift in the 1ocat16n of the nozzle edges which are located

at 1 =t D/cose. .

The pressure profiles along the evaporative surface, shown as  #
Figure 6.10, have already been referred to in connection with discussion
of the shear stress profiies. The three typical profiles shown illustrate
the progression from the condition without crossflow, to a small cross-
‘flow (M = 0.1) for which there is sti1l impingement and a sFagnation
point at the pressure maximum, to the case of a totally crogsflow-
dominated system (M = 2.0) in which there ‘is no pressure maximum or ‘
stagnation point, but instead a continuous pressure lposs in the Hirection

of the controlling crossflow.

' 6.3 HEAT TRANSFER RESULTS

6.3.I Without Crossflow

‘ \

Profiles of heat transfer coefficient at the impingement
surface are plotted in terms of local Nusselt number on
Pigure 6.1I .for H/D ratios of 2, 3 and 4. These curves, beil
shaped around the stagnation point as expected show clearly
that, within this rahge of H/D ratios, nozzle-to-plate spacing
has negligible influcndc on the local Nusselt number as the
variation at the peak is only 3%. This confirms the conclusion

of Huang (HI) for turbulent jets and of Kapur and McLeod (K4)

~
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f . |
and Gardon and Akfirat (G6) who operated with Reynolds !
numbers of comparable magnitude to the one chosen here. This
finding with respect to heat transfer is consistent also with
the small variation in shear stress noted in Section 6.2.3.
The stagnation point Nusselt numbers are somewhat lower
than those found by van Heiningen (V2) who also studied heat
transfer under a rectangular impinging jet. His results,
expressed dimensionlessly as Nu/v/Re, gave Nu/vRe =0.81 at the
stagnation point for Re = 950 and H/D = 4 in the case of a
parabolid velocity profile for the jet at the nozzle exit.
For H/D = 4 and Re = 1000 the value found in the present
study is Nu//Re = 0.7 at the stagnation point. This difference
is accounted for by the simultaneous mass transfer which ‘

takes place here but not in van Heiningen's study. The

reduction in heat transfer caused by linkage with a mass
transfer flux in the opposing direction was studied numerically
by Li (L2) for the case of a round axisymetric impinging jet.

6.3.2 Effect of Crossflow

.

As the domain of interest of the présent study is
evaporation under impinging jets, most, of the curves presented
in the following sections are limited, for convenience of
format, to the central area of the flowfield where interaction
between jet and crossflow is felt. Consequently it is
important to note that the extent of the region shown in the
remaining figures of Chapter 6 is less than the total extent
of the flow system. Thus results are usually shown over the
prime interest range of iI/D of about t 3, aithough the crossflow
entry is at N/D =~ -6.4 and the flow exits at a value of H/D

0

in the range from 6.1 to 8. However, for completeness, one
profile is preéented which covers the entire system, from ©

crossflow inlet “o the flow exit. _As this complete profile

iz for mass transfer rate (Figure 6.26), it is discussed
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subsequently. The trends noted there foxy mass transfer would

by analogy'apply also to heat transfer.

6.3.2.1 Influence of Crossflow ﬁgtio

On Figure 6.12 the local Nusselt number distribution is
shown for a wide range of crossflow ratios, M, covering both
the jet-dominated and crossflow-dominated regimes. The basic
difference in the heat transfer profiles between flow regimes
of these types as illustrated by Figure 6.12 parallels the
corresponding differences in shear stress profiles already
noted on Figure 678. For the spacing of H/D = 4 on Figures
6.12 and 6.13, the profiles for values of M of 0.01, 0.1, 0.167
and 0.25 are forcget-dominated flow, while the profiles for

M=~ 1.0 and 2.0; learly correspond to crossflow-dominated flow.

These profiles with crossflow may be compared to those of Figure

6.11 without crossfldw, as the fact that the plate widths

are not the same doe noE have a significant effect in the
central region of int rest. Such a comparison indicates that
the stagnation point heat transfer is sharply decreased by the
crossflow, i.e. it is reduced by 36% for only M = 0.01, and by

. 50% when M = 0.25. As expected the stagnation point is shifted
in the downstream direction by crossflow, and this shift increases

for increasing values of M. The curves with crossflow are of
course not symetric with respect- to the stagnation point, as
the mass flow-rate is greater on the downstream than on the

. . . b
upstream side of the stagnation point.

Metzger and Korstad (M5) claimed that the upstream propagation

distance of a jet along the impingement surface is relatively
short and that, as a consequence, the heat transfer rates
immediately upstream of the nozzle exit plane are redﬁced
gsignificantly below what would be expected if crossflow were
not present. However, this effect on the upstream side may

be viewed simply as a consequence of the simultaneous reductiaon

-
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in the entire profile &hd its shift downstream which appear
clearly when comparipg Figures 6.11 and 6.12. On the other
hand, the present results disagree with Metzger's further
conclusion that average heat transfer over regions immediately
downstream is increased above that without crossflow. The
average Nusselt number calculated over different regions of the
impingement plate are presented on Table 6.2. It apggarg\_*_/
clearly that for all the regions considered on Table 6.2 the
average heat transfer rate with crossflow is less than that
without crossflow. It seems more logical anyway to speak in .
terms of Nusselt numbers averaged over regions starting from the
stagnation point (instead of the nozzle exit plane) or extending
on both sides of the stagnation point (see Nuy and Nu; on )
Table 6.2). With such definitions it appears clearly that the
effect of the crossflow is to reduce the average heat transfer
coefficients. On an overall basis for a symetrical region
extending ten nozzle widths both upstream and downstream of the
nozzle exit plane, Metzger did however conclude that the presence
of crossflow always reduces the average heat transfer below that
without crossflow: (M5). Although the results of the present
study contradict Metzger's statement concerning heat transfer
in the near downstream region, they nonetheless confirm the
latter conclusion of Metzger et al. .

For large values of M, (M l.0or M 2.0), Figure 6.12
shows that the heat transfer profiles are totally different,
as could be expected from the shear stress profiles for large
and small crossflow ratios shown on Figure 6.8, For this
range of M and H/D ratios we are no longer dealing with
impinging jets, as Ehe.shear stress results showed that for
these conditions there is no stagnation point. Thus the ‘local
Nusselt number distribution corresponds to that for channel
flow but modified somewhat by the addition of the jet flow. .The
maxima of the curves are not due to impiggement, but only to the
increase in flow-rate through the channel that is assbciated
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Nu

M 1 Nu, Nu, Nu, Nu5
0.01 13.3  11.7 9.8 8.2 6.6 - .
0.1 12.0  11.0 9.3 7.5 6.0
0.25 9.2 ° 9.3 8.2 6.7 4.5

no crossflow 16.81 12.5 10.7 10.7 9.3

Nu

Nu

Nu

Nusselt number averaged on the region of the
impingemgnt plate extending on a one nozzle
width-length downstream of the nozzle exit plane.

Nusselt number averaged on the region of the
impingement plate extending on a two nozzle
width-length downstream of the nozzle exit plane.
Nusselt number averaged on a region of the
impingement plate extending on a three nozzle
width-length downstream of the nozzle exit plane
Nusselt number averaged on the region of the plate
extending on a three nozzle width—lendtg downstream

i

of the stagnation point plane.

Nusselt number averaged over a symetrical region
extending four nozzle widths both upstream and
downstream of the nozzle’ exit plane,

4

Table 6.2 : Average Nusselt numbers.
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with the fluid added from the jet nozzle.

Although heat transfer decreased sharply with increasing
crossflow in the low range of M (i.e. at least up to M =~ 0.25
for H/D =4}, it is useful to note that in the high range of
M (i.e. from 1.0 to 2.0}, heat transfer increases with M. The
initial decrease of Nu with increasing M corresponds to
destruction of the beneficial impingement flow pattern by
crossflow, while the later increase of Nu with M simply
corresponds to normal channel flow,behaQiour. This reversal
of the effect of M on Nu is illustrated on Figure 6.14 for one
value.of H/D and 6. The value of M which marks the transition
between jet-dominated and crossflow-dominated flow could be
taken as the value of M which gives the minimum value of Nu_ .
on Figure 6.14. This limiting‘valée of M would decrease as
H/D increases, and would as Qéﬁl be a function of the nozzle
inclination angle.

A

6.3.2.2 Influence of H/D (\h .

The influence of nozzle-to-plate spacing over the small

[RRE————

range of H/D investigated is shown on Figure 6.15. The-influence
of H/D on heat transfer profile, very small without crossflow,
becomed quite noticeable with even a small crossflow. For 6 = 0°,
the stagnation ‘point heat transfer coefficient is reduced by 19%
by an increase in H/D from 2 to 4 with M =0.1, whereas the

y corresponding reduction without crossf10w was only 3%. The

i T SR = b
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increased sensitivity of heat transfer profile to H/D is a
natural consequence as H/D measures the distance over which the
crossflow acts on the jet. For the same reason the maximum Nu

"at the-stagnation point is also deflected increasingly downstream.

At any value of M, increasing H/D will eventually lead to a
crossflow-dominated flaw.
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6.3.3 Effect of Angle of Inclination'

[y

Since it has been established in the previous sections
, that for a particular nozzle-to-plate spacing two quite
° ’ N 7 different types of flow behaviour can be encountered depending
) on the valuve of M, it is useful to reviéw the influence of
angle of lmplngement separately for each case. Subsections
) ; 6.3.3.1 and 6.3.3.2 deal, respectively, with small and large
: f" values of the ratio M.

6.3.3.1 Effect of Angie for moderate M ratiocs

g

! Angles varying from -45°* to 30° have been investigated for
M =0.1 and H/D =3. From the curve for .M =0.1l it may be seen
;on Pigure 6.16 that a dinstinct maximum in Numax occurs at a
' negative angle situated between -30° and -15°. To interpret
-this fact it is convenient to start from large positive angles

(i.e. jet directed in the same direction as the crossflow) and

s to see how the flowfield is‘mo&ified as the angle decreases,
(_7) ‘ takes the value zero (right angle je’t) “and finally increases
in the direction opposed to the crossflow. '

Fig&re 6.17 shows the ldEal Nusselt number distribution
obtained along the plate for 6 =30°, 8 = 0° and 6=~ -10".
For ¢ =~ 30°* the jet is more easily taken away by thg cressflow
because of the compatibility of nozzle inclination jith crossflow
direction. The jet is thus strongly deflected (as shown by the
shifting of the peak in lodal Nusselt number). As the nozzle is
inclined more in the'direc_ n of the crgssflow, the conversion
of x-momerrtum into y-momentum occurs further from the impingement

A > 1 P S AN LA i e A A BM O A b
-~

surface, /gnce the resulting reduction in heat transfer rates.
However, the shear stress results obtained for this run show

that there ighstlll a stagnatlo? point where T = 0, and that

the position of the heat transfer maximum is at the stagnation
poant. As 6 decreases from 30® to 0* and to -10° it is clear
qﬁ'm Figure 6.17 that the deflectlopkof the jet is smaller and
that higher values of maximum heat transfer rates result from

() .o :
I -

° R
: N -
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: Maximum local Nusselt number as a
function of nozzle inclination angle.
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Figure 6.17 :

Influence of angle of inclination on local Nusselt
for small values of M.
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the increasingly vigourous impingement on the plate.

If the nozzle is inclined more strongly yet against the
crossflow, e.g. for 6 = -30° or'—45°, then the dominant effegt
becomes a logss of momentum of the jet in this collision-type\
process where the two flows are directed against one another.
From Figure 6.18 it can be seen that both the maximum and thé
average values of heat transfer decrease sharply for increasingly
negative angles of inclination from -10° to -30° to -45°.

As a conclusion it appears ghat, for a given crossflow !
magnitude and nozzle-to-plate spacing, there exists an gptimum
angle (directed slightly against the crossflow direction) for
which heat transfer is maximum. It will be seen in Section 6.4
that this conclusion is also valid for the mass tranfer rates:
This observation can be important in industrial practise where
a crossflow ( caused for example by a neighbouring nozzle )
cannot beseliminated, since it appears that the decrease in
transfer coefficients caused by the crossflow can be reduced
by choice of the optimum nozzle angle. / .

6.3.3.2 Effect of the Angle for large M ratios

Ve »

In this case, as seen earlier, there is no stagnation point
and hence no real impingement. Figure 6.19 shows that the
heat transfer distribution is gliite flat for all inclination
angles. The heat transfer rates do increase significantly as
the angle of inclination is changed from 30° to 0°, and '
continues to increase slightly as the angle is changed to -30°
and -45°. As there is no impingement, this increase is simply

.due to the augmentation of the crossflow by the nozzle flow.

in the region beneath and downstream from the location of the
nozzle. This behaviour is consistant with the discussion of
Section 6.2.3 and with the shear stress results presented on
Figure 6.9.

For a fixed angle, 6 = 30°, and for a nozzle-to-plate spacing

)
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of 3, seweral crossflow magnitudes were tested\and the
representation of these results on Figure 6.20 agais.indicates
Ehe transition between jet-dominated systems and crosgklow— ¢
dominated systems. It appears—that for M = 2.0, 1.0 and 0.7

the system is dominated by the crossflow wheras it is dominated
by the jet for M = 0.1 and M= 0.4, The case for M = 0.5
appears intermédiate. As the existence of a stagnation point
where t = 0 could be taken as a criterion for terming a
system as a jet-dominated impingement flow, it is of interest
to note that there is a stagnation point for the cases of

M =20.1, 0.4, and 0.5, but not for M = 0.7, 1.0 and 2.0.

4

6.4 MASS TRANSFER RESULTS

Figures 6.22 through 6.24 show that mass transfer is affected
in exactly the same manner as heat transfer by Fhe presence of
a crossflow. As in Section 6.3, it appears here that, depending
on the value of M, the mass transfer can be dominated by the
jet or by the crossflow. The variation of maximum local B
Sherwood number as a function of M, shown on Figure 6.25 ,
parallels éxactly what was 'observed for local Nusselt number
on. Figure 6.14, i.e. the stagnation point Sherwood number
decreases very sharply with M for jet-dominated flows, whereas
the maximum Sherwood number increages slightly with M for
large crossflow magnitudes simply because ok the augmentation
of” crossflow by the nozzle flow.

Figure 6.26 shows the influence of“H/D on the mass transfer
coefficient but shown this time on the entireimpingement pl&te

from crossflow entry to the outflow boundary. The central

portion parallels the results obtained for heat transfer
(Figure 6.15). On Figure 6.26 the dimensional mass transfer
coefficient,k, was represented instead of the dimensionless

~Sherwood number, as this choice permits the case for pure , \
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(n crossflow to be included for comparison. As Sherwood and
Nusselt number requlre use of a characterlstlc dimension, and
as_for impingement flows D is the appropriate dimension, it

-“is evident that representatlon of the limiting case of pure
crossflow cannot be in terms of ;ucﬁ a dimensionless parameter.
Equally, while H is appropriate as a characteristic dimension
for crossflow-dominated flows, it-would not be for approaching
the othe; limiting case of pure jet flow.

The dashed line curve, representing pure craﬁsflow, is
typical of channel flows, i.e. k steadily decreases from its
entrance maximum value corresponding to the absence of thermal
and concentration bounda ajEfE“at\the\entrance. It may be
recalled that in the prégzgt—;tudy the temperature and humidity
profiles at the crossflow entry are flat, but that the ffs\
enters with a fully developed laminar velocxty profile. The
thermal and concentration boundary layers build up rapidly
downstream of the crossflow entry, leadihg to stabilization

A& of k at a slowly decreasing value around\0.0l1 kg/m?s. From

( : the edge of the plate up to 1/D =-4 it js clear that the jet

does not influence the mass transfer as/these curves are éil\

close to the pure crossflow case:\iF the same value of M,
the smaller the plateéspacing, t higher the cfossflow velocity,
and hence the furthe;/the flow proceeds from the crossflow
_entry before feeling the presence of the jet flow. Thus the
position at which the mass transfer coefficient begins to be
affected'by the jet moves progressively back from values of -
1/D of ahout -1.5 to -3.5 to -4.5 as H/N) is increased,
respectively, from 2 to 3 to 4. Figure 6.15 showed that the
trends were similar for local heat transfer distribution, but
the location of the curves is clarified by the inclusion on

B Figure 6.26 of the pure crossf;ow case. As noted at the begining

of Section 6.3.2.1, these conclusions concerning entrance effect

/

ot
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on transfer rates at'the impingemeﬁ; surface are equally
applic#ble toqbotﬁ mass and heat transfer. “

Asnto the influence of nozzle inclination on mass transfer,
Figures 6.27, G.ib\aa@lsiZQ suggest exactly the same comments

as for heat transfer, i.e. for a given crossflow magnitudé *
and nozzle-to-plate spacing there exists an optimum angle for .
which the mass transfer is maximum, and this optimum angle
is for the nozzle inclined slightly against the crossflow. .
. -
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CHAPTER 7

SUMMARY AND CONCLUSIONS

'

‘ : 7

(i) Numerical solutions for the effect of crossflﬁw and.

of nozzle inclination on the flow, heat and mass transfer ;
characteristics Pf a semi-confined rectangular laminar \jet
impinging on a wetted”isoqﬁermal flat surface have been
obtained by solving iteratively the full governing equations.
These equations are the Navier Stokes Equations coupled with
the continuity, energy and species equations. The primitive
variables are the velocity components,the pressure, the
temperatugf and the mass fraction of water 'vapour. Allowance
is mq?e in the computer program for temperature and composition
dependent fluid property variations. The crossflow magnitude
is defined by the ratio M of the crossflow volumetric flow-
rate to the jet volumetric flow-rate. The nozzle inclination
angle 6 is counted negative when the jet is directed against
the crossflow and positive when it is directed in the crossflow
direction. The ranges, of the parameters investigated are:

2 < Hf/D < 4 ’

0.01 < M < 2.0 @ R

-45° < 8 < 30° \ {
The, nozzle width is 0.0032 m } the jet characteristics at the
exif of the nozzle are:

T; = 450°K & ) y

mj - 0.1 \ ‘ %

%F = 1000

A n
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"

~‘( The impingement plate was malntalned at a temperature

T, =350 K (m = 0.302). - - R

The present results compare favourably with the éxperimental
data of Bouchez and Goldstein (B7} and of Metzger and
Korstad (M5).

(ii) For an orthogonal nozzle the velocity field analysis
showed that for moderate values.of M the jet is Split into

13 ) two parts at impingement: the main part of the jet flows in

the crossflow direction whereas the second stream flows in
. the OppOSlte direction along the plate. The interaction of
this secondary stream with the crossflow creates a recirculation
zone upstream of the impingement. As the crossflow magnitude,
M, 1ncreases this recirculatlon zone diminishes and £finally !
dlsapears
(iii) In accordance with these observations the shear stress
analysis along the plate shows that‘for small values of M the
( ! jet actually impinges on the plate whereas it is taken away by
the crossfltﬁi and( does not impinge for ,large values of M.
The value of M which delimitates these two behaviours is a
function of H/D and of the nozzlekgncllnatlon.

{(iv) The presence of a crossflow always reduces the
stagnat on point and average heaﬁ~transfer rates below what
would b expected if crossflow were not present. Ty B

A

4
+

{v) The influence of nozzle~to-plate spacing, which is
’ negligible within the range 2 < H/D < 4 when there is no
crossflow, becomeg’ significant in presence of crossflow.since
H/D measures th distance over which the crossflow acts on
» the jet:’ Increasing the nozzle-to-plate spacing leads to:
more’ significant deflecglon of the jet and lower stagnation

i

point transfer rates. . Y

.
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{vi) For moderate values of M, the heat and mass transfer
rates on the plate are the ones 'of an lmplnglng jet deflgcted
and weakened by a crossflow. The larger the crossflow, the
more effect on the jet; consequehtly the transfer rates are
decreased as M increases within é.range of values which

permit impingement. =

{(vii) For large values of M, the heat and mass transfer rates
on the plate are the ones of a channel flow (although influenced

" by the jet). Consequently the higher the crossflow, the higher

the transfer rates. But, due to the absence of 1mp1ngement,
these transfer rates are much lower than in the case of
moderate crossflow. ‘ ‘ '7

{viii) For a given crossflow magnitude and a given nozzle-
- : - . '

to-plate spacing there exists an optimum angle (directed

_slightly against the crossflow direction) for which the heat

nd mass transfers arée maximum. It pears hence that in
practical gases where the presence of a crossflow cannot be
eliminatedQ%khe decay in transfer coefficients 9%used by this
crossfléw can be limited by the choice of theapproprlate

impingement angle.
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o C—————INI TI AL QUTPUT MAINOWS?
< ol19 WRITE{6,210) L. . MA L 58
= *0120 WRITE (54280) (XCI)oI=1eNI) K MA INO 159
A o121 MRITE (642800 (Y(J)aJ=1:NJ) . MAINO160O
] ol22 WRITE (642201 REoUINsTINJPIN JWIN XA J s .5 MAINOL 63
o123 WRITE (64221) PRANDL +SCHMIT MAINO16%
) a12a WRITE(6,222) REcns.vno'al.r(w.n).P(lo.u.uno.u
s 012s WRITE(6.223) CNTR
= 0126 WRITE (6+230) TWALLSUCR - MAINOL6S N
- o127 WRITE(69232) RSMALL ¢HORATO » JNOZ o JSTEP, THE TA ”
= o128 WRITE (64250) MAXIT2TEMAXs SORMAX MA INO16T
=3 0129 WRITE (64260) FLOJET»XHOJET,YMOJET & .
= 0130 P WRITE(64261) FLOCRS.YMOCRS" - >
] 0131 IF(PUNIN) WRITE (6,602} HPUNGH = - MA INO169
= 0132 CALL PRINT(1+3eNI+NIsIT¢dT,XUsYeUsHEDU] — . MAINOIT1 -
. 0133 % SCALL PRINT{1+2,NI+NJsIT 4 ST ¢Xs ¥V VeHEDV) MA L NOL 72
50 0134 CALL PRINT(1s1oNIsNJ»IT 4 JT sXo¥ 4P o HEDP} MAINO173
= 0138 CALL PRINT{ L 21 sNTsNIIT s TeX9YeToeHEDT) MAINO174
7 0136 - CALL PRIMT(1+1 eNLoNJIoIT o JT sX oY ¢MsHEDW) MAINOL 75
= c MAINOLT7
o CHAPTER 3 3 3 3 3 3 3 IVERATIONGLOOP 3 3 3 ,3 3 3 3 MAINOIZ8
d < € MAINOL 79
= 0137 REsoauao. MAINOLAO
-— 0138 RESORT=0s MA INO1 81
Q139 'RlTE(&-BlOl IMON. JNON MAINOL B2
- 0140 300 NITER=NITERs1 N MAINO183 g
= C~====UPDATE MAIN DEPENDENT VARIABLES MA INO1 B4
e o141l CALL CALCU MAINO 185
0142 CALL CALCV ¢ MAINO1L 86
- 0143 CALL CALCP e HAINO1 87
0144 IF(CALT) CALL CALCT . MAINO 188
alas IF(CALW ]} CALL CALCW MNA INOL 89
C~=-==-UPDA¥E FLUID PROPERITIES NAINOI90
0146 IF(N{TER.GT.30) INPROP=3
0147 IFINITER «GE «60) INPROP=S
0148 IF(MOD(NITER , INPROP}.EQ.1) CALL PROPS
C———-~INTERMEDIATE OUTPUT
0149 ARESORM=RESORM/FL OWIN
0150 RE SDRU=RESORU/ ( XMON IN +YMONIN)
. o151 v > RESORV=RE SORV/(XMONIN+YMONIN)
/ \ F- <=
e .
. s

01

30
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ORTRAN IV G1i

< 304 IF(RESORWeLTeSURMAX

REL EASE 2.0 MAIN 2> DATE = 79037

IF(CALW) RESORW=RESORW/SNORMW

IF(CALT) RESORTXRESORT/SNORMT

WRITE(G¢311) NITERRESORU,RESORVRESORM,: RE SORT, RESOR
1

. -U(lNON.JHUN).V(IMUNgJHON)-P(IHpN.JMUN).T(lMON-JHDN)

+W{TMON o JMON) » SPLITINITER)+CNIV(NITER)
IF(NQD(NITER-!NDPR[).NE-O) GD Ta 301
CALL PRINT(1+1sNIEJNJ,IT, JTeXUeY,U,HEDU)
CALL PRINT{L1I,2.NI¢NJ¢ITsITeXs¥VsV,HEDV)
CALL PRINT{2¢1sNE«NJoIT+JToXs VP +HEDP)

s CALL. PRINT(1s1oNINJIJsIT, JTeXeVYsToHEDT)
ooz CALL PRINT(L 41 NI NI +IT o ITeXs YeWeHEDW)
i WRITE(6+310) IMON, JMON

301 CONTINUE
C~—-—~—~TERMINATION TAS
SORCE=AMAX] (RESOR
IF (NI TER, EQ MAXIT
C"""iff A_0CK2(ITIME)
c
lF(lTFNE/s%‘“G ST IMAX) of T

XF(REsonT.Lr.sonnAx) 6
60 10 30
303 CALT=.TRUE

s RESORU RESORV ¢RESORT ¢ RESORW ]
GO T0_302

GO

0
GO TQ 306
305 CALW=.TRUE.
IEL{ MOD(NITER,
306 CONTINUE
IF{ SORCE ¢ GT e SORM
IF(NITER sLE.10)
- 302 CONTINUE

C
CHAPTER 4 4 4 4 4 4

.
FLﬂUtzo.D

A21 I=2,NIML
ARDENJ:O-S#(DEN(lnNJ)fDEN(l.NJNI))*SE'(l]#O-Ol
FLOUT=FLOUT +ARDENJ*V(T«NJ)

421 CONTINUE £
ACCUN=FLOWEV+FLONWIN-R.OUT
WRITE (64420) FLOWEV«FLOUT. ACCUM +PUNQUT

1) CALW=.FALSE.
3} GO TO 300
oT0 300 o

FINAL OPERATIONS AND QUTPUT &4 4

C
CALL PRINTULs1 NI sNJISIT » JTo XUs Y2 UsHEDU)
CALL PRINT(1+¢2:NLsNJSIToJT X sYVsVHEDV )
CALL PRINT(1+1 oNToNJo Ty JTeXsYsPoHEDP
CALL PRINT(1:1.NE NI, IT,ITVX, ¥ ToHEDT
CALE PRINT{1+14NIeNJsIT o JToXeYeWoHEDK])
CALL PRINTI1 41 eNIoNJoIToJTeXe Yy VESsHEDVIS)
CALL PRINTE1.1,NT oNJIsET e ST eXs YDENSHEDDEN)
CALL PRINT(1:41oeNIeNJelToJTeXs¥Y s CPPJHEDCP)

% CALL. PRINTI1414NIaNJo LT o JToXe Y+ DIFF+HEDDIF)
CALL PRINT(L+1 oNI oNJoIT s JT oX oY 2CONDJHEDCON)

0 410 -

LF ({ ,NOT,PUNDUT) GOT
N

23748710

“MA LNO198

MA INOQ20)

MAINO203
MAINO204A
MAINO20S
MA INO206

SEXEERES

MAINO23S
MAINO216
MAINO237
MAINOZ238
MAINO239
MNA INO240
MAIND24a)
MAINO242
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o " FORTRAN IV Gl RELEASE 2.0 MAIN" DATE = 79037 ’d/ 23748710 PAGE 0006 ?
N 0187 WRITE(7:600) ((U(L1+J) oE=1sNLDsJ=1,NJ) 4 MA INO243 N >
ot9a WRITE(7,600) C((V{IsJ)1¢I=1NL),0=2,N4) MAINO244a
0199 WRETE(74600] ((P(ReJ)of=1eNI)oId=1,NJ) MAINO245
0200 WRITE(7:600) ((T(LleJ3si=1sNI},s=1,NJI) MAIND246 :
0201 WRITE(Z:600) ((W(Tsd)el=tsNI)ed=1oNJ) MAINO247
0202 410 CONTINUE . MAINO248
. PR A MAINO249
- - Cmm———CALCULATIONS OF SHEAR-STRESS COEFF, NUSSELT NO, STANTON NO,» SHERWOMAINO2S0 A
0203 BZN=XU(NI ) =X (NIM1) MAINO25E
0204 DDZN=XU{ NI ) =X (NI -2} - X . MA INO252
020% - DEL T=TWALL-TIN ., MAINO253
0206 ¥ 1F(ABS{DELT~04)<LE. 1.E~8) DELT=1, MAINO254
0207 : ATENP =0 4S4( TIN+TWALL ) MA INO2SS
0204 CPA=CPAL+CPA2EATEMP +CPA3SATE MPSATEMP MAIND 258
oy o209 ® IF(ABS(DELT~0.).LEe1+E~8) TERM=1, MA I NO257
= 0210 - WRITE (6.,402) MAIND2S8
= . 0211 DO 401 JZ2.NJIMIL MA INOD259 s
= 0212 ACPP=0.5#(CPP(202)+CPP(NT1,J)) MA INO260
c‘:, 0213 ADENZ0Oe SE{DEN(2,2)+DEN(NI»J)) MA INO261
= 0214 ADIFF=0,5¢{DIFF{NT,J)4+DIFF(2,2)) MAINO262
N . Q218 ACOND =0, 5%(COND( 2,2) ¢CONDINT s J}) MAINO263
Py 0216 APRESS=0, 5#P( NI, J | +PIN MAINOZ 64
£ : Ce-===MASS TRANSFER CALCULAT IONS MAINO265 %
- e217=  WPZ=W(NI,J} MA IN0Z266 -
= 0218 - XAPZ WP/ {WP ¢( 1 .~WP)/RAT| O} MAINO267
- & 0219 WOIFF=ALOG({le-XAJ)/{1.-XAP)) . MAINO268
= 0220 IF(ASS(WD IFF~040).LE.1.E~8] WDIFF=1.0 MA I NO2 &9 )
-~ D221 WFLUX=U(NT s JYSDENINT s 33 N N s MAINO270
- =5 0222 HMI =~ WFLUX/WO IFF /wTA MATNO271
et 0223 SH1=HM1#DJET/ADI FF*{ GAS®ATEMP/APRES S) MAINO272 .
> 0224 * HMzZ—WFLUX®(1,~W(NT+»J)J/LW(NT+J})~W(2:2}) MAINO273 o
) 0225 SH=HMSD JET/DIFF (2.2} /DEN(2,2) - MA INO2 74 .
%) C-~==-HEAT TRANSFER CALCULATIONS MAIND275
& 0226 IF(«NOT.CAL W) WFLUX=1.E—4 3 - MAINO276
« 0227 > HFLUX=(TI(NI~29J) ~-TWALL ) 7DDZN MA INQ2T7
‘o228 5’ HFLUX =CONO(NT + 2} $HFLUX . MAIND278
= 0229 H==-HF LUX/0ELT . MAINO2T9
- 0230 NU=H®DJET/COND(2,2) MA INO280
: 0231 ST=H/(DEN(2,2)%CPP(2,2) *UIN) MAING281
— 0232 ) YI = Y(M)-DJP*TAN(THETA) ~
= 0233 YY = (Y(J)-Y1I/DUET . o
bt o234 - WRITE (65803) J,YY WDIFF JWFLUXsHML » SHI s HMs SHaHFLUX s HsMNJ ST MAINOZ283 .
"2 0235 IF(LJ4—-1 ) /7S5+S ., EQ. (J—1)) WRITE (6,422} MA INOZ2 8BS
- 62386 401 CONTINUE ~ MA INO28S -
: Cmm e SHE AR STRESS CALCULATIONS . MAIND286 L
0237 T WRITE (6,425) \ MA [NO287 EN .
0238 DD 407 J=3.NJMi MA INO 288
0239 YYYSYVEJ)/DIET < MA INO283%
024D TAUSVISTNF, J) #VINIMI o J} 7DZN N MA INO290 n
0241 © CF=TAUS2,/(DEN(1+2 )*UINKIIN) °. MAINO291 .
0242 . ACF=0.5%(CFsRENQ) MA INO292
| 0243 WRITE (6,426) Js YNY, TAU, CF4 ACF MA INO2 93 -
0244 IFU(J=2)/5%5.E0.(4~2)) WRITE (6,422} MAINO294
0245 407 CONTTINUE MA INO2 95 3k .
) ,
‘ k]
d »
Al )
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FORTAAN IV G1 RELEASE 2.0 MATN DATE = 79037 23748710
. Cw====AVERAGE TRAN?PORT AROPERIIES CAL CUL AT IDNS - :ﬁ::gggg
0246 WRITE (6,424 . =
0247 - DO 430 J=2.NJMI A MA ING2 98
0240 PR=CPP (NI «J}2VIS({NIcJ)/COND(NEs ) ~ MAINO299
0249 SC=VIS{NIs S}/ {DENINT «JI*DIFFINI+J))} . P MAINO3 0O
0250 - PR=0, S#({ PRTPRANDL } ? MA INO3 O
0251 - SCT0.5*(SCHSCHMIT) s MAINO302
. 0252 AVIS=0e5%( VIS(NI +J)#+VIS(2,2)) 7 d . . - MAENO3 03
0253 ADEN=0 +5#{0ENI(NI s J)+DEN {24+ 2) ) MA INO3OA
0254 - ACPP=0.5%{CPPINI ¢ JI+CPP(2,2)) MAINO30S
0255 ADIFF=0,5%({DIFFIN] »J)+DIFF{2,2)) MA INO306
0256 ACOND=0+5%{ COND( N1, 3} +COND(2 42} } MA INO307
0257 ° WRITE (6,423) J4PR¢SCIAV IS ADENACPP: ADIFF ¢ ACOND MAINO3OS
j 0258 L IF({A-1)/5%5,EQa (J-1}) WRITE (6,422} MAINQ309
Q) 0259 430 CONTINUE ! s \\n:}ng;:g
- - E ] N
s 0260 . sTop - by No3i1
g € mmm—F DRMAY STATEMENTS v MAINO313
P o261 210 FORMAT (1HOL9Xs *PULIETS 5/ /410X, SIML TANEQUS HEAT & MASS TRANSFER
T P TUNDER AN IMPINGING JET?4///7+5Xs *SCALAR GRID SYSTEM: X-» )
G “ 2DIRECTION® /) .
-~ 0262 220 FORMATI///015Xe* JET INLET CONOITIONS® /s MAINO317
5 . 2 0Xo *REYNOLDS NUMBER®» TA0% IPELLa 3u/ MAINO3ES
-— 3 20Xe *AVERAGE VELODCITY?’ ;TA0¢1PELL1e30/s ¢+ MAINO 319
= R 4 20Xe* TEMPERATURE® o+ TAQOs1PE11 034/, - vz MA INO3 20
(=3 i - 5 20X ¢ PRESSURE® s TADSLPEIL 3,4/ MAINO 321
= e K3 20Xs *MASS FRACTION OF A®,TAD,3PEL), 3./. MAINO322
) 7 20Xy ' MOLE FRACRION,A*+T40,0PEL11.3) MA INO323
(oo 0263 w» 221 FORMAT (/7 420X ¢ PRANDTL NG"TQO.IPEll 3./ e MAINOG324
. 2 20Xe *SCHMICT NO?® T#0s IPE 3} MAINO32S
> 026 e 222 FORMAT(/L/7+8Xe*CROSS FLOW NLET CONDITIONS® ¢/
- , / 2 20Xs FREVNOLDS NUMBER' ,T40,1PE11+3s/,
3 { 3 20Xes YAVERAGE VELOCITY? ,TAQWIPEL] ¢34/
- el \ - 20X+ TEMPERATURE 1. TA04 1PE11.3¢/
= . - S 2ox.-Pnessun *JTAGIPELIL.3,/, 4
2 . 13 -~ 3 20Xe *MASS F CTION OF A®*,TA0,1PELL.3)
‘= 026S Pl 223 Foaunr(///.nex.-cnoss MASS FLOW—RATE IST.FB8.2,1Xe*X OF JET MASS FL
¢ Ow RATE*)
- o266 __ . 230 EQBNAT(I//-ISX.'IMPINGENENT WALL CONDITIDONS®,/, - MA INO326
- - 2 ZOXe * TEMPERTURE® 4 T401PE1 1434/ 120X+ *USUC/UIN? o TAO,0PEL1.3) MAINO32T
b 0267 = 232 FORMAT(/Z/7+15X+* GEOMETRY OF SYSTEM?®,/,20X,*JET RADIUS?, + MAINH328
b1 2 TAQy LPELY «30/520Xe *H/D RATIO ¢ TAOtPEL 103,70 MA INO329
. 3 20X+ *NO LE FROM J*'eTA0:I181,7329X+*'T0 4°2T760,111 =
S 4 7. 20X, *IMP INGEMENT ANGLES yT40s0PFL1e6)
0268 250 FDRHAT(/II.)SX.'PRDGRAM CONDITIONS® o/, . MA INO331
2 20X, *MAX ALLOW, ITER*+T40,111s/, MAINO332
. - 3 20Xs *MAX ALLOW TIME* 4740, 1PELka 30/ N MAINO333
4 20X+t MAX ALLOW, RESli.tAﬁb\PEli 3) MAINO334
0269 260 FORMAT(///415X,% JET MASS FL thJ.T3s.xPE|s.b./. MAINO33S
, & 2 13x.vJer X—~MOMENTUM IN?® s TI5,1PEL1 5,670
7 3 3Xe® JET Y-MOMENTUM [N¢,T35,1PE15.6)
0270 - 2¢et FogMAr(///.ex.-cnoss FLOW MASS FLOW IN®,73S .xpexs.e./. N
2 6Xs *CROSS-FLOW Y—MOMENTUM IN®,T35,1PE15.6,/ " .
- 3 15Xe *VARITABLE FIELD INITIALISED AS 3°)
¥ | ] : \vjsijﬂ/’“‘\~\\\\:¥k\;g
3 2 .
—— T e \\
- . N A

- .
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FORTRAN Iv G1 RELEASE 2.0 MAIR OATE = 79037 23748710 ¢
0271 280 FORMAT.(1H +/ +8(1PE15.7)]) MAINO338
. Q2vr2 310 FORMAT(1H1 AHITER 4X +9SH [ ~w— e e == ABSOLUTE RESIDUAL SOURCE SUMS~-
B | Stdaiutusad § 1--FIELD VALUES AT MONITORING LOCATION(,I12+s1Hse12,
2 H) a3H~=1 36X *SPLIT RATE*/2X22HNO¢6 X s A4HUMOM : 6X s 4HVMO M 6X s 4HMASS, 6X
o 3eAHENER OXTAHSPEC s 11X AHU,9X 4 1HV 49X .lHPngC l"fn9XolH'.1X.5HALPH‘.
44X s AHVINC /)
0273 311 FORMAT(IH 0‘30IKnIP5EIO.3|6K.IP5EIO.3|2XnOPF6-4|lXolPEl0-3)
Q274 ‘02 FORMAT(IHE ¢ 701 0Xe *TRANSFER COEFFICIENTS® ¢ //s1 Xet R/70 WOIFFMAINO3AA
WELUXS ¢B8Xs *HMLE® o BXe *SHL1" s OXo PHME (IX 4 Y SHY, MAINO34&S
36!-'HFLUI'-IOX"H'-9X-'W'nQXQ‘57‘ MAINO3AGS
@ 4/ +130¢°-*)} MAINO34T7
0275 403 ORMAT( * 'olzfﬂosylﬁoF5-509(lPEllo 3) NAINO 348
0276 420- MAT(/7s5Xs "OVERALL MASS EVAPOTATION =*41PE15,.6/ MAENO3I&9
K 25X, OVERALL MASS QUTFLON =%, IPE15.6+/:5X.*NET MASS ACCU“UL. =0, MASINO3SO
o 3 IPELIB.E6:/77 5K 20UTPUT PUNCH =04L 3, //) MEFINCG3IS)
- 0277 * 422 FORMAT(® ) IND352
- N 0278 423 FORMAT(® *,13.,1Xs8(1PE11a4)) MAINO3IS53
= 0279 A26 FORNAVCIHI-zOXo'AVERAGE TRANSPORT PROPERTIES? ./, MAINO3SA
é - . €I s 9Ky *PR®yIX*'S5CH 1BX VIS BXs *DEN'¢IXs *CP* ,7X MAINO3ISS
2 'DlFF’thX.'K'./QZXrB‘('-' ) ) MAINO3S56
- 0280 425 FPRHKT(//Y'JKO'J'07Xt"Vjo'tGX,'TEU‘lQX.'CF'.JX.'CF‘RED/Z'./.zx- MAINO3IST
pendl- 46(*~*)) MAINO358
Y- 0281 3%}‘ 26 FDRHAT( 4 "|3'IX.A! 11.4)) . MAINO 359
g 0282 600 FORMAT{1028) MAING 360
-’ 02483 802 FORMAT(® 9 ,415Xe5%eTAN,.//) MAINO361
g‘ o2ae ° END MAINO 362
g *0PT IONS IN EFFECT® NOTERM ID,EBCDIC »SOURCE s NOLI STy NODECK yLOAD s NOMAP NOGTEST
[} P tOPT IONS IN EFFECTS NAME = MAIN e LINECNT = 56
TATEISTICSS SOURCE STATEMENTS = 284 ,PROGRAM SI2E = 11276
Py STAT ISTICS*s NO DIAGNOSTICS GENERATED . . -
.E ’
:-, , . t o )
2 { ) N
GE , M - *
;-? -/ o -
[ '
- R
f_ 3 - & ’/ ke -
1 - P -

SPAGE Qo008

30

—)

~

o .. . - e - . Gt e B

L e b e n g —

P

[

R R T T o Y Ve

Aer ket ames £ S et



o
=
-
=
5
)
ki
=
.-
"
=
=g
&
[os]
[l
-
e

~
<)

MeEill aiver

hog

-

e J

1323

FORTRAN IV Gl

0001
0002

4

0003

0004

o012

P .

v, L - AN
4 .
/ -
, - e L
-
-0 4 .
- " -
@ B
e e R . - . e - —_
RELEASE 2.0 MAIN DATE = 790137 PAGE 00014
C-—BLOCK DATA . e e e ~-===DATAQQO1 'y
BLOCK DATA DATA0002 y
COMMON _NATAG003 - . 30
L /UVEL JRESORU « NSWPU,, URF UL DXEPUL22] » DXPWUL 22 )+ SEWUL 22} Y
L/VVEL /RESORV . NSWPV URFV ,OYNPV{22TF . DYPSV(22) « SNSV(22) »¥YCV{22) y" J
1/7PLOR/AESORMNSHPPURFP0U(201320) +DV(20,20) s IPREF s JPREF f ‘
1 /TEMP/RESORT ¢ NSWPT ¢ URFT DATA0007 °
1 /SPEC/RESORW « NSWP W s URF W DATAGQ08
COMMON ¥ MOLEWT/WTA,WTB DATA0009
L/FLUPR2 7CONDA L » CONDA2 +CONDA I ,CONDB1 +CONDB2,CONDB 3, OAYTAQO1L10
2VISAL +VISA2,VISA3 . VISBLl.VISB2,VISBIDIFFU, 4 DATADO11
3CPAL,CPA2,CPA3,CPB1,CPB2,CPB3 DATA0012
IIPRQEIIRE.TIN‘P!N.THALL.IIN;FLDHIN FLOWEY , DATADO13
ISTEPsJSTEP+ISTPL s JSTP L +ISTME+JISTML DATAOOL A
oJNDZ-JNDZPl.JNOZM =~
f*CDHN N > DATAQO 1S
ZALLZ IT o JT 4 NT o N o NEMEsNIMY ¢ GREAT DATA 0016 - ,
L/VAPP/ZANTON 1 ¢ ANT ON2 s ANTON3 DATAQOL7? &>
L/PGM/ BUNI N, PUNOUT » TEMAX sMAXTT,» SORMA X, INDPRI * DATAOO1 8
COMMON /DIFFUS/DIFF1 DIFF2,DIFF3,DIFF4.0 [FFS DATA0019 N
o COMMON /SUCTON/USUCSUCR DATADG20
COMMON/ANGLE / THE TA S )
COMMON/CROSS/PCNTCRJDELTIN.DELWIN
LOGICAL, P IN sPUNOUT DATAOOQ 21
C—e= LENGTH ) DATAGOZ22
C———- VELOCITYY M/5S o DATAQQR23
Crom= wT o K DATAQO24
C-~= SPECIES. MASS FRACTION OF SPECIES A DATAGO02S
C-== PRESSURE N/M#&2 o6 DATAQQ 26
C~—— DENSITY KG/M&$3 4 DATAQQR7
Ce== DI FFUSITY Me%2 /S . DATAGO2SB -
C—=— SPECI . HEAT J/KG/K DATAOG29
Cr=—= THERM.CONOU W/M/K DATA0030
C-—~ VISCOSITY, KG/M/S » DATA0031
Cv== MOLE.WT G/MOL E DATA0032 -
Commwa=p METER DATAQO33 T
C—~m—==KG KILOGRAM DATAQ034 =
Comamw==c GRAM . DATYAOQO03S
(—====xs SEC. DATAO0036
Cu—m———=N NEWTON DATA0037 -
(mrnwma } JCULE DATAQO38
Com——=y WATT . DATAQ039
G et s 0 0 o et 0 o e Y e e e T e i e S e e 2 e e e e B o e e () A TAQOAQ
C—~———PROGRAM~ AND PRINTOUT-CONTROL DATA . DATA D041
DATA ISTEP.GREAT/2,1.E30/ DATA00 A2
DATA NSWPUSNSWPV {NSWPP «NSWPT s NSWPW /3039523437 . DATAGOA3 _
¢ 2 IToJTs IPREF 4 JPREF /20 150 ¢ 24 24/ A4 -
3 URFUSURFV QURFP JURFT sURFY /00240025000 500e9,0.9/
< s RUNINFPUNOUT/ s TRUE 4 s o« TRUE o/
5 N MA!.SORNAX.INDPRI/ZOO.900.-05315-lOl/
C \ DATAQQOAS8
Com=e=PHYS ICAL DATA DATAQO0AS
C BINARY MIXTURE OF IAIER VAP (A) AND AlIR 1B) I DATAQ050
DATA WTA,\WIB/18.02,28.97/ DATA00S 1
.~ - , 2
L2
4
— e ! - _ 3 :
. . ]
>
s - . r s e v e e e e
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FORTRAN 1V G1
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RELEASE 2.0 BLK DATA

-

et TPl I8 .
. .

DATE = 79037 23/48410 PAGE 0002 .
- <
N 1 » ANTONL y ANTONZ2, ANTON3/23 ,365186 43919884, =42, 061625/ DA TA 0052 ’
0043 \ DATA VISAL,VISA2,VISA3I/0.993545-6:0.27067E~7+0.88908E~11/ DATA00S3
A 0014 N > . DATA VIS81,VISB2,VISB3/0425641E~5,0.60198E-7,~0,23723E-10/ DATA0054 .
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030 VISS=0, zsnvlsu.nwxs(l.J-Uov:S( I-14J) VESiI-1+J-11}) CALCUO0A9
0031 DN—VISN‘AREANIDVN tJ) v CAL CUO S0 -
0032 OS=VISSEAREAS/DYPS(J) , . . CALCUDS1 - . ~
0033 DE=VIS{1,J)*AREAEW/DXEPU(I ) — CALCUDS2 \
0034 ’ DW=VIS{I=1+J) SAREAEW/DXPWU(I) CALCUDSS « -
C———-——CALCULAYE COEFFICJENTS OF SOURCE TERMS _ CALCUDSA
0035 SMP=CN~CS+CE~CW CALCUDSS .
0036 CP=AMAX1 (0,0, SMP} . CALCUOS6 - P
. 0037 cPO=CP CALCUOST
Comwaa=ASSEMBL_E MAIN COEFFICIENTS CALCUOSS
g038 ) AN Le J)ITAMAXI{ABS(Q5%¥CNION)—0.5%CN CAL CUOS9 -
0039 AS(Ied)=AMAX]I (ABS(Qe5%CS) »DS) 40 «S*CS CALCUOGQ : .
0040 AE (I +J) =AMAX1{ABS(0,5%CE),DE}~0.5*CE CALCUO6] R :
) 0041 AW{ [+ J)=AMAX2 (ABS(0+5%CW) ,DW) +0.5%C 4 CALCU062 +
) 0042 DUL 1, J)=AREAEW CALCUO063 . -
s 0043 SU(T+J)=CPO*U(T+J}4DULT+I )& (P(I~1,4)-P(1ed)) CALCUD 64 - .
— 00448 SP(1,4)=—CP - CALCUO6S -
3 004S DRDXE = 0.S*((DEN(I+1sJ)+DENIE+ 1))~ (DEN( T+ JIDENI I—1+J)]))/SEW(L) - )
ca 0046 DRDYE = 0eS*( (DEN{EH I+ 1) +DEN(T4 )}~ (DEN( L+ J)¢DENL Lo J=1))37SNSLI) . 5 R
0047 DELUW = DELUE
oG 0049 DELUE=0eSH{ULI+1,J)#UlT~1,3) )*DRDXE+0.S%{V{E+J+1J4V{ 140} )SDRDYE .
0049 DELUE = DELUERVES(I +J)/DEN{T,J) i -
.E 8050 ALP HA =0 ¢ 3333 % (DELUN-DELUE ) %0.01} — .
= [eJe2- 8 ) SUCL 3} = SULTJIIFALPHASSNSLI) - .
= 0052 suu..n su(t.Jnsusu)thP-(ntcmvw#o.s ¢ « N -
=] #(DEN(T+JI4DEN{T-10J4) 14001 ;
E 0053 - 100 courmue CALCUOBS
) 0054 101 CONTINUE . - CALCUOBS .
[ C T CALCU0B7? ¥
CHAPTER 2 2 2 2 2 2 2 PROBLEM MODIFICATIONS 2 2 2 2 2 2 2CALCuUgBs
> C CALCUGB9 <
A 0055 CALL MODU ) N CALCUO90Q «
1% c . CALCUO091
& CHAPTER 3 FINAL COEFF, ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3 3 CALCU092
@ - c L. - CALCUQ93
2 0056 . RESORU=0.0 CALCUO094 ,
= bos7 . DO 300 [=3.NIM} CALCU09S . ’
— oaQss ~ 00 301 J=2.NJM1 CALCUOS6 N L
0059 AP(L s JI=ANI Ts JI+ASCL g JMHAE(T od) +ANL T4J)-5PL 144} CALCU097 N : " -
= Q060 - OU( s J)=DUL{L+J)/AP(LsJ} CALCU098
S 00614 % RESOR=AN{ T ¢ J)¥U(T s S+ 13+ AS(I v J)RUC L9 J=2)+AE(LcJISU(LI¢10d) CALCU 099 , b
%1 1 FAW{T s JJFUCT=1, J)-AP(T s J)%ULT e JD4SUL L) CALCUL00 _— .
0062 - VOL = SNS{JI*DXPW(1)%0.01
E 0063 SORVOL=GREAT*VOL ’ CALCWH 02 N
0064 IF{~SP(] ,J) «GT .0 .S¥SORVOL) RESDR=R ESOR/SORVOL CALCU103
- 0065 RESORU=RE SORU+ABS (RESOR) CALCULI0A
C———<—~UNDER-RELAXATION CALCUI 05 )
0066 Ap(t..n AP(1+J)/URFU . CALCUI06
, 0067 (L, J)= suu.nn:.-un@munu.u:uu.u . CALCULOT N
g 0068 1.0)=0U(1sJ)*URFU - CALCUS 08
0059 301 C TINUE ' CALCUN)?\ N
. ©o070 300 CONT INUE a - CALCuULio)
c . il ~CALCUL L1
CHAPTER 4 4 ? SOLUTION OF DIFFERENCE EO;JATION L] 4 4 L L2 A A CALCUI 12 » l
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FORTRAN IV G1 RELEASE 2.0 CALCU DATE = 79037 23748710 ’ PAGE 0003 _ . :
-1 c . ’ ' CALCUL13 Ir
A 0071 400 CALL LOSILV(3+2:NTsNJoITeJT,UsNSWPU 104} ~ J -
0072 RETURN — CALCUL LS 5 30 -
0073 END - CALCULE S )
. *OPYIONS IN EFFECT# NOTERMs IDEBCOI Co SOURCE ¢NOL IST « NODE CK » LOAD » NOMAP ¢ NOTEST , .
*OPTIONS IN EFFECT® NAME = CALCU s LINECNTY = 56
*STATISTICS®* SOURCE STATEMENTS = 73,PROGRAM SIZE = 2570 . B B ; s
*STATISTICS® NO DIAGNOSTICS GENERATED ~ .
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0001

o002
0003

0004

000sS

[<X-Y-7-X-X-X-Ja-1-7~1
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RELEASE 2.0 . —_ MAIN DATE = 79037 23748/ 10
Co=CALCVemmm e mrmn e o e o e e - e c e e meanew-CALCVOO 1
C~=SOLUTIAON OF VvV EQUAT ION -CALCV0O02

SUBROUT INE CALCYV - CALCVOOD3

c . *  CALCV0OO0S

CHAPTER 0 O O O O G O D PRELIMINARIES Q@ 0 0 0 © 0 O © CALCVOOS

c \ 3 CALCV006
COMMON NI TER
COMMDN CALCVOOD7?

17VVEL Z/RESORYV sNSWPV JURFV,DYNPV(22) ,DYPSV( 22) 4SNSV(22),YCV(22})
1/PCOR/RESQORMsNSWPP sURFP 4 DU 20+20) sD V(204 20) o I PREF » JPREF

1/ALLZ IT o JT o NI o NJ o NIML oNJML o GREAT CALCVOLO

- 1/GEQM/X(22) Y {22) +DXEP(22),DXPW{22) (DYNP{22)+

2 DVPS(ZZ).susgza).ssw(zzl.xU(az).vv(zza

COMMON CALCVOL3
1/VAR/ZUC20,20) +V{ 20, 20)-P(20'20)-PP(20.20):T(ZO.ZO).'(ZO.ZO)
1/7FLUPR/RHOASRHOB» RATIOCPA,CPB+CPDEL CALCVYOLS
2 DEN( 200,201 VIS(20020) s CPP( 20 +20) «DIFF(20+20) y COND (20 »20 )

1 /PROBL/RE ZTIN P INTWALL ¢WINJFLOWIN, FLOWEV » CALCVO0 17

ISTEPs JSTEP oISTP1,JSTP1, ISTML,JSTHKIL ~  CALCVOLS

3 ¢ JNOZ + INGZPL ¢ JNOZML

COMMON CALCNO19
IICOEF/AP(ao.ZO).AN(20-20).AS(ZO.zo).AE(ZO'ZO)-AUIZO.ZDJ-

2 S5U(20¢20) +SP(20,20) . . -

c CALCVO22

CHAPTER | & 1t 1 1 1 ASSEMBLY OF CDEFFICIENTS 1 & 1 1 ¢ 1 1caLCvo23

C CALCVO24
DO 100 (=2, NIML - - CALCVO2S
DELUN = 0.0 -

00 101 J = 3JsNJMI
AREAEW = DYPS(J)*%0.,01 ° ’
DENT1J=DEN( 1+ 4) 5 - CALCV029

C-----COMPUTE AREAS AND VOLUME . . CALCVO 30
AREAN = SEwW(I)%0,.01
AREAS = SEW(I)%0.01 -
vOL = AREAE W¢SEW(1l) *

C———-=CALCULATE CONVECTION CODEFFICIENTS - CALCVO34
GN=0e5% (DEN( T ,sJ#1 J4DENIJISV(I,J¢3) CALCVO 35
GP=0.S¥{DENTJ+DEN(T1+3-1))8V(1,J) CALCVO35
G5=0e5% (DEN( 14J~1Y#DEN(] 2 J=-2))2V(IsJ~}) y CALCVO37

~ GE=0, S*{DEN{I+14JJ+DENTJ)SUET+1,J) CALCV038

GSE=0+5%{DEN(IsJ=1)+DEN{(I+1+J-1))2U(I+l,J-1) CALCVO39
GH=0.5¢(DEN!J#DEN(I—1.Jl)‘U(l-Jg . CALCYO40
GSW=0.5%(DENTE, - 1) 4DEN{I-1,3~1 ) )%U(L4d-1) CALCVQ &l
CN=0 +5%( GN+GP) *ARE AN e CALCY 042
€S=0.5%{ GP +GS ) ¥AREAS CALCVO43
CE=0.5%{GE+GSE) *AREAEYW CALCVO A4S
CW=0,5%{GW+GSwW) EAREAEW CALCVO04S
Cm==e=CALCIM_ATE DIFFUSION COEFFICIENTS CALCVOAS
VISE=0e25%(VIS(I +J)¢VIS{I#],J)4+VIS{1¢J=-1]) 1S(i¢1ed-1)) CALCVOsTY
. VISW=0e25%(VISI{IsI)+VIS(I-1,00+VIS{Isd=1)¢VIS{I=14d-3)) CALCVOAS
ON=VIS{I,J) *AREAN/DYNPV(J) CALCVO049
DSSVIS(1+J—1)%AREAS/DYPSV(J) . CALCYO050
DE=VISE*AREAEW/DXEP(1) - CALCVOS]
DW=V SW#AREAEW/DXPw( 1) - CALCVOS2
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FORTRAN 1V GI

003t
0032
0033

Q034 -

0035
0036

0066
0067
0058

*NPT IONS
*OPTIONS IN EFFECT® NAME = CALCYV + LINE
" *STATISYICS*

RELEASE 2.0 [ 1R
"C—~———~CALCULATE CUEFFICIENTS OF SOURCE YERMS

[
C
c
gHAPTER, 3 FINAL COEFF. ASSEMBLY AND RES [DUAL SOURGE éALCULATION 3 3

DATE = 79037 .

SMP=CN-CS +CE-Cw
CP=AMAX 1{Q,0 +SMP )
CPO=CP
Cormman ASSEMBLE MAIN COEFFICIENTYS \
AN(CIs J)=AMAX 1 (ABS{(O+S*¥CN)s»DN)-0.5%CN
AE( I+ J)=AMAXI (ABS(0.5%CE) +DE)}~0.5%CE
AS(E o J) =AMAXL (0«5%CS)sDSIH+0.58CS ~

237487190

{ABS
AWCIs J)=AMAX]1{ABS(0.54CW) DW)+0.S*CW
DV( I+ J}=SEW( ) *0 .01
SU(T+J)=CPOKV {1+ JIFSEW(II*(P(Lsd~1)=P(1+J))}%0.0)
SP(1,J) = -CPO
\ DRDXN=045%{ {DEN( I+14J)+DEN{T ()} )—(DENC I+ JI+DEN(E~1,J) )] /SEW(I)
DROYN=0.S¥{ (DEN( [+ J#1 )+DEN(T4J))—{DENUI+J)+DEN{1+J-1)3))/SNSI(J)
DELUS = DELUN .
DELUN=0.5%{(U(I+1,J)+U{l,J) ) $DROXN+(V(1ed+1)+V(I¢J)) *DRDYN)
DELUN = DELUN*VIS(I+J)/DEN(L,J)
ALPHA=0.,3333% (DELUS-DELUN1#%0.01
SUCT +J) = SU(T4J)+ALPHA*SEW(L)
101 CONTINUE -
100 CONTI[NUE °
HAPTER 2 2 2 2 2 2 2 PROBLEM MODIFICATIONS 2 2 2 2 2

CALL WMODV

RESORV=040
DO 300 L=2.NIML
4 00 301 J=3,NJMI
AP( 14 J)=AN(1+J)#AS JICAEC 1 o) +AWL 100 )~SP{14J)
OVE1,4)=DV{1.J)/7AP 9
(I J+AS(I.J)RV( l-J*l)OAE(l:J)#VlI*l-J)
(i; S;AP To 2%Vl 2)45U(T.2)

RESOR=AN(I,J) %V
1 +tAW(TI, J)*v
VOL=DYPS{J)*SEw(
SORVOL=GREAT®VOL
IF{~SP(14sJ)GT,0.5%#SORVOL ) RESOR=RESOR/SORVOL
RESORV=RESORV +ABS{ RESOR)
Cmmmm UNDER—-REL AX AT 10N
AP{ T4 J)=AP(L,»J) /URFV
SULT +J) =SUlI+J) +( 1 ,—URFV}*AP (T +3)%V(1,J)
OVI1I.J)=DV(LI.J)*URFV
301 CONTINUE
300 CONTINUE

C
gHAPTER 4 4 4 SOLUTION OF DIFFERENCE EQUATION &4 4 4 A

400 CALL LOSILV(2+3eNIsNJJIT TV sNSWPV,14)
RETURN
END

T
SOURCE STATEMENTS = 68, PROGRAM SIZE = 2

.

4 & 4

IN EFFECT % NOTERM-lD-*BCDlC.SOURCE-NOLIST.NDDECK.LOAD,NZ:)P.NDTES‘ ’
2 -

CALCVOS3
CALCVOSA
CALCY0SS

CALCVOS7
CALCV0S58
CALCV 059
CALCVY060
CALCVOS6])

CALCVOBS

2caLcvass
CALCVO89
CALCV 090
CAL CVa91
CALCV 092
CALCVO093
CALCVO9 4
CALCVO9S |
CALCV096

CALCVO97
CALCVOSa
CALCVO99
CALCVI00

CALCV1O2
CALC VL 03
CALCV1 04
CALCV10S
CALCVIE 06
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FORTRAN v G1 RELEASE 2,0 MAIN . DATE = 79037 23748710
\ C-~CALCP-—=——wum —— - CALCPOOL
‘ C-—-SOLUTION OF P EQUAT ION CALCPOO2 —
0001 SUBROUTINE CALCP CALCPOO3
C . CALCPOOA
CHAPTER 0 0 O O O O O O PRELIMINARIES O 0 0 0 O O O ©0 CALCPOOS
c CALCPOOS
‘ 0002 couuon NITER }
Q003 COMMD _ - CALCPOO7
} I/FCDR/RESQRM.NSUPP-URFP. DUC 20420) sDVE20,20) » IPREF + JPREF ¥
1Z7ALL /T 3 JTe NI o NJJNIMI 2NIME +GREA CALCPOO9
; :/vnn/U(ao.zo).v(zo-zo).n(zo.zo).pp(zo.zo).t(ao.aa».u(zo.zo)
1/GEOM/XT22) s Y(22) +DXEP( 22 ) sDXPW(22) »DYNP (22)
| 2 DYPS(22 )y SNS(22) 9 SEW(22) oXU(22) s¥V(22) : -
0004 COMMON CALCPO13
o « l/FLUPRIRHDAoRHOB-RAT 10 «CPACPB.CPDEL, CALCPOL S
v 2 N(2 ZOI.VIS(ZO.ZO).CPP(ZO-20)oD(FFlzoqzoloCONDCZOoZOD
B -~ - 1/anF/AP(20.20).A (20420)0AS(20,20) +AE(20,20) +AW( 20,20},
“ 2 sSuU 20) »SP(20+,20)
5 C - CALCPOlA
. * CHAPTER 1 1 1 1 1 1 ASSEMBLY OF COEFFICIENTS I 1 1 & 1 1 1CALCPO19
o c CALCPO21
- 0005 RESORM=0 4+ , CALCPO20
S 0006 DO 101 J=2,NJML - CALCRO22
h— 0007 AREAEW 3 SNS({J)#%0401
= 0008 DO 100 I=2,NIMtL . CALCPO24
S 0009 DENIJ=DEN([+J} CALCPO2S
= 00t 0 PP(LsJ)=0e0 - CALCPO26
- C—————COMPUTE AREAS AND VOLUME CALCPO2T
a8 0011 - AREAN = "‘SEW(I1)#%0.01 , .
00t 2 AREAS = SEW(1)%0.01
P o013 VOL = AREAEWXSEW(I) N
= €C—-=--CALCULATE COEFFICIENTS .- F CALCPO3I
£ 0014 DENN=0, S*{DENIJ+DEN{ L+ 4+1)) . . CALCPO32
= 0015 DENS=0e5#% (DENI J+DEN( Lo 4=1)) . - CALCPO033
& 6016 R DENE=0,S&{DENIJ+DEN(I+1+J)}) CALCPO34
Z 0017 DENW=0+5*{DENIJHDEN({I-1,0)) .. CALCPQ3S
[ [LI:3%:] ANC [ 3 J)=DENNRARE AN®DV(L sJ+1) : . CALCPO 36
— 0019 AS( 1+ J)=DENS*AREAS*DV(IE +J) ¢ ® - CALCPO3Y7
002 AE(I 2 J)=OENEXAREAEWSDU( 1 +1sJ) . B CALCPO 38
= 021 . AW{ L+ J)=DENW*ARE AEWKDU( I ,J) s S CALCPO39
= C===—-CALCULATE SOURCE TERMS ~ CALCROAO
st a022 CN=DENNEV{I,J+1)*AREAN v CALCPO4}
= 0023 CS=DENS*V(1,J) #AREAS CALCPO42
- 0024 CE=DENE*UL1+1+J) $AREAEW ¢ = . CALCPO43
a062s Cw=DENWEU(I ,J)*AREAEW ? == - CALCPROAS
0028 . SMP=CN=CS+CE-CW CALCPOAS
0027 SP(1 4J}) 20,0 . ’ CALCP QA6
0028 SUll,J)=-SNP . CALCPO4?
: C-~=~=COMPUTE SUM OF ABSOLUTE MASS SDURCES CALCROAS
. 0029 RESURM=RESORM+ABS{SMP) . ' CALCP049
0030 100- CONTE NUE CALCPOS O
0031 101 CONTINUE . CALCPOSE
C - CALCPOS2
CHAPTER 2 2 2 2 2 2 2 PROBLEM MODIFICATIONS 22 2 2 2 2 2CALCPOS3
. ‘///
~ . & _;//
o

e e e e e ——— e [P
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FORTRAN IV Gl RELEASE 2.0 CALCP DATE = 79037 23748710 N
- [ CALCPO
C CALL MODP CALCPOS
Cc CALCPGS
N CHAPTER 3 3 3 3 3 FINAL COEFFICIENT ASSENBLY 3 3 3 3 3 3 3 CALCPOS?
C P CALCROSS
0032 no 300 lsz.Nlul CALCPOSS
0033 301 J=2.NJIM ’ CALCPO60
0034 301 A ll-JlSAN(l-JlfAS(l-J)fAE(l.J)fA'(I.J) SP(l+d) CALCPOGL
003s 300 CONTINUE CALCPO62
- . - CALCP063
CHAPTER 4 4 4 4 4 SOLUTION OF DIFFERENCE EQUATIONS 4 4 4 & & CALCPOSA
CALCPO6S
° 0p3s6 400 CALL LOSILVI2:2sNIsNJIsITsJT PP NSWPP,0.}
' Cc CALCPO67
CHAPTER S S§ S S5 CORREUT VELOCITIES AND PRESSURE S8 5 5 S S5 5 GCALCPOGS
C ALCPOGS
C—==~-~VELOCITIES CALCPQ70
C-~-——-PRESSURES (WITH PROVISION FOR UNDER-RELAXATION) CALCPO71
0037 PPREF=PP( IPREF, JPREF) CALCPO72
0038 DO 500 1=2,NIM1 . CALCPOT3
0039 DO S01 J=24 NJML CALCPOT4
0040 IF(IaNEa2) UCT,J)SU(T e} 4DUITEJIR(PR(1I~16J)=PP(IyJ}) CALCPOT75
0041 V(Isd) = V(IoJI+DV1+3I8(PP{10sd~1)=PP(leJd))
0042 PIL s J)=PlLL¢JIHYURFPE(PP (] ¢ J)~PPREF) - CALCPOT?
0043 50} CONTINUE CALCPOTE
0044 500 CONTINUE CALCPO79
0048 " RETURN CALCPOBO
0046 NO CALCPOB1
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*OPT IONS IN EFFECT*
*OPTIONS IN EFFECT *»

*STATISTICS*
*STATISTICS*

NOTERM,1D,EBCDIC.SOURCE, NOLIST.NODECK.LOAD.NDHAP.NOFEST
NAME = CALCP s LINE NT = S6

SOURCE STATEMENTS = 46+ PROGRAM SIZE = ‘1572
OTAGNOSTICS GENERATED
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FORTRAN IV GI RELEASE 2,0 MAIN ODATE = 79037 23748710 PAGE 0001 ]
" c--CALCf---------------—_-- . CAL,C'OO‘
J C—=SOLUTIDON OFg TEMPERATURE EQUATION z CALCTO02
0001 / SUBROUTINE CALCT CALCT 003 i .. ~ .
[ , N CALCTQ04
. CHAPTER 0 O 0 6 © 0 O PRELIMINARIES @ 0 0 0 0 O 0 CALCTOOS
[ z CALCT 006
0002 COMMON NITER -
0003 COMMON CALC Y007
1/TEMP ZRESORT s NSWPT JURF T A CALCYO08 °
VT/ALL/IToJToNI eNJSeNIMI s NIML ¢ GREAT s CAECT009 -
1/VAR/ZUC 20 420) sV(20,20)sP(20+20) +PP{20+20)+T{20,20},w(20,20) N
L/GEOM/X(22) 47(22) OXEP(22),DXPW{22) ,DYNP {22}, - .
- - 2 DYPS(22)+eSNS(22) +SEWI22)+ XUL22) VYV (22) N
0004 COMMON CALCTO13
oy 1 /FL UPR/RHOA sRHOB +RAT I0sC PA +CPBe CPDEL » CALCTO 14 N
[y IS 2 OEN{20+20) s VIS{20,20)+CPP(20:20)+DIFF{20+20}+COND(20,20) -
— N 1/PROBL/RESsTINsPINsTWALL ¢ WINeFLOWINFLOWEV CALCYO16- -
g —_— 2 ISTEP+JSTEP 4 ISTP1 4 JSTPL, ISTM1:JS5THI CALCTOL? .
-5 3 + INGZs JNOZP 1, JINOZMYL - .
FE 0005 COMMON | CALCTO18
o8 1/COEF /AP (204 20) s AN{20,20)sA5(20,20) (AE(20,420) ¢AW{ 20,20}, . N
2 SU(20520) s SP{ 20420} R -
N 0006 COMMON/HEAT/CPPDEL( 20, 20) . -
1 - c . CALCTO 22 . ‘
g EHAPTER -1 1 1 1 1 1 ASSEMBLY OF COEFFlClE‘NTS i 1 1 1 i 1 ALCYO23 . '
' ALCTO 24
o] 0007 . D0-10} J=2,NJM1 CcALCYO25
r) 0008 AREAENW = SNS({J)%0,01 - ~
) 0009 D0 100 [=2.,NIM1 CALCTO027 ‘
15 0010 DENIJ=DEN{I1,J) CALCTO28
" C--===COMPUTE AREAS VOLUME CALCTO29 .
2 0011 AREAN = SEW(1)%0.01 _— bz
02 Q012 AREAS = SEW(1)*0.01 .
- 0013 VOL =AREAEW¥SEN( [ ) CALCT Q32
& 0014 CPOEL=CPPOEL(Ks4) | CALCTO33 N
Z [ CALCULATE CONVECTION COEFFICIENTS . ' CALCT O34
= 001S GN=0.5% {DENIJ+DENI T+ J¢+1 ) )RV L, ¢1) CALCTO03S
- 0016 GS=05% (DENTIJ+DEN(T+3=-1))2V(14J) CALCTO36
00L7 ‘GE=04 S¥[DENIJHOEN(T+12J} J*UCI+1 9d) | CALCTO37 . «
o018 _ . GW=0e5%{DENTJ4DEN(I-1,0))4U(1,J) i CALCTO033 -
0019 CN=GN*ARE AN LALCTO39
0020 CS=GS*AREAS - CALCTOA40 <
0021 - CE=GE*AREAEW CALCTO04 1 . N
0022 — CW=GWHAREAE W~ CALCTO42
C=====CA_CULATE DIFFUSION COEFFICIENTS ’ . CALCTOA3
0023 GAM=COND(I,J)/7CPP(1:J) ® CALCTOAA *
0024 GAMN=0+S#({ GAM+COND (1 4% 1) /CPP(I.J+1)}) CALCTOAS
0025 . GAMS=0, S®{ GAM+COND( 1+J-1)/CPP(LoJd-1}) ~ CALCTOAS -
0026 - GAME=0.S*{GAMECOND{ I1+1.3)/CPP{1+1,4)) CALGCTOA7
o027 " GAMW=0. 5% (GAM+COND(I-1»J)/7CPP(1-12J}) CALCT 048 - .
coza N=GAMNE¥AREAN/DYNP{ 4} CALCTOAS , -
0029 DSaGAMS*AREAS/DYPS(J) CALCT0S0
0030 DE=GAME *AREAEW/D XERP(]) CALCTOS!
0031 DW=GAMWXAREAEW/DXPW( 1) e - CALCTOS2 -
. - - -, B
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FORTRAN IV Gl RELEASE 2,0 CALCT " DATE = 79037 23/‘%1!0 PAGE 0002
- 1
CoomesSOQURCE TERMS . CALCTOS3 N
0032 SMP=CN~CS +CE-CW - k3 CALCTO054 -+ . -
0033 CP=AMAX 1(0.0,SMP) - / - CALCTOSS .
0034 cPg=CP : CALCT 056
: C—————ASSEMBLE MAIN COEFFICIENTS , N “CALCTOSY
0035 AN(T s J)=AMAXL (ABS (D« SECN) DN)=0+5%CN CALCTAS8
0036 ASLEsJ)=AMAXE (ABS(0,5%CS) 4DS) #+0 ,5%CS CALCTOSS ,
0037 AE(1 +J) =AMAXI(ABS{0+S#CE)}+DE)=0.5%CE CALCTO060 .
6038 AW({ [+ J)=AMAXE (ABS{O,5¥CW)+DW}+0.5%CW CALCTO61
0039 SU(T¢+JI=CPOFT (T, J} v CALCTO62
0040 DEL Z=DXEP(I) CALCTO063 :
0041 IF{1.EQ.NIMI} DELZ=DELZ%0.5 CALCTO64 ¢
Q042 DTZI=(TLI+140)-T(1,3))/DELZ > LALCTO6S - °
0043 DYZ2=(T{1+s3)-TlLsJd=1})/DXPW(1} S"CALCTO66
< 0044 DTRI=(T{I,J+1)-T(1.:4))/DYNP({J} CALCTO67
- 0045 DTR2=(T(1+J)-T(1l,J-1))/DYPS(J} CALCTO068 . -
- 0046 DWZ1=(w(I+1s5)~w(lsJ))/DELZ AL CT069
S 0047 DWZ2=(W( T+ 8)=W(l o d~1)) /7DXPW( ) CALCTO70
P ooag DWR1IS(W{I,Jt1)-w{1:,3))/DYNP(I) cALCYOT?
B 0049 DWR2=(W{I +J)-W(l4-1))/7DYPS(J) caLcrarz .
% 0050 DTZ=0,5¥DT2Z14+DT 22) ® CALCTQ73
0051 . DTR=0.5%(DTR1+DTR2) CALLCTOZ74 .
8 005 2 < OWZ=0.5%(DW21$#DWZ2) - CALCTO7S
— 0053 DwR=0.5%( DWR] +DWR2) ° CALCTO76 <
= 0054 = WTERM=({DWZ¥DTZ+DWRADTR ) SVOL ADENIJ*DIFFL{ 1 + J) ECPDEL/CPP( 1 4J) CALCTYO?? 4
=3 0055 DCPZI=(CPP{I+J)-CPPII+1+J))/7(CPP{TI+1:J)}%CPP(1yJ)#DELZ) CaLCTOT8
E 00s6 N DCRZ2=(CPP(I=-14J)=CPP(1eJ))/(CPP(1,J)%CPP{]~1¢J)¢DXPW(I) CALCYO79
[=) 0057 DCPRI={CPP{1+J)~CPPI1+J#1 ) /(CPP(I,4)%CPPLI,J+1)*DYNPLI) . CALCTOB0
L] 0058 OCPR2=(CPP(I,J~1)~CPP(1,+J))/LCPP({1.J)%CPP(ksJ=1)20YPS{J}) cALCTOB81 |,
T 0059 - DCPZ=0,5%({0CPZ1+DCPZ22) - N CALCT 082 < - ;
Y 0060 DCPR=0.5% (DCPR1+DCPR2) l CaL€v083
R 0061 CPTERM={DCPR¥DTR+DCP 2% DT Z) *VOL$COND( 4V} ' CALCT 084
[} 0062 SU(T s J) sSU( 14 J) EWTERMN-CPTERM CALCT 085 “
[ Q0613 < SP{l1sd)=~CP . | CALCTO8S .
& 0064 100 CONTINUE CALCTDS87 .
2 0065 101 CONTINUE i CALCT088
2 c P | CALCY089 . .
= . CHAPTER 2 2 2 2 2 2 PROBLEM MODIFICATIONS 2 2 2 CALCTO090 -
= c CALCTO091
- 0066 CALL~-MODY N i CALCTO092 . A —
b : CHAPTER 3 FINAL COEFFICIENT ASSEMBLY AND RESIDUAL SOJRCEaCALCLLATI‘t N-3 CALCTO93 ~
= : c CALCTO98
2 0067 RESDRT=0.0 - . CALC 1095 .
= 00683 0O 300 I=2,NIM1 - CALCTO96
0069 DO 301 J=2,NJM1 CALCTOST
0070 | APCT s JISANIE o JF+AS(I o d)#AE(] 0J) +AN( 1, ) CALCT 098
0071 RESOR=AN(E ¢ J) kT ToJ+1 ) 4AS(T 2 J)*T (], - JeT{I+1,J) CALCT099
1 FAWC Lo D) ET UL =1 s J)=AP(1+J)%T(] 3 - CALCTL 00 - -
0072 VOL' = SNS(J)*SEW(1)%0,.01 °
0073 . SORVOL=GREAT*VOL - CALCTLI02 ”
oore IF(-SP(I+J)«GT.0.5¥SORVOL) RESOR=RE son/sonvmg . . CALCT103
0075 RESORYT=RESORT +AB S{ RE SOR) CALCT1 04 .
: , C====«UNDER-REL AXAT ION CALCT 105
0076 APL L+ J)=APLEJJ/Z7URFT . . CALCT106
- ° - -
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FORTRAN 1V GI RELEASE 2.0 CALCT DATE = 79037 23/‘8/1‘ PAGE 0003 v
YR
0077 SUL s JISSUI L J)*{ L 0-URFTISAP({+JIST eI} i CALCTIO7
0078 301 CONTINUE - CALCY108
0079 300 CONTINUE CALCT109 . o
/S oe CALCTL110 _—
. { CHAPTER 4 4 4 4 4 SOLUTION OF DIFFERENCE EQUATIONS 4 4 4 4 E:tg;“é
0080 - 400 CALL LOSILV(Z2+2 NI sNJsIT o JTeTeNSWPT +04) ‘ i ) -
o008t RETURN _ ; CALCTL IS ~
0082 END- - o . CALCTILS
*0PTIONS IN EFFECT* NOTERM, [0+EBCDIC, SOURCEyNDL IST yNODECK,LOAD ¢ NOMAP¢ NOTEST N
*OPTIONS IN EFFECT® NAME = CALCT s LINECNY = ) ~
*STATISTICS» SOURCE SVTATEMENTYS = - = B82+PROGRAM SIZE = - 2838 “
*STATISTICS* NO DIAGNOSTICS GENERATED . - ~ - 3 . _
A}
- . \ N
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FORTRAN IV Gl RELEASE 2.0 MAIN , DATE = 79037 _ 23748710 PAGE 0001 .
C—=CALCW—— e e - e mw. . —-———— —————— —-———CALCWOOL
C--SOLUT[ON OF SPEC!ES EQUATION - ———mmm - ————————C AL CW 002 -
0001 SUBROUT INE CALC CALCWO003
N c PTER O O O O O O O PRELIMINARIES 0 O ©c o o0 o E:tg:%g;
\ CHA (]
N c CALCWOOS ,—/—/_%
- 0002 COMMON NI TER
0003 COMMON
1 /SPEC/RESORW JNSWPW ¢URFW
1/ALL/ZIT o IT o NI o NI sNIM1 o NIML»GREAT
1/VAR/U{20,20) »V{20320)sP{20+20) +PP(2020) +T£20420)aW (20,20}
T L/GEQMZXT22] 4Y(22) JOXEP{22),DXPW(22) +DYNP( 22) »
° 2 DYPS(22) s SNS{22) + SEW(22),XU(22),YV(22)
‘0004 COMMON )
1 /FLUPR/RHOA 4RHOB sRAT 10sCPA, CPBy CPDEL »
— 2 DEN(20:,20)+VIS(20,20) .CPP(ZO-ZO):DIFF {20'220) yCOND( 20,20)
:/PRoaerE.rlN.plN.tlALL.le.FLuwlN.FLouE .
. ISTEP e JSTEP s ISTPL+JSTPL I STME s JSTHE
- 3 s INOZ, JNOZPL , JNOZM1
0005 COMMON L
ucostAmzo.zol.AN|20.20).A5120.20).AE(zo.zo).Aw(zo.zol. -
- SU(20,20),5P(20s20) -
~ C
CHAPTER 1 1 1 1] I 1 ASSEMBLY OF COEFFICIENTS 1 &t 1 1 1 1 CALCWO022
< CALCYWO023
0006 N DO 101 J=2,NJML 3 CALCWO24
0007 { AREAEW = SNS{J)%0,.01 > o
0008 = DO 100 [=2,NIMIL . ‘ CALCWO26
0009 DENIJI=DEN(1,J} CAL CW027 -
, C===--COMPUTE AREAS VOLUNE - CALCWO28
0010 AREAN = SEw(1)%0.01 - -
oot 1 AREAS = SEW(1)%0401
Qo112 VOL=AREAEW*SEW(1) CALCWO3}
C————CALCULATE CONVECTION COEFFICIENTS _ CALCW0 32
Qo1 3 GN=0S¥(DENTJ+DEN(I »J+ 1)) VI d¢l) - CALCWO033 -
0014 GS=0.S¢(DENTJHDEN{T+J-1))%ViLiod) < CALCWO 34
0015 GE=0.5%(DENTJ+DEN([#1 +4))%U(141,J) CALCWO 3S -
0016 GW=0,5%(DENIJ+DENTI~1,4) }2U{1,+J) CALCWO036
Q017 - CN=GN*AREAN i “CALCWO37 -
0018 CS=GS*AREAS CALCWO 38
0019 X CE=GE#AREAEW . CALCWO39 5
0020 Cw=GWEAREAEW CALCWO 40
N L CALCULATE DIFFUSION COEFFICIENTS - CALCWOA L
0021t GAM=DIFF( I+ J)*DENIJ CALCWO42
0022 GAMN=0,S5* (GAM+DIFF( 1+J+1 ) ®OEN(I,J+1)) CAL CW043
0a23 - GANS=0.5%(GAM+DIFF(l+J=1)}%DENC([,4J-1)) CALCHO4R
0024 - GAns-o.sucAuwoxFFuu.JHDENHH.JIg CALCWOAS
0025 GAMW=0¢S*{GAM+DIFF( I~1,J)#DEN{T=1,J) ! CALCWO046
- 0026 DN=GAMN®AREAN/DYNP(J} CALCWO47
ooz7? DS=GAMS®*AREAS/DYPS(J) - - CALCWO48
0028 DE=GAME *ARE AEW/DXEP{ 1} - CALCW049 ]
0029 OW=GAMY$AREAEW/D XPW {I ) . CALCWO0S0
e Cm=m===SOURCE TERMS CALCWO 51
0030 SMP=CN~CS+CE~CW CALCWOS2
] > -
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FORTRAN IV G1

*0OPTIONS IN EFFECT*
-#0QPTIONS IN EFFECT#

RELEASE 2.0 CALCW

CP=AMAX1(0,0,sSMP)
cPO=CpP
Coew——ASSEMBLE MAIN COEFFICIENTS

DATE = 79037

AN{I s J)=AMAXILABS(O0a stCN).DN)-o.stcu
ASLIa J)ZAMAXL(ABS(O«S¥CS) 1051 #0.5%CS

23748710

AEC T's J)=AMAX] (A
AWl y J)=AMAXI(AB
SULL»J)=CPO*WI(I,

S(0.S¥CE)DE )-0oS¥CE
§§0o5$CIl-DI!iO-5¢CH

— SP(1sJ)==~CP

L\

*STATISTICS*

*STATISTICS

&

100 CONTINUE
101 CONTINUE

EHAPTER 2 2 2 2 2°2

PRGBLEM MODIFICATIONS 2 2 2

2

2 2

CALL MODW
CHAPTER 3 FINAL COEFFICIENT ASSEMBLY AND RESIDUAL SOURCE CALCULATION 3
< padh

RESORW=0.,0

IF(=SPl144)«GT.0.54SORVOL} RESOR=RESOR/SORVOL

. RESORW=RESORW+ABS(RESOR)
C-=~r=-<~UNDER~-RELAXATION
AP 2 JYSAP(IeJ)/URFW

3014 CONTINUE
300 CONTINUE

400 CALL LOSILV(Z-Zle.NJ.lTuJT.l.NSIP o)
4 4 SOwLUTIAON OF OIFFERENCE EQUAT {ONS

CHARTER

REVYURN
END

NAME = CAL » LIN
SOURCE STATEMENTS =
NO DIAGNOSTICS GENERATED

ECNT =

<

-

56
S7T+PROGRAM SIZE =

SUCTs IIZSUCEs I e (2. 0-URFWIXAPI 14080 (l ¢J)

:tntlyl.J)

N

1952

&

4 4 & o

NDYEQN-ID.EBCDIC-SUURCE-NOLIST-NODECK.LDAD.NO“AP.NDTESE

CALCWO 54
CALCWOSS
CALCWOS6E

CALCWOS®
CALCWO60
CALC w061
CALCWO62
CALCWO53
CALCW 64

CALCWO71
CALCWO72
CALCWO73
CALCWOTA

CALCWOTS_

CALCWOT?
CALCWwO78
CALCWO79
CALCWOBD
CALCWOS8]
CALCwWOB2
CALCY 083
CAL CW QB4
CALCWOB8S

CALCwOB6G
CALCWOB7
CALCw Qa9
CALCWA90
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FORTRAN LV G1

0001}

0006

ago7r

0008
Q009

RELEASE 20 MAIN - DATE = 79037 23/48/10
C PROMBD = M000Q00}
C~-ITERATIVE BOUNDARY CONDITIONS CALCULATIONS ———— =-~-M0000Q02
SUBROUT INE PROMOD R MGD00Q03
C . M0D00QO4s
CHAPTER "0 0 O ©O0 O O O PRELIMINARIES 0-.0 0 ©0 0 O ©0 O O MOD0DOOOS
C - - - .
CCMMON NITER
COMMON SPLIT(200) N
COMMON CNIV(200)
COMMON MOD 00007
I/ALLZ IT o 3T o NT e NSs NIM1 « NIMI oGREAT S MODO0O OB
1/VARZU(20.20) sV{20+20)+sP(20420) s PP(zo.zon.r(zo.zob.utao.zo)
llGEOH/x(ZZ).V(ZZ).DXEP(zzl.Dva(Z ) yDYNP(22),
DYPS(22!.SNS(22).SEH(221.XU(22)-YV(ZZI
1/PGM/PUNIN, PUNOUT s TIMAX ¢« MAXIT o SORMA X INDPRY MODOOQQ12
€ GMMON ‘ MODO00013
lIFLUPRIRHDA.RHOB,RATID:CPA.CPB.‘CPDEL- M0000014
DEN{20+¢20)4VIS{20:20}sCPP{20420) ¢DIFF{20,20) COND(20,20)
IIPROBIIRE.TIN-PIN.YVALL:VlN.FLDU!N.FLOHEV. MO0 00086
- ISTEP 3 JSTEP+ISTPL , JSTP1,ISTM ] ,J5TMI1 - MODOGOL17?
s JNDZ s JNDZP 1 ¢ JNOZ M1 -
I/COEF/AP(zo.zo).ANtzo.zo).AS(zoozo).AE(zo.zol.Awlzo.zo).
SU(20:20),5P(20+20)
cunuou 400000 20
1/ VVEL /RESORV » NSWPV, URF VDYNPV({ 22} DYPSV(22), SNSV{22).YCV(22)
COMMCN /SUCTON/USUC »SUCR MOD0O0O 22
. COMMON/ANGL EZ THETA '
[« MOD0 0023
CHAPTER 2 2 2 2 2 2 2 2 U MOMENTUM 2 2 2 '2 2 2 2 2 2 MxGD00024
ENTRY MODU MODO00025
Co====CONFI NEMENY WALL M0D00026
Cm=——=EMPINGEMENT WALL . MOD000 27
FLOWEV=0.,0 ' M00 00028
00 210 J=2,NJML MOD00029
u(Nl.J)—-DlFF(Nl;Jltflel.Jl w(anl.Jl)/cxu(NxQ-xtuluia) MOD 00030
2 /(1 .~9(NT,J)) 40000031
UINT ,J) =U(NIT,J)+USUC NODGO0 32
FLOWE V=FL OWE V=DEN{INT s J)*SNS{ J)%0.01 3UINI,+J) a
210 CONTINUE MODO0O0 034
UINT,1)=0.0 -
C~~-~-0UTFLOW REGION MODOO037
00 212 I=2,NI . MOD00038
212 UUI>NJI)=U(TNIML) HOD00QO41
RETURN- MODO0042
[ ) e MOD000 A3
CHAPTER 3 3 3 3 3 3 3 3 V MOMENTUM 3 3 3 3 3 3 3 3 3 MNODOOOAS
[ MODOO00AS
ENTRY MODV MOD00046
Com=m=CONFINEMENT WALL - MO000047
00 305 J=2,NJ -
AW(2,J) = 0.0 =
SP{2eJ) = SP(245)=0e58C(VISI2:J)+VIS{204-1))1/7XE2) $DYPS(I)%0.0F
305 CONTINUE
Cm====IMRINGEMENT WAL < MODQ00S3
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FORTRAN LV G1 RELEASE 2.0 PROMOD DATE = 79037 . ®  23r48/10 PAGE 0002
0026 XPP=XU( NI )-xmuu) MOD 0004 §
0027 - DO 311 Js2.N - .
0028 AE( Nlmg\.n=o. 0 MOD000SS T
0029 . SPINIME s J)=SPINIMI ¢ J) =0, 5¢(VISINIML ¢J}#VISI{NIML I~} ) }/XPP NO000056 e
, uovnsuuo.ox
0030 312 CONTINUE . . M0OD000SA
c-——--ourﬂ.ou REGION - M0D00060
0031 ARDENT=Q.0 N \ MODO0OOS] ’
0032 FLOWL = 0,0 . -
0033 FLOWR = 0,0 - s N
0034 DO 342 1=2,NIMI .
0035 VET,NII=V( T, NIML ) )
0036 - ARDENR = 0, 5% (DENC [aNJJI+DENI 1o NIML) ) $SEW(T)$0,0} ~
0037 R ARDENT= ARDENT + AR DENR . B .
oo3a FLOWR = FLOWR+AADENR*V(] NJ)} -
1 0039 312 GONTINUE . ’
0040 FLOW=FLOWR
¥ poal SPLITINITER)=1,2 -
0042 VINC = (FLOWINS FLOVEV—FLDI)IARDENT“ ‘ . ¥,
0043 CNIV(NITER)=VIN . _
0044 DO 313 I=2,NIM1
D045 VII1.NJISV L NII+VINC . : \
0046 313 CONTINUE . 2 i
0047 RE TURN i MODOGG72 - -
~—c - ‘ A MOD00073 -
CHAPYER S5 5 S S S 5 5 THERMAL ENERGY & & S S5 S S s & & .MOD00OT74 -7 -
- C ' , MODOOOT7S N
00a 8 ~ ENTRY MODTY s - M0DQ0076
, C==a=u=CONFINEMENT WALL M0D00077
0049 . XP=X( ISTEP) -XU(L STEP) MODOOOTS :
0050 DO SO01 J4=2.NJ
0051 . INULT = —conou.ullcpp(u.ntxm .
0052 TAREA = TMULTESNS{J)}*0.0
0053 SU(ISTEP »J) = sunsrep..n EMNN .
0054 SPLISTEPsJ) = SPLISTEP o+ J)+TARGA i -
0055 AW{ ISTEPsJ) = 0.0 —
0056 501 CONTINUE _ . - ) 3 . - -
C~~——~—INPINGEMENT WALL NODOOOBS .
0057 XP=XU({NII=X{NIML) ’ MODQ008S . 1
0058 . DO 510 J=2.NJ NODQOO 87 -
0059 TMILT=~CONO (NI, J)/(CPP(NTI )% XP) - MODOO00QBS -
0060 TAREA. = TMULTS®SNS(I)®0,01 °
0061 SUINIM1,J)=SU{NIMI,J}-TAREAFTWALL MOD00090
0062 £ Y SPUNIML,»J)=SP{NIM] ,J)+TAREA . MO0 0009t - .
0063 S10 AE(NIM1,4)=0,0 - NOD00092
. Cm=me=QUTFLOW REGION . MODO0009 A ! . .
0064 . = DO S11 1=2,NiM1 . NOD0009S
0065 531 TUL«NJII=T(I4NIML ) - NMODO0Q98
0066 RE TURN MODQ0099 -
‘ c MO0 001 00
c . MOD0O101 .
0067 ENTRY MOODW - M0000102
C—~——=—CONF INEMENT WALL MODO0O0S 03
0068 DO 605 J=2,NJ_ R
, R
' - \
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FORTRAN IV Gl RELEASE 2.0 PRONOD DATE = 79037 23748710 PAGE 0003
0069 W(lsd) = W¢24J) i _
Q070 605 AW(2,J) = 0.0 _
(o IMPINGEMENT WALL MODOG107
0071 XP=XU(NT ) -X (NEN1) : MODOO1 08
0072 D0 610 J=2,NJ MODY0109
0073 PSTT=PST(T(NI.J)) M0ODOOL 10 - .
0074 - WINI ¢ J)SPSTT/Z(PSTTH+IP(NIMS ) +P IN-PSTT ) #RATIO) MODOOL 11
0075 TMUL T=—DIEF{N T, J)SDEN(NL»J ) 7XP NODOO112 ‘
0076 - TAREA = _TMULT*SNS{J)}%0.01 !
0077 su(Nlm.J)-summl.J)-—ﬂnEAtuml.u S = MODOOL LA i
0078 SPINIME ¢J ) =SP(NIM1,J) +TAREA MODOOL LS i
0079 AE{NINL 4J)=0.0 MODO0OL 16
0080 610 CONT INUE MODQOE 17
Ce—==~0QUTFLOW REGION MOD00 ¢ 19 .
Dosl .DD 613 I=2,NI B MOD 00120 . .
00682 613 W(I,NJISW(T,NIM1) MNODOOL123 7
0083 . RETURN MODOO | 24 -
*0084 END . MODOO12S
*0OPTIONS IN EFFECT* NDTERM.l'B-EBCDlC.SDUPCE.NDLXST.NDDECK.LOAD.NOMPoNOTEST
*OPTIONS IN EFFECT# NAME = PROMOD s LINECNT -
£STATISTICS* SOURCE STA TEMENTS = 84 +PROGRAM sxze =
$STATISTICS* NO DIAGNDSTICS GENERATED ' .
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FORTRAN IV G1 RELEASE 2.0 MAIN _DATE = 79037 23748710 PAGE 0001 ]
CmLISOLY = mm ~L1 SOLVO1 T} -
C-~TDOMA OF LINE-BY-LINE SOLUTION ————— -==LIS0OLV02 y
0001 SUBROUTINE L1SOLV( ISTART+JSTART o+ NI o NJo§ T+ JT oPHE ¢ NSW ¢ CAGE ) * 30
CHAPTER 0 0 0 0 0 0 0 0 PRELIMINARIES o0 o0 ‘0 o 0 0 0 0 LISOLVOe - . -
[ - LisOoLvos . ) )
0002 DIMENSION PHI(IT «JT ) oAl21),8(21),C(21),0(21) - ~ . .
0003 COMMON NITER . s .
0004 COMMON - - LisaLvo? . [
1/COEF /AP (20,201 s AN({20+20),AS(20,20) +AE(20,20) +AW( 20,20), - . : i
- 2 SU(20.20)+SP(20,20) : .
0005 LOGICAL SKIP -
0006 LOGICAL LEND - .
0007 SKIP=.FALSE « . i
0008 LEND= .F ALSE. - Bl - :
« 0009 NIMI=NI =1 - LISOLYiO - :
<4 0010 NJM1=NJ-1 . .o oo 3
= 0011 ISTHI=1START~} . Yo
&S (4 i ' . . LISOLV)Y3 - Ty
s c ) . - ‘ LISOLYLS | -
- o012 ACISTMLi=0.0 :
- C——~-COMMENCE S—N SWEEP i . . 3
0013 DO 100 J=JSTART JNJML N . - -
<] 00t s CLISTME J=PHICISTM] ,J) '
h— C~~——=COMMENCE w-£ TRAVERSE : ’
- .001S 00 101 {=ISTART.NIM} - ) i
e 3 C-——-—ASSEMBLE TDMA COEFFICIENTS . ’ . 3
= 0016 ACEIZAE(T oJ) - - _
=) 0017 B8{I)=Aw(1,4) . ' o -
P 0018 CLII=AN( T o J)#PHIC 1441 DEASCT o3} #PHI (Fod-tdeSUl }.d) ' ]
0019 DEEI=AP(T4J) - : o ’ 3
> 0020 IF({D(I)=B(I)*A(I-1)).EQ.0+) SKIP=4TRUE, ' '
R 0021 IF(«NOTSKIP) GO TO S0 . L T
3 0022 WRITE({6:199) SKIPsled |
- 0023 199 FORMAT(SXs*SKIP =4,L2,%0ON [=* 4124 ¢ J=,12) . n - - t
w) 0024 LEND=, TRUE, / ! -
.2 0025 GC YO 108 - -
= C==——-CALCULATE COEFFICIENTS OF RECURENCE FORMULA ¥
- 0026 50 TERM=1./(DUI1)-B(I}*A{1~-1 ~ - - R
0027 ACI)=A{1)®TERM - . -
= 0028 CLIN=(CUII+B(TI*CLI-1) )*TERM . , -,
= 0029 N IF(.NDT.LEND) GO TO 108 . - '
= 0030 ACI-1)=AC1) - e
-— Q031 ClI-th=C(1)
- 0032 LEND=.FAL SE, v <
0033 108 SKIP= ., FALSE, - 2 :
0034 101 CONTINUE ‘ ‘ - . i
c OBYTAIN NEW PHI'S - - s Y i
0035 00 102 [1=ISTART,NIML , ~
0035 I=NI+ISTMI-]1 ’ H
Q037 102 PHIC T2 J)=A(T)SPHICI#1,J)4C( 1) = s R i s
0038 100 CONTINUE A .
0039 RETURN “ e
0040 . END : . .
) . . ' .
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FORTRAN IV Gl RELEASE 2.0 LISOLY DATE = 79037 23748710 PAGE 0002 - X
L *OPTEIONS IN EFFECT#— NOTERM,: IDEBCOIC + SOURCE +NOLIST ¢ NODE CK o0 OAD s NOMAR , NOTEST - i
1 *0OPTJONS IN EFFECT% NAME = LISOLYV » LINECNT = 56 N *
*STATISTICSE SOURCE STATEMENTS = 40,PROGRAM SIZE = 1700 - 30
v ASTATISTICS*® NO DIAGNGSTICS GENERATED . -
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FORTRAN IV Gl RELEASE 2.0 MAIN | DATE = 79037 23748710 PAGE 0001 i
C—=LISOLV=mmmmm—mo—mm— L ISOLVO1L ®
C~~TOMA OF LINE-BY~LINE SOLUT ION L1 SOLvo2 _
0001 SUBROUT INE LDS!LV(ISTART.JSTART.NI'hJ-IToJTnPHl.NSI.CAGEI K -
CHAPTER 0 0 0 O O 0 0 PRELEMINARIES 0 0 0 0 0 0 0 LISOLVOS
- c LISOLYOS
0002 DIMENS ION PH!(IT-JT)-A(Z!I-B(le.C(Zl)-D(le » N
0003 COMMDN NITER : . ~
0004 COMMON “LisoLvo? —_
n/cosp/xptzo.zon.ant 20) +AS (20 ¢20) JAE( 20,203 4AW(20420)
SU(20+20) »SP{20+20}
0005 LOGICAL SKIP -
0006 LOGICAL LEND —
0007 SKIP=FALSE, i
0008 LEND=FALSEa . . Y
0009 NIMI=NI~] € LESOLV1O0 .
o010 NJIME=NJ-1 LIsSOoLyill
o011 JSTM1=JSTART-1 . LISOLVi2 .
c . L1ISOLV13
[ LISOLVIA
Q012 A(JSTML}=0,0 . . . LISOLV1S
C~==-~COMMENCE W~-E SWEEP LIsoLvie -
0013 DO 100 E=ISTART.NIMIL - . LISOLVIY
0014 C(JSTM1II=PHI(I+2STML) e - LISOLVES
C—==m- COMMENCE_S=N TRAVERSE LISOLVLY
0015 4 0D 101} J=JSTART, NINI . LISOLV20 .
R ASSEMBLE TOMA COEFFICIENTS L1soLv21 o
0016 A(J)-AN(I.J) LISOLV22 —
0017 B(J)=AS(1+J LisoLva2y -
o018 C(Jl:AE(l-J)tPHI(!#l.JlfAU(l.J)‘Pﬂl(l—l.J)#SU(l'Jl LISR V24
0019 D(I)1=AP{1,J) - LISALV2S - -
0020 IF( (D(Jl—B(J)*A(J—I))oEQ-O-) SKIP:.TRUE- -
0021 IF{ .NOT.SKIP) GO TO — —
0022 WRITE(6 ,199) sxxp.x.J s ~N
0023 199 FORMATI( 0 *SKIP —'-Lz.'ON I=0 4124904 4=%,12)
0024 LEND= .TRUE «
002s G0 T0 108 -
C—-——~CALCULATE. COEFFICIENTS OF RECURRENCE FORMULA L1SOLV26
0026 SO TERM=1+/(D{(J)-B(J)*A(I=1)}) . ;
o027 A(J)=A(JI)STERM usm.vza/
0028 Cl{JII=(C(I)+B (J)#C(J-ll)tTERM
0029 fF(«NOT ,LEND) GO TO - .
0030 Agi=1)=A(d) .
ED cld-11=c{d)
oo32 LEND=.FALSE .
0033 108 SKIP=.FALSE. N ,
0034 101 CONTINUE
C-==~=0BTAIN NEW PHI'S LISOLVIO
0038 DO 102 JJ= JSTART-NJM! . LISOLV3lL
Q036 JENI+ISTMI—-J LISOLV 32
0037 102 PHlll.J)—A(JltPHl(l-J*l)*C(J) LISOLV33 .
0038 100 CONTINUE : . LISOLY 34
0039 RETURN — LISOLVIS
0040 - END - v LisoLy
’ SR
i _— *~
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FORTRAN IV G3

‘ #DPTIONS IN EFFECTs
_ *ORTIONS IN EFFECT®*
*STATISTICS*
«STATISTICS®*

REL EASE 2.0

NAME = LOSILYV
SOURCE STATEMENTS =
NO DIAGNQSTICS GENERATED

) . —
LOSILV DATE = 79037 4 23748710 PAGE 0002
NOTERM, 1D ,EBCDIC +SOURCE + NOL [ ST, NODE K sL DAD sNOMAP s NOTE ST
’ 40 ,PROGRAM éZE = 1708 - '
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FORTRAN IV Gt

Cmew PST mwamccm—c—cm—cc e ——

C—=~SATURATED VAPOR

*0PTIONS KN EFFECT*
*OPTIONS IN EFFECT»*

SOURCE STATEMENTS =
NO OIAGNOSTICS GENERATED

*STATISVICSH
$STATISTICS*

RELEASE 2,0 =~

MAIN

DATE = 79037

[ %

23748710

FUNCT ION PST(TEMP)
COMMON /VAPP/ ANTONL ¢ ANT ON2 ¢ ANT ON3
PST =ANTYONI—ANTON2 /{ TEMP+ANTON 3)

PST=EXP(P
RETURN
END

NOTERM,s 10
NAME = PS

sT)

+EBCOD1
T

«

LINECNT =

PRESSURE CALCULATION ——-

PST00001

6 +PROGRAM SIZE =

@

C-SDURCE.NDL(STyNDgEtK.LDAD.MDNAP‘NOTEST

342 -

PST00007
PST00008
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FORTRAN IV G1 RELEASE 2,0 MAIN DATE = 79037 23788710 PAGE 000}
C—PRINT - -=PRINT0O1 (L}
C=--PRINTING SUBFROGRAM ——— ~=PRINT 002 ¢
Qo001 . SUBROUT INE PRINT(ISTART . JSTARToNE sNJSIT XiT oX o¥ « PHI s HEAD) PRINTOO3 ' 30
0002 ODIMENSION PHI(ITJTIsX(IT) Y IT)JHEAD(9),STORE(S0)} PRINTOOA
0003 305 FORMATI(AH T=,2Xe% 1% 49Xa?20,9X 0830 ,9X0"47 ¢OX295% ¢OX 26 ,9Xe*T¥ QX ___ )
e ?8%,9X:4%9%,8X,*10°,8Xe*11%,10X,%Y =) -
0004 106 FORMAT(AH [=¢f 12%,8Xe0139,8Xe 040 ;8Xo0159,8X,°16%,8Xe"17°.8X, .
1 T1B% (BX5 ' 19%98Xe Y20%,8Xs 121" ¢BXe?227 10Xy *Y =9)
000S 107 FORMAT(AH T=4% 237 ¢8Xy"24° 1 8Xe 25" 98Xy 26° 910X o2y =) 'S
0006 165 FORMATEAH I=,2Xe 3¢ ,0X 4049 ,9X 95, 9X,06%,9Xs°77,9X,%8"', . -
1 N GXe* 9t eBXe 10 sBX e 110 BX s 129 ¢BX I3 10Xy =0}
0007 166 FORMAT(AH Tx=s® 14 38X e® 15 ¢8Xe 16 eBXe *17%08X 0% 187 ¢ 8Xe?19¢ P
1 8Xe? VY =0} )
0008 NIMI=NI=-] L4
0009 NJM1=NJ -1 . -
0010 . IsKIP=1 - PRINTOLL .
0011 J5KIP=1 . PRINTO12 )]
0012 MRITE(6:11Q)HEAD - . PRINTOL3
oot 3 _ STA 1START-I-1 }
0014 2 00 CONTINUE . - PRINTORS
o0l S ISTA = ISTA+11 - s o - —_ A
0016 IEND = ISTA+10 .
0017 IF{ ISTALEQ.14) [ ENO=NINZ — :
aol8 FEND=MINO(NI, IEND} PRINTO1 A
0019 - IF(ISTAGEQ. 1) WRITE(6,105)
0020 IF( ISTALEG.3) WRITE(6.,165)
0021 IF{ISTA.EQ.12) WRITE (6, 106) -
o022 IF(ISTAEQe.14) WRITE(64166) °
0023 IF( ISTA ,EQ, 23) WRITE(6+107) - .
0024 . WRITE(S e112 . —_— PRINTO2) .
) | o025 IF(ISTA, EQ.SI GO TD 44
= 0026 . ) IF{ISTALEQ.14) GO TO 44 -
t2 0027 DO 101 JJ=JSTART sNJ, JSKIP - PRINTO 22
[~} 0028 JaISTART+NJI—JJ - PRINTO23
) 0029 00 120 I=ISTAL,IEND - PRINTO24
.2 0030 =PH] (14J) PRINTO2S
= 0031 IF(ADS(A) oL Te1eE-20) A=0e0 PRINTO26
— 0032 120 STORE(1)=A ‘ PRINTO27
0033 101 WRITE(6:113) JS(STORE(I)I=ISTALLIENDISKIP) »Y(J) PRINTO28
— 0034 WRITE(6,115)
s 0035 WRITE(6.,114) (x(x).lslstA.xeuo.tsle) ¢ PRINT029 - - .
i 0036 IF{IENDL.T.NE}GO TO 100 @ PRINTO31
. 0037 RETURN . PRINTO32 .
- 003a 44 00 161 JJSJISTART «NIMI,ISKIP y
0039 J=JSTARTHNIMI=-JJ
0040 DO- 126 I=ISTA,IEND -
004% A=PHI (I +J) i
0042 IFCABS(A].LT,1.,E-20) A=0,0 - A
L E 126 STORE(I1}l=A N {
0044 161 WRITE(64113) Js(STORE(1)sI1=1ISTASIENDJISKIP )Y (J)
' 0045 WRITE(6:115) |
0046 WRITE(6+114) (X(1),I=15TA,IENDsEISKIP) H
[ Y L% ¢ © IFLIEND.LT.NIM1) GO TO 100 N - :
00as . RETURN h . . .
‘ 1
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FORTRAN IV GI RELEASE 2.0 PRINT DATE = 79037 23/48/10

0049 110 FORMAT(IHL 77/ ¢1 Xs20(2H8=) s 7Xe DAL ¢ 7X220( ZH-¢} )
0050 112 FORMATI(3H J) .
0051 113 FORMAT(IH +I3,1PJ11E$0<3+0PF10.4)
0052 114 FORMAT(4H X= ;11F10.7)
0053 - 115 FORMAT(?® 1)
0054 ENO

SOPTIONS IN EFFECT* NOTERHnlD-EBCOlC-SOURCE-NDLlST.NDDECK.LDAD-NQUAP.NOTEST
#DPTIONS IN EFFECT* NAME = PRIN . CNT = s6 .
#STATISTICS* SOURCE STAI’EMEN‘I’S = SA.PROGRA“ SIZE = 2440
#STATISTICS® NO DIAGNOSTICS “GENERATED

*STATISTICS* NO DIAGNOSTICS THIS StEeP . .
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- F64-LEVEL LINKAGE EDOITOR OPTIONS SPECIFIED SIZE=(95K: lQK)“ N . { ®
° VARIABLE OPYIONS USED =~ SIZ E=x( 97280.1 §3 8) " < . i
- SYSPRINT DEFAULT OLOCKING USED ., 1 ° B . ' [
*ESRMALN DOES NOT EXISY 8UY NAS BEEN ADOED TO DATA SET, - . . 30
AUTHOR 12 AT(DN CODE" IS 0. . . )
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h PULJET . - . o . - [J'}
- . '
SIMULTANEUUS HEAT € MASS TRANSFER UNOCH AN IMPINGING JET - 30 .
P
. - B r )
SCALAR GRID SYSTEM: X-y V- DIRECTION —
~1e2537872E-05 1+2537872E~05% ©e20B9300E-05 1.0299234E-04 3.0359811E~04 7,6481001E~-04 1456T2336E~03 3¢1720814€-03 § o~
6¢3817762E-03 7.9866238E~03 8.7690476E-03 9.1902576E-03 S¢3908608E~03 $.4911605E-03 9.5413104E-03 9.56638536~03 L
9.57B92U9E~03 9,5914S65E~03 9,5977224E-03 9,6022338E~03 1 . f
-158730948E-03 1.5873094E-03 447619268E~-03 7e9365447E~03 lelll1163E-02 1.4285780E-02 L.6153201E~02 1.7254 685E—-02
ey 1.7897852E-02 1,B8277947E-02 1,8501531E~02 1,8633053E-02 1,8710416E-02 1,8787779E~02 1.8942505E-02 149174606E-02
A 1e930L702E-02 1.963B799E~02 1.9670896E~02 2.0025620E~02 240180356E-02 2.02577T19E-02 2.0335082E-02 2.0412448E-02
| o, 2.0489808BE-02 2.0567171E-02 2.0721901E-02 2.0876631E-02 2.1108728E-02 2.1340825E-02 2,1572921€-02 2,1805018E-02 ~ !
= 2,1999748E-02 2.2037111E-02 2,2191881E~02 2.2389177E~-02 2.258651IE-02 2.2763849E-02 2.2981185E-02 2.3178522E-02 )
e 2.35446B0E~02 2.3910830E-02 2442706998E-02 2.5210708E~02 2+614481YE-02 2.9319037E~02 3.2493655E-02 3.5668273E-02
f?i" 3.86842890E-02 4.2017508E~-02 ;
" & ¥ i
M ' ° ' - §
K-} ~JET INLET CONDITIONS I -
= REYNOLDS NUMBER 1.000E403 -
= AVERAGE VELDCITY 9.879E+00 - “ i
N - TEMPERATURE 4,S0QE+02 —~ i
e PRE SSURE 1.013E+05 - i
3 MASS FRACTION UF A 1.000E-01 ’
H s MULE FRACTION, A 0.152E+00 - <
%5 - PRANDTL NO 6.928E—01 . -~ - . 7
5 ~ SCHMICT NO 6.261E-01 . RN
<4 N - N
g - ~ ’ - P - © ° o A
.'45 CHUSS FLOW INLET CONDITIONS . -7 . - o ’
REYNOLDS NUMBER . 1.667E+02 - ? .
ﬁ* AVERAGE VELOCITY 4.803E-01 - =
—— TEMPE RATURE 4 «S00E+02 — - ° '
= PRESSURE 0.0 Lo !
ol N MASS FRALTIUN UF A 1.000E-01 - ° B "
0 . s . ¢ =
CROSS MASS FLOW-RATE IS 10400 X OF JET MASS FLOW RATE .- ;
are { o '
- = % :
IMPINGEMENT WALL CONDITIONS - -
- TEMPERTURE 3.500E402 ~
. USUC/UIN . -
. . - )
1 GEOMETRY OF SYSTEM N\ -
® JET RADIUS - 4+600E=03, . )
H/7D RATIO 3.000E4+00 ~ |
¥ - NGZZLE FR J L4 - \
o\J 33 - : s
IMP INGEMENT MANGLE U.174532 = i
—e \ T s Tt
g B ~ o
= sio b eate o ot
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_ PRUGRAM CONDIT IONS c ) L o o ‘
RAX—ALCTCOWS = 20T - T T . - -
MAX ALLOW, 9. E+02 - ;
MAX ALLOW. 1 {500E~02 - . . - \
5 * . - - -[T]‘ =
- ° T - a0 |
JET MASS FLUWIN 2.331540E~04 . @ {
JET X-MOMENTUM IN 2.731954 . . )
JET Y-MOMENTUM IN 8.418890E-05 < . E
& < -,
l . S " — 3 §
CROSS—FLOW MASS FLUW IN 3.474274E-0S < ~ -
CROSS-FLOW Y-MUMENTUM IN 1.67723SE=05 b , - )
: * VARIABLE FIELD uurlm.xse? AS 3 ) . - : '
o ESSAGE BE PERFORATIONIDATAS 163 S - > -
= . - .- .
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1TER Y e —— AHSOLUTE RESIDUAL SQURCE SUMS-———==—m=—=] [--FIELD VALUES AT MONITORING LOCATION(18,20)=~1 SPLIT RATE ]
NO UMLM VMOM MASS ENER U Y P T w ALPHA VINC
1 1.774E=02 1.236E~02 2.,542E=-02 1.00DE—-02 B.86LE-03 ~3.421E-02-4s L6TE-01 Te227E+00 34529E+02 2+9¢SE~01 1.2340 6.054E-03
2 2.072C~02 1.274E~02 2.800E-02 8.908E~-03 7,817E~03 -3.359E-02~4,167E-01 7.186E+00 3.5S29E+02 2.965€-01 1.2340 3,198E-03
3 t.918E~02 1,210E~-02 2,653E-02 8,908E-03 7,817E-03 ~3,345E-02~4+168E—01 7.166E+00 3.S529E+02 2.96SE-01- 1.2340 4,.3126-03
4 1.819C-02 1.19iE-02 2.671C-02 8,908E-03 7.817E-03 ~3¢346E-02-4+169E-01 714TE+00 3.529E+02 2.96SE-01 1.,2340 3.937E-03
S 1.759E~02 1.18BE~-02 2.683L-02 8,Y08E~-03 7.8126~03 -~ —3.346E-02-4,169E-01 7,128E+00 3,529E+02 2,965€E~01 1.2340 4,129E~-03 -
6 1.718E-02 1.188E-02 2.674E-02 8,903E-03 7.817e-03 V= 3,347E-02-42170E-01 T.}08E+00 3.529E+02 2.965E-01 1.2340 4.12GE~-03
7 16087TE~02 1.187E~02 2.663E-02 8.908E-03 7.817E-03 —~3.347TE-02-4.170E~-01 7.08SE+00 3.529E+02 2.96SE-01 1.2340 -4.,126E-03
a8 1.671E~02 1.180E-02 2,644E-02 8,908E-03 ?7,8l17E-03 —3,348E-02~4,1T71E~-01 T7T,068E+00 3,S29E+02 2.965E-01 1.2340 4.126E~-03
9 1+663E=02 1s171C—02 2+038L—02 8.908C~03 7.817E-03_ ~3.340E-02-4.171E=01 7.047E+0Q 3.529E+02 2.9€SE~01 1.2340 4¢.123E-03
10 19657E~02 1e165E-02 2.616E-02 8,908E~-03 7.817E-03 0=32s349E=~02=84172E-01 T+O026E+00 3.529E+02 2,965E-01 11,2340 4,123E-03
11 1,651E-02 1,166E-02 2,593E-02 8,908E~-03 7,817L-03 ~3,3950E-02=4+172E-01 T«008E+00 3.,529E+02 2.,965E-01 1.2340 4,129E-03
12 1 L42E-02 1.171E-02 2.570E-02 7.959E-03 7.122E-03 -3.350E-02-4.173E~01 £.981E+00 3.529E+02 2.965E~-01 1.2340 ‘4.126E-03
13 1.63BE-02 1.1776=02 2,549E~02 7.959E-03 7.122E-0J -3.339E-02-4,173E-01 6.955E+00 3.529E+02 2.965E-01 1.2340 4.272E-03
14 I dOLTE=0D2 1,192E-02 2.530E-02 7.959E~03 7.122&£-03 —3.340E—-02=-4.174E-01 6.931E+00 3 .529E+02 2.96SE-018 142340 3.983E-03
15 1+638E=-02 1.204E-02 2.478E-02 7.959E-03 7.122E-03 =3+390E-02-9+174CE-01 GeQO07E+00 3e529E+02 2.96SE~-0I 1.2340 4.123E-03 _
16 1.623E-02 1.218E-02 2.42BE-02 7.959E-03 7.122E-03 ~3,341E-02-4,174E~01 6,8BIE+00 3,529E+02 2,965E-01 1.2340 4.123E-03
17 1.615E-02 14234E-02 2.370E~02 7 +959E-03 7.122E-03 ~3,361E~02-4+174E-01 6.B61E+00 3.529E+02 2,9€SE-01 1.2340 4.123E-03
18 1.€13E-02 1.251E-02 2.308E-02 7.959E-03 7.122E-03 ~3.342E=02-44175E-01 6.B39E+00 3,529E+02 2.965E-~-01 1.2340 4,123E-03
19 1,613E-02 1,2676-02 2,242C-02 7,959E-03 7,122€-03 —3.342E-02-44175E~01 6.817E+00 3.529E+02 2.9 -01 1.2340 4.126E-03
20 1.613E=02 1.2B4E=~02 2.175E-02 7.959E-03 7.122E-03 ~3e343E~02-4¢175E-01 6¢795E+00 34529E402 2.965E-0F 1.2340 4.123E-03
21 1.613E-02 14300E~02 2.1056-02 7.9SYE~03 7.122E-03 ~3.343E-02-4.175E-01 6.773E+00 3.,529k+02 2,965E-01! 11,2340 4,123E-03
2 1.614E-02 1,316E—02 2.031E~02 7+351E-03 6.518E~-03 ~3.344E~02-9+175E-01 6.753E+00 3,.529E+02 2.965E-01 1.2340 4.123€-03
23 1.619E=-02 1,330E~02 1.963E=02 7,.351E-03 6.518E-03 ~3,335E-02-4+175E-01 €4731E+00 3.529E402 2.965E-01 142340 4.250E-03
24 14645E-02 1.343C~02 1.903E-02 7.351E~03 &.518E-03 ~3,335E-02-4,175E-01 6,711E+00 3,529E+02 2,965E—01 1.,2340 4.002E-03
25 1e636E-02 1+351E—02 14814E-02 7+351E-03 _6.518E-03 ~3.336E~02-4¢175E=01 6.L91E+00 3.520E402 2.965E-01 1.2340 4.119E-03
26 1¢t31E~02 1+.359E~02 1.725€-02 7.351E-03 6.548E-03 —3e336E-02-4,175E-01 6.5674E+00 3.S29E+02 2.965E-01 1.2340 4.110E~03
27 1.630E-02 1,3656-02 1,635£-02 7.351E-03 6,.518E-03 -3,336E-02-4.17SE—01 6.6S7E4+00 3.529E+02 2.965E~0.1 1.2340 4.113E-03
28 1+031E-02 14307E-02 14543E-02 7.3L1E-03 6.518E-03 ~3,337E=-02~4+175E~01 6.642E+00 3.529E+4+02 2.9€56-01 1.2340 4.123E%03
29 1.633E-02 1.3676E-02 1.450E-02 74351E-03 6.51BE—03 —3.337E-02-4.175E-01 6.628E+00 3.529E+02 2.9656-~01 1.2340 4.110E-03
30 1.635E-02 1.3b4E-02 1.355E~02 7.351E-03 6.518E-03 —3.337E-02-4+175E-01 6+61SC+00 3 +529E+02 2.965€-01 1.2340 4+113E-03
31 1e6G36C-02 14357E-02 1.259E=-02 7.351E~03 6,518E~03 =3.338E=02~4,175E-01 6.603E+00 3+529E+D2 2,965E-01 1.2340 4,.110E~03
32 1.638E~02 1.348E-02 1,163E~02 7,159E-03 6,129E-03 -3,338E-02-4,174E-01 6.,593E+00 3,529€+402 2.965E-01 1.2340 4.116E-03
33 1.639E-02 14337E-02 1.081E-02 7.159E~03 6.129E-03 ~3.331E~02-4.174E~01 6.581E+00 3.529E¢02 2.96SE-01 1.2340 4.217E-03
34 1+E49E~02 1. 327E-02 1.013€C-02 7.159E-03 6.126E-03 ~3e331E-02-4+.174E-01 6.,573E+00 3.S29E+02 2.,965E-01 1.2340 4,100E~-D3
35 1,637E-02 1,312E-02 9.750E-03 7.159E-03 6.129E-03 —3,331E-02-4+,174E~01 6.565E+00 3,.529E+02 2.965E-01 la2340 4 ,048E—-03
36 1.627E-02 1,296E-02 9.372E-03 7.159t-03 6.129E-03 =3e331E-02-44173E-01 6.5S9E+00 3.S529E+02 2.9€5E~-01 1.2340 4.109E-03
37 14619E~02 1.28lE-02 9,214E-03 7.159E-03 6.129E-03 -3.331E~02-4,173E~01 6.556E+00 3,529E+0a 2,965C-01 1,2340 4.106E-03
38 1.611E-02 1,203E-02 $.1S0E-03 7.159E-03 6.12G9E-03 ~3.332E-02-4.172E-01 6.552E+00 3.529E#02 2.965E-01 1.2340 4.106E-03
39 1.603E-02 1¢245E~02 9.204E-U3 7.15%E~03 6.125C~03 -3.332E~02-4.172E-01 6.S49E+00 3¢S29EA4 02 2,965E-01 142340 4.106E-03
40 1.S593E-02 1.224E-02 $,377E—03 7.159E—~03 6, 129E—03 -3,332E-02-4.,171E-01 6,548C+00 3,529f+02 2,965E-01 1.2340 4.106E-03
41 1.5B0E=02 14200E—-02 9.643E~03 7.159E-03 6.1296-03 ~3.332E-02-44171E-01 6¢548E+00 3.529E402 2.965C-01 1.2340 4.109E-03
42 14568E=-02 14176E=02 9«969E~03 7.148BE-03 5.770E-03 ~3,332E~-02-4.170E-01 6.,549E+00 3,S29E+02 2,965E—01 1.2340 4,106E-03
43 1.558E~02 1,149E-02 1,041E-02 7.148E~03 5,770e-03 ~3,328E-02-4+170E-01 6+549E+00 3.529E402 2.965E-01 1.2340 4.207E-03
" 24 1e557E~02 1121E-02 1.074C-02 7.148E-03 5.770E-03 ~3¢328E~02-44169E~01 6.550E+00 3.529E+02 2.965E~01 1.2340 4.096E-03
45 14532E-~02 1.094E-02 1.107E-02 7,148C~03 S5,770E-03 -3,328E-02-4,169E-01 6.553E+00 3.529E+02 2,965E-01 §.2340 4,093E-03
46 1.509C-02 1.U0SE-02 1.139E-02 7.1480-03 S5S.770E~03 -3.328E-02-4.168E-01 6.557E+00 3.529E+02 2.965E-01 142340 4.100£-03
47 1e¢493E-02 1.035E-02 14176E~02 7.14BE~-03 5.770E-03 ~3,327E-02-4.168BE~01 6.562E+00 3.529E+02 2,965E~01 1.2340 4.100E-03
OVERALL MASS EVAPUTATIUN = -6.293779E-Co
OVERALL MASS OUTFLOW = 24741902E-04
NET MASS ACCUMUL, = - o
OUTRPUT PUNCH = T A - :
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= 1 2 3 4 5 &6 . 7 8 9 - 10 11, Y =
J . .
50 0.0 0«0 —4.B58E~05~1+,457E=04~3,.393E=04=-7+239E-04=1.487E-03-2,978E~03-06¢ 192E-03-9e343E~-03~-1.110E~0Q2 00420
49 0.0 0.0 —4,858E-~05-1.457E-04-3,3920-04-7.244E-04-1,489E-03-2 ,979E-03-6,179E-03-9,326E-03-1,108E-02 0,03688
48 0.0 0.0 ~64531E-09-0+954E-04-3729E-03-1427E-02-3+s059E~02=2¢509E-02-4¢.102E=02~7¢0645E-02-1.052E-01 0.0357
47 040 0.0 =8.251E~04~4.367E-03~2.1G1E-02~7.221E-02~1:281E-0)=64256E=02 145756-02~54422E~-02=-1.171E-01 0.0328
46 0.0 a.0 =1.7800-03~1,749E-02-8.091E£-02-2,3Y4CE~01-4,107E-01-3,956E-01 2.455E~01 14064E-01~4.344E-03 0.0293
45 0.0 0.0 —24175E-03-1.887E-02-7+401E~02-241L4E~01-5.987E-01~1.486E+00 1.,097E+00 1.003E¢0Q 4.743E-01 0.0261
44 0.0 0.0 64143E-03 S.022E~02 1.617E-01 2+368E-01 2.406E-01 1.872E-01 2,B79E+00 2.508E£+00 1.454E+00 0,0252
43 0,9 0,0 7.30HE-03 643G6E~02 2.800E-01 4.278E~01 6.961E-01 2.037E400 4+235E+00 3531E+0Q 2.103E+00 0e0243
42 0.0 0.0 1251 7E-03 24991C~02 24300E~01 4+847E-01 B84109E-01 3.260E+00 S.36AE+00 4¢345E+00 2,648E+00 0.0239
41 0.0 Je0 34072E~03 3.468E-02 2,036LE—-01 4,719E-01 7.332E-01 4,017E+00 6,043E+00 4,802E+00 2,927E400 0,0235
40 0.0 0.0 3.841E-03 3.806E-02 1,920E-01 4.38B8E~-01 S5,16B8BE~01 4,B853E+00 6.729E+00 S$.243E+00 3.213E+00 0.0232
39 0.0 0.0 2.4874E-03 2,75€E=-02 1.523E-01 4.540E-01 4.273E=01l S5.665E+00 7.236E+00 S¢S30E+00Q0 3.396E+00 0.0230 -
38 0.0 0.0 3.250E-03 3,189E-02 1.4491E-01 S,216E-01 6,251C-01 &.366E400 7.573E+00 S.68BE+00 3.492E+00 0.02268
37 0.0 0.0 4.536E-03 3,712E-02 1.203E-01 6+340E-01 2.073E+400 7,188E4+00. 7.880E4+00 5.805E+00 3.562E+00 0.0226
36 0.0 Je0 L.06EC~03 1.829E-03~2,083E-02 6.232E-01 4.169E+00 B8,099E+00 8,140E+00 S.B867E+00 3.595E+00 00,0224 -
35 0.0 0.0 =~1,733E~02~1,186E~-01-2.829E~01 S« 756E-02 5,557E+00 8.991E400 8.3J4E+00 S5.860E+00 I +S81E+00 0.0222
34 0.0 0.0 Se721E-04-24100E-02~1+102E-01l 94655E~01 6.B50C+00 9, 7656+00 8.432E400Q 5.780E4+00 3.5234E+00 00,0220
33 0.0 CeHOVE~01- 74179E~01 7.661E-01 9,488E—-0) 3.573E+00 7,941E+00 1,025E4+01 B8,441E+400 5.679E+00 2.473E+00 00,0220
32 0.0 3268E+00 3.37IE+00 3.5633E400 4.349E+00 6.146E+00 9.013E400 1.008E+01 B.414C4+00 5.548E+00 3.417E+00 0.0218
31 0.0 5eC43E+00 G.T45E 400 €.969E+00 7.47SE+00 B.590E+00 1.046E401 1.131E+01 8.298E+00 5.260E+00 3.254E+00 040216
30 0,0 F.423E+00 9,5050L+00 9,677C+00 1,004E+01 1.,078E+01 1,189E+#01 1,187E+01 B8.003E+00 4.763E+00 2.920E+400 00,0213
29 0.0 1o161E+01 14107C+01 1.180E+01 l.ZOSEfOI 1+249E4+01 1+298E+01 1.,216E+01 7.SI12E+00 4.,09E£E+00 2.457£+00 0.0211
28 0.0 laBlOE+0l 1.32SE+01 1.333E401 1.347€40) L1.367E401 1.368E+401L 1.213E401 6.B818E+00 3.27SE+00 1 .899E+00 0.0209
27 0,0 1.392C401 1.396E+01 1,402C¢01 1.412E+01 142 1E4+01l 1.391E+401 1.181E+01 6.093E+400 2.527E+00 1 479E+00 0.0207
26 0.0 1.439E+01 1.443C+01 1.444E+01 1.448E+01 1.446E+01 1.388C+01l J.135E+01 S.442E#00 j+.948BE+00 1.195E+400 0.0206
25 0.0 1e452E+01 14453C+01 1,455C+01 1,4S7E+01 1.,447E401 1.369E+01 1,088E+01 4,932E+4+00 1.557E+00 1.019E+Q0 0.020S
24 0.0 1e408E401 1.459E401 1.400E401 1.459E+401 14441E4#01 1.349E+01 1.051E+01 4.,594E400 1.330E¢+00 B.068E~01 0.0204
23 0.0 1.458E+01 1.458E+01 1.458F+01 1.4S4E+01 1.428E+01 1.322E401 1.010E+01 4.25BE+00 1.126E+00 7.351lE-01 0.0203
22 0.0 1.452E+01 1,451E+01 1,450E401 1,441C+01 1,407E401 1,289C+0] 9,656E+00 3.928E+00 94471FE-01 6.219E-01 0.0203
21 lu.0 14439E+01 144370401 1.4330401 1.920E+01 1.378E+01 1,25S0E+0] 9. 179E+00 3.607E+00 T7+93LE-01 4.809€-01 0.0202
20 0.0 14392401 1.3906+01 1.385E+#01 1.370E+01 1.321E+01 1.182E+401 8.393E400 3,128E+400 5,883C-01 3.401E-01 0.0200
19 0,0 1,319E+401 1,316E+401 1,208E+01 14285E+01 14224E+01 1.071E40]1 7.214E+00 2.518E+00 3.746E-01 2.100E~01 0.0199
, 18 0.0 le 1GIE+OL 1.1560+01 1.145E401 1.120E+Q1 1.05S5C+401 8.997E 400 S5.567C+00 1.854E4+00 24057E~01 9.958E-02 0.0196
17 0.9 9«423E+00 9.357E+00 9.21€¢E+00 8,.,900E+00 8.18SE+00 6.5S8E+00 3,4B6E+00 1,284E+400 1,176E-01 1,769E-02 00,0194
1¢ Q.0 6e643IE+00 G eSLOEH00 6£438CE+00 6.025E400 Se293E+00 Je647E+00 1.759E+00 1.013E4+00 1.098E~01=4.716E~-02 0.0192
15 0.0 3e268E+00 34156E400 2,9476+00 245056400 1860E+00 64044E-01 94680E-01 9.13BE~01 1.250E-01-9.546E~02 60,0189
14 0,0 6 869L~-01 5,194E-01 2,716E~01 1.6076~02-1,172C-01 4,734E-03 8.698E—Ol Be699E-01 14441E-01—14204E-01 0.0188
13 0.0 0.0 8.340& 03 7-:10& 93- 1.134E 01-2.983E-01 S.747E-02 8.240E-01 8.497E-01 1+6SOE-0L-14326E-01 0.0187
12 0.0 0.0 ~1.124E-02-5.400E-Q02-1.,656E~01~3+435E-01 9+,643E~-02 7.949E~01 B.404E-01 }.B56E-01-1,383E~01 0.0186
11 0,0 0.0 —5,273E-03-0.3080-02-1.5L0E-01-3.102E-01 1.379E-01 7.578E—01 8.2494E—01 2.00LE-01—1.383E=01 0.0185
10 0.0 0.0 ~1e23GE-03-14329L~02-0+SCJIE-02-1770E-01! 1.775E~01 7,013E~01 7.915E-01 2¢274E-01—1.337E~01 0.,0183 -
9 0.V 0.0 24.838E-04 2,002E-03 3,03%9E-03~-2,703C-02 2,209E-01 €,228E~01 7,334E~01. 2,46€6E-01-1, 276E-01 00,0179 -
3 0.0 Qa0 4 4409E-04 4.L70E-03 2,2990-02 8.105E-02 2.5558~01 5.238t 01 6.406E-01 2.607E~- 01-!.2025-01 0,0173
7 0.0 0.0 44505C~04 3.949L~-03 2.75SE=02 1«161E=01 2.,473E-01 4,058E~01 S5.033E-01 2.5805E-01-1.159E-01 0.0162
6 0,90 0,0 2.,0126-04 4.050£-03 2.377E-02 8.693E-02 1,727E-0] 2,582E-01 3.008E-01 1+839E-01~1.919E-01 0.0143
S 7.939E-03 040 2.897t 04 2.901E-03 1-404E 02 44483€E-02 6-984E ~02 4.8B0L-02~5.821E~02-2.970E-0]-2.919E-01 00,0111
4 7¢93Y9E-Q03 0.0 ~3e622E~-08~44447E=04-24972E~03-1e729E-02-8,031E-0 e 391E~01-4,999E~-01~5,513E-01~3,968E-01 0,0079
3 7,939E-03 0,0 ~3.024E-08~34147E-03-14632E-02-0«180E-02-1+766E—~0] ~3+880E—01-6¢804E-01-6e787E~01~3.97S5E-01 ' 00048
2 7.939E-03 0.0 SeQ72E-03 1.211E-02 14953E-02-7.a351E-03-9.765F=-02-2,757€~-01-5,.348E~01- 5-2LJE 01-2.091E-01 0.0016
1 7.939C-03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 ‘0.0 0.0 -0,0016
X= 00 0wl 040000370 0eU001128 0a40€02€33 040005682 0.0011660 0,0023657 0.0047769 0.0071842 0.0083878
1= 12 13 14 15 16 17 18 19 20 21 22 Y =
J ! .
S0-1.298E~02-1¢484L-02-14490C~02~1e475L-02~1a466E-02-1e4E60E~02~1.457E-02-14454E-02~14493E-02 4.202E-02 o
89~1,298E-02~144B4E~02~1e490E-02~1,475t-02-1,4c6E-02-1,460E-02~1,457E-02—]1 ,454E-02~) ,453E~-02 3,884E-02 .
48-14053E~01-6+4T0E~02-3e149E—02~2e040E~Q02~1,710E-02-1.609E~ 02—1.5645 02-1,4 548E-02-l.544£ 02 3.5675—02
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48 6.B73E~01 2447S5E-01 4.980E-02-1.170E~02-2.897E-02~34394E~02~3594E~02~3.643E~-02~

.t - O s b v e - = P R T ey Vet A B e

«643JE-02 2,521E-02

35 0.537E-02~7e4B3E-02~0e085E-02~5e103E~02=34720E~02-3. 173E=02-2+913IE=02-24 B1 7E—oz—7§. 798E-02 2.614E-02

L Ll
42 14376E+00 Gel44E-01
41 1.533E+00 7.0L6E-01
40 1702E400 7.766E-01
39 1.823E¢+00 B84635E-01
38 1.890E+00 95,133E-01
37 1.943E400 9.695SE-01
3€ 1«97SE+00 1+003E+0Q
35 1,9506CE+00 9.014E-01
34 1-.8B3E+00 B.520E-01
33 1886400 8.,869E-01
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L 5 2.303E-01 2.661E-01 2.835E-01 2.922C-0t 2.9¢5E-01 2.986E~0l 3.008E-01 3.018E~01 3.022E-~-01 1.111£E-~02
= a4 2,543E—J1 2,786E~01 2.900E-01 2,857E-01 2.98SE-01 2,999E-01 3.013C-01 3,020E-01 3022E~01 7.937E-03
3 2578BE—-01 2.777E-~01 2.,892E~01.2.92E-01 2.982E-01 24997E-01 J.012E-01 3020E-01 3.022E~01 4.7¢2€-03
Ak 2 24062E-01 2.4L7E-01 2,0672E~01 24824E-01 2.906E-01 2.948E-01 2.,992E~01 3.018E-01l 3,.022E-01 1.587€E-03
- 1 1,000E~01 1,000E~01 l.uootZOA 1.000E~01 1.000E-01 1+4000E-01 1.000E-01 1.000E-01 3.022E~01~-1.587E-03 .
. - ‘ ¥
ﬁg X= 040091503 0.0093909 0s 0094912 0.0VYS5413 00095664 0.0095789 0.0095915 0,0095977 0,0096022
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P | 2 - 3 6 7 8 10 [ 91 =
—dgiﬂ;.3J«E—Qb 2.334E-05 2.,334E—05 2.334E—0H 2.333E-05 2+333E-05 2.331E-05 2¢3I29E~-05 2« I BE~05 2+304E-0S 2.259E-05 00420
49 2,334L-05 2.334E-05 2.3345-g€ 2+334E-05 2e4333E-0S5 2e333E~0S 2.331E-05 2,329E~0S 2.318E~05 2,304E-05 2.254E-0S 0.0388
48 2,334E-05 2,334E-05 2,334E- 24334E—05 2.333E-05 2,.333E—-05 2,331E-0S 2,329E-05 2.318E-0S 2.305E-05 2.,263E£-05 0+0357
47 24334E~0S 2.334E-05 2.333C~05 2.333E-09 2.333E=05 2.332E-05 2+.33IIE~-0S5S 24 330E-05 2+319E-0S 2,30€E-05 2.276E-05 0.0325
46 24334E-Q6 2.334E-05 2,334E-05 2,333E-05 24332E-05 2+331E~-05 2,331E£-05 2.330€E-05 2,319E-05 2,307E-05 2,28B8E-05 0.0293
45 2,339E-095 2,334E~0YS 2.334E-05 2.333C-05-2.332E-05 2.331E-05 2,330E-05 2.330E-05 2.,318E-05 307E-0S 2.296E-05 00201
44 2.334€-05 2.334E~-05 2.334E-05 2.3I3E—-05 24332E-05 2.331E-05 2.330E-05 24330605 2.31EE-0527305E~05 2.295E-08 0.0252 \
43 24334E=-05 2,334E~05 2,334L-05 2.333E-05 2.333E-05 2,.331E-05 2,331E-05,2.330E-05 2,314E-0S5 2,301E-05 2,292E-05 00243
42 24334E-05 2.334E-05 2.334C-05 2.334E-0bL 2.333E-05 24331E-05 26331E-05 2.330C—-05 2¢311E~05 2.297E-0S 2.288BE-05 0.0239
- 41 2.334C~05 2.334E~-05 2.334E-05 24 3IGE~05 2eI3IE~05+2e332E-05 233J1E-05 24I30E-05 2.309E~-05 2.294E~-05 2.285E~-05 00,0238
Vd 40 2,334LE-05 2,334E-05 2,334C-0 2,.,3343E—-058 2.333E-0S5 2.332E-05 2,334E-05% 2.330E-05 2.305E-05 2.290E—-05 2.281E-05 0.,0232
S 39 2.334E-0S5 2.334E-05 2,334E-05 2.,334E-05 2.333E-05 2+332E-05 2.3356~05 2.330E~05 2.302E-05 2.28CLE-05 2.278E-05 0.0230
= 38 243J4E-0S 2.334E-05 2.334t-05 2.334E~05 2.333C-05 24332E-06 2.336E-05 2,329E-05 2,299E-05 2,283E-05 2,275E-05 0,0228
[ 37 2.335E-05 2,335E-05 2,334E-05 24334E-05 24333E~0E5 24332E-05 2.3I30E-05 2¢329E~05 24296E~05 2.279E-05 2.272C-05 0.J226
[ 36 24335E-05 243350~05 24335C-05 24334E-05 2.333E-05 2.332E-05 2,336E-05 2.328E-05 2.292E-05 2.274E-05 2.269E-05 0.0224
%& 35 2.335E-05 2.335E-05 2.33S5E-05 2,335E-~05 2.333E-05 2,333E-05 2,337E-05 2,327E~05 2.287E~-0S5 2,269E~-05 2,264E-05 0.0222
A 34 2.337E-05 24337E—0H 2337E-05 24336L~05 23349E-05 2¢330E-05 2¢338BE~05 2+320E~-05 24282E-05 2.2€4E-05 2.260E-05 0.0220
QR 33 24338E-05 24336E-05 2.338E-05 2.3I37E-0S 233EE~0S 2.337E-05 2.338E~05 2.326E-05 2.279E-05 2,260E-05 2.258E-05-— 00,0220
; 32 2,338E-905 2,33BE-05 2,338E-05 2,338E£~05 2,338E-05 2,338E-05 2,338BE-05 24325E—05 24275E-05 2.256E~-05 2.255E-05 0.0218
B 31 24338E-095 2+338C~05 2,338BE~05 2433BE~0S5 24338BE-05 24338E-05 2.338E-~05 2+323E~-05 2.268E-05 2,24BE-05 2.249E<05 0.0286
- 30 2.3J8E-05 2,348E-05 2,338E-05 2,3J8E-05 2.338E-05 2.338E+-05 2,338E~-05 2.,320E-05 2.257E~05 2.237E-05 2.241E-05 0,023
(=9 29 2 ,338E-05 2,338E-05 2,338E-05 2.338E—-05 24338BE-05 2.338E~05 2.338L-05 2.316E-05 2.245E-05 2,223€E~-05 2.,233E-05 0.0211
‘EE _ 28 24J338E-05 2.338E-05 24338E~05 2.338E~0592.338BE=05 2.338E-05 2¢337E-05 2311E-05 2.231E~-05,2.207E~DS 2.226E-05 00209
- 27 2,338E~085 2.338E-05 2.338cC-05 2,330E-05 2.338E—-05 2.338E-0S 2,337E-05 2.306E-05 2.218E-05£Q.192E—05 2,220E-05 0.0207
20 2433BE=~05 2338E-05S 26338E-05 2,338BE-05 2.338E-05 24338E~05 2,337E-05 24300E-05 2.207E~-05 2.I81E-05 2.217E-0S 0.0206
Rg 25 2,338E-05 2433BE-05 2.3380-05 2.338C~05 2e¢3338E-05 2338L-05 2.336E-05 24295E-05 2.198E~05 2,17S€E-05 2.215E=05--.~~.0,0205
.Si 24 2,333L-05 2,338E-05 2,338E-05 2,338t-05 2,338E~05 2,338E-05 2,336E-05 2,292E—05 2.193E-05 2.171E~-35 2.213E-05 00204
- 23 2.338E-05 2.338C-05 2.33BE-05% 2.338E~05 2.338E-05 2.338E-05 2336E-05 2.287E~-05 2.188E-05 2.10L7E-05 2.212E-05 0.0203
L 22 2.338E-05 2.338E~05 2.3385-05 2,338E-05 2.338E-05 2.338E-05 2.335E—-05 2.283E-05 2.183E-05 2,164E-05 2.211E-05 0,0203
[~ 21 2,338E~035 2.338E-035 2,338E-0UD 2.2338E-05 24338E-05 24338E~05 2,334E-05 2.278E-0S 2.178E-05 2.161E-05 2.209E-05 0.0202
-QY 20 2.338€-05 2.338E-05 2.333E-05 2,338E-05" 2.338E-0S 2338E-05S 24333E-05 2.270E-05 2.171E~05 2.158E~0J5 2.,208E-05 0.0200
> 19 2,33BE~05 2.338E~05 Je338L-05 2,330E-05 2,43BE-0S 2.33BE-05 2,330E-09% 2,257E-05 2,162E~05 2,YS£E-05 2,206E-05 0.0199
?E 18 24 338E-00 2433BL-05 2.338E~05 2.33BE-05 2.33BE~-05 2.338E-095 2,32SC~05 2237E-05 2+153E-05 2&I65E-05 2,206E-05 0.0196
=] 17 2,338C-05 2.338E-05 2.3382-05 2,338C~05 24338E=05 2.336E-05 2.313E-05 2.,212E-05 2.145E~-05 2.,15SE-05 2,20%E-05 0.0194
k5 16 2,338E~-05 2,338L-05 2,348BL-05 2.338C-0S5 2,337E-05 2,333E-05 2,287E-05 2.192E-05 24141E~-05 2.194E—05 2.204E-05 0.0192
- 1S 24333E-05 2.338E~05 24348BE-0% 2, 336E-05 2.330E-05 2318E-05 2.2498E-05 2. 182E-05 2138BE~05 2.152E~05 2¢203E-0S 0.0189
b 14 2.438E-05 2433€6E-05 2.331E-0S5 2.322E~05 2.309E-05 2.300E-05 2.240E-05 2.179EL-05 2.137E-05 2.151E-05 2,203E-05 0,0188
=] 13 2,328L-05 2,327C-05 2.324E-05 2,31 7C-05 2.305E-05 2.295E-05 2.240E-05 2.178E-05 24130E-05 2,150E-05 2.202E-05 040187
[4) 12 2.3246%05 2.323E-05 2.320L-05 2.313E-05 2«301E-05 24292E~05 24240E-05 2. 177E~05 2.13SE-05 24 151E~05 2.201lE-05 0.0188&
:E 11 2e319E-05 2.3M8E-05 2.316E~-05 2,310E~-05 2,299E-05 2.290E~-05 2,240E-05 2,176CL-05 2,135E-05 2,152E-05 2,201E~05 0.0185 -
fin 10 2.31CE-m5 2.315C-05 2.313L-05 2.308E-05 2¢299E~05 2.289E~05 2,239E-05 24 174E~-05 2. 133E-05 2.152E-05 2.199E-05 0.0183 .
9 26313E-05 24313E~05 2¢311E~US 2.308BE-05 24301E~-06 2.28B9E=05 2,237E-0S5 2.170E-05 2.131E-05 2.151E-05 2.195E-05 0.0179 -
8 2.312L-05 2.312C-05 2,3100-0% 2,308E~-05 2,303E-05 2.288E-05 2,234E-09 2.165E~0S5 2.12E-05 2.146E-05 2,187E~05 ., 0.0173
. 7 2.312E-05 2+311E-05 2¢310E-05 2.307E~05 2+302E-05 2.2B5E~05 2.228C~05 2.157E~05 2.1168E~05 2,139E~-05 2.1 71E-05 0.01&2
6 263120705 2e311E-05 24310E-0S5 2.306E-05 2,299E-05 2.280E~05 2,219€-0S5 2,147E-Q5 2,107E-0S5 2,130E~05 2,139E-05 0.0143
S 2,313E-0H 2,J12E-05 2.310E-05 24200E-05 2.296E-05 2.273E-05 2.209E-05 24 130E~05 2.092E-05 2.115E~05 2.088E~-05 0.0111
4 2¢316E-05"2s315E-0S5 2e312E-05 24307E~05 2.296E~-05 2,268E-0S 2.,201E~05 2,13SE-05 2+076E—05 2,074E-05 2.018E-05 0.0079
4 24322E-95 2.J21E-05 2,319E~-05 2,315E~-05% 2,305C-05 2.2B0E-05 2,228E-05 2,168&E~05 2,080E-0S 2.009E-05 1,945E-05 0.0048
2 2,334L-09 24339E-05 2.333C-05 2.332E~05 24,329E-05 2.320€~-05 2.298L-05 2.267E~06 2.219E-0S5 2.136E-08 2.055C-05 0.,0016 ©
- 1 24348E-05 2338£-05 2.338£-05 2.338E~05 2.338E-05 233BE-05 2.338E-05 2.338E~05 2¢338E-0S5 2.338E—-05 2.338E-0S -0.0016
X= =U0,JU0012% 0.0000125 0.0000L27 0,00010630 0,0003L36 0.0007648 0,0015672 0.0031721 0.0063818 0.007968€6 0.0087890 ’
5= 12 c 13 14 i15 16 17 18 19 20 21 22 Y = o
T 50 2.081L~040 LeBO7L—05 1.797E~05 1.747E~05 1+.722E-05 1e710E-05 1+.697E~05 1,691E~05 1.089E-05 4.202E-02 -
A9 2.08lE~05 1+897E-0S5 1e79Y7E~0S5 1e74TE-J25 1.722E-05 L+ 710E~05 14697E~05 1.691E—~05 1.689E-05 3,884E-02
| 48 2,1USE-05 1,910E-05 1.804E-05 1,.751E-05 1,724E~05 1,711E-05 1.698E-05 1,691E-QS 1+689E—05 3,56T7E-02
a BT 2oTRTE=05" T .SFIE-US 1 B2TE=US T 70VETUS T«7IVEUS IS 7TRE-UD TOY9E~0UD T<«692E-UYS 1.689FE-05 J.289E-02
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5 3135iE-05
8 2.282E-05
:

2.281E-05

214738253
20151€-05
2.203E-05

1.697C—Ob
I.958E—05

l-ﬁOlt-OJ loTJBE 05 l~729E—05 1-705E-05

1.836L-05 1.773E-05 1.742E-05 1.710E-05

-

—y v T

}.693E-05 1-659E o5 2¢6l45—02
1+4€C95E~05 1+689E-05 2.521E-02

SUE=QPS 1, 78IE=05 1. 737E<05 1. 712E-05 "Y1, 695E=05 T.B5B9E~05 2.¥2BE-02

.
4 2.009t 05 1.8u8C-00 11792E =05 1.733E-05 1e71HDE~05 1.096E-05 1.689E~05 2.391E£~-02
- 4132.279C-05 2.210E=0S 2018E=05 1.873E-05 1.795E=05 1755E~05 1+716E~05 1.,696E~05 1.689E-05 2,359€-02 .
40 2,276C-05 2,216FE-05 2,02ZBE—05 1.B77E~05 1,797E~05 1,757E~05 1.716E-0% 1,596E-05 ) .689E-05 2.318E-02
39 2.274E-05 2222E-05 2.030E=-0S5 l.BSsE—OS 1802E-05 1+760E-05 12718BE~05 1.697E~05 1.689FE~-05 2.296€E~02
38 2.272E~05 2.225E-05 Z2604CE~-05 1,899E-05 148B04E~05 14761E~05 1.718E~05 1.697E~05 1.6B9E~-0S5 2,276E-02
37 2,270E-05 2,227C-05 2.048Ez05 1,894E-05 1.807E~0S 1.763E-05 1.719E~05 1.697E-05 1.689E~05 2,259E-02 -
30 2.26TE«05 2.224E-05 2+0435-05 1 ,890E-05-1.805C~05 1.7€2E~05 1+719E~05 1.6Y7E~05 1.68B9E~05 2.239E-02
35 Z.264FC—~05 2.214E~05 2.031E-05 1,883E-05 1.801E-0S 1,759E-05 1.717E-05 1,5697E-0% ].689E-05 2,219E-~02
34 Z.20L1E~05 2.210E~05 2402B8BE~05 1.881E=05 14800E~05 1.758E~05 1e717E~-05 1.697E~05 1+.08GE~0S 2.,204E-02
33 2.260E~US 2.209L~05 2402S5E~05 1.878BE-05 1+798E«05 1+757E-05 1717E~05 1.6Y6E~05 1+6B9E~05 2. l96E~02
32 2.257C-05 2,206E-05 2,023E-05 '1,878£L-05 1,798E-05 S7E-0S 1.717C~-05 1,696E-05 1.6B9E~-05 2,181E-02
3l 2.253€E~-05 2.201E-05 2.018C-05 14.875E~-05 1.790E~0S5 14750C~05 1736E-05 1.69€6E~0S 1.089E-0S 2.157E-02 3
30 24249E~-05 2.192E-05 2.009E~05 1,869C-05 1.792E~05 1,7548E~0S 1.715E~05 1.5696E-05 1,.,689E-05 2,134E-02
- 29 2,245E-05 2,181E-0S5 1.997C~05 1,860E-085 1.787E~0S5 1¢751E-05 1«714E~05 1.O96E-05 1.689E-05 2,111E~02
2B 24242E-05 24170E=05 1+9850~05 1 .H530-05 1.783E-Q5 1.748E-D5 1.713E-05 1.695E-05 1.6B9E-05 2.088E-02
27 2.280E=-05 2.100E~05 1+974E~05 1.846E-05" 1 ?79E-05 1,745E-05 1.,712E-05 1,695E-Q05 1.6H9E~-0S5 2,072E-02
oy 20 2.233E-05 24152E—00 1 9GLE-05 1e8410-05 1+776E-05 1743E-05 1e711E-05 1.095E~05 1+089E~05 2,057E~02
Ty 25 242371.-05 24146C-05 [+9L0E~0S5 1,837E~05 1e774E-05 14732E-05 1e710E~05 1.695E=0S 1.689E-05 2,049€E-02 B
R 24 2,236E-05 2,130E-05 1.953E~05 1,B33C~0% 1,771E-05S 1,741E-05 1.710E-05 1,.695E-05 1.689E-05 2.041E-02
= 23 2.234E-05 24139E-0S 1.940E-05 1.829E-05 1e703E-05 1e4739E~05 1¢709E-05 1.£94E=05 1+689E~0S 2,034E-02
Q3 22 2.233E~05 2.127C-05 1+239€-05 1,825E=05 1+766E~05 1.737E~-0S 1«7DYE~-D0S 1.694E-0S5 1.6B9E-05 2,026E~-02
ﬁa. 21 2,230C-05 2.116E-05 1.929E-05 1,819E~05 1¢763E~05 14 735E—05 1+708E-05 1,694E-05 1.689E~05 2.018E-02
A 20 242250-05 2¢102E~05 1e91CE=05 1.811E~05 12759E~05 1.,733C-05 1.707E-05 1.,594E-0S5 1.6B9E-05 2,003E-02 .
o7 19 2.219E-05 2.084E~05 [«902E~05 1,803E-05 1,7S4E-05 1,730E~-05 1.706E-05 | ,693E-05 1.,689E-05 1,987E-02
E‘ 13 2210E-05 2.008E-05 1+887E~0S 1.795E-08 1.750E-05 1.727E-05 1s704E-Q05 1.593E~05 1«089E-05 1.9G4E-02
- 17 2.202E-05 2.04GE~05 1875E~05 1¢789E-05 1¢746E-05 1 4725E~05 1e704E~-05 1.693E=-05 1.689E~05 1.941E-02
- 16 24193E-05 2.027E-05 1.86%E~05 1,783E-05 1,743C-05 1,723E-05 1.703C~05 1,593E~05 }+.689E-0S J.917E~02
Y 15 2.185E-05 2+014E~05 L«857E-QH 1.779E~05 1.790E~05 1+4721E-05 1.702E-05 1. L93E~05 1.689E-05 1.894E-02 .
=3 14 2.181E=05 2.008E-05 14853E~05 1.777E-05 1+739E~05 1.720E~05 1e702E~05 1.692E—05 1.689E-05 1,879E-02 P “
P 13 2,179E-05 2,004E~05 1.851E-05 1,776L~05 14739E—-0S 1.720E-08 1e702E-05 1+092E~05 1,089E-05 1.871E-02
. 12 2.170E-05 1.99BE~05 1.848CE-05 [ .775E-05 1+738E-05 1.720E~05 1.7020-05 1,692E~05 | +6B9€~05 },BL3E-02
ﬁa 11 24169E-05 1.987E-05 |«843E~05 1, 772E~05 1,736E~05 1.719E~05 1.701lE~-0S5 1 .692E-0S 1,689E-05 1.,850E-02
Ry 10 2.158E-05 14a970E~05 1B34Er-05 1 707E~05 1.734E-05 14717E~05 1e700C-05 1.492E-05 1+689E-05 1.828E-02
2> 9 2.138E~05 149Y36L~05 1e822E-05 1.761E—05 1+730E~05 1+715SE-0S 1699E—05 1.692E~05 1.089E~-0S5 1e790E~02—
‘5 8 2,106E~05 1.915E~05 1.807E~05 1,752E-05 1.725E-05 1,712E~05 1.698E—-05 1,692E-05 1.689E—-05 1.725E-02
Y 7 2.061E~05 1.882E-05 ]| 7HI9E=05 1.743E~-05 1+.720E—05 1.708E-05 1+697C~05 1.6G1E-05 1683E-05 L+€E15E~-02
6 1+.99CE-05 1.84SE~05 1770E—-0S 1,732E~-05 1714E-05 1.705E~05 L +695E~-05 1.691€-05 1.689E-05 1,429E~-02
:g 3 1,922&-05 1,805C-0% 1e749E-05 1,7210-05 14707E~0S 14701E~05 1+¢694E-05 1.690E~05 1.689E-05 1.111E-02
= 4 14847E-05 LaTOGE~DS 1a729E~0S5 1.710E=05 14701E~05 1.697E-05 1.692C-05 1.690E~05 1.689E-0S 7.937E-03
= 3 1.8130-05 1.7520~05 1.721E-05 1,707C-05 1.,699E~05'1,696E~05 1,692E-05 1,690E-0%5 1.689E-05 4,762E~-03
o 2 1+4943E~05 14802E-095 1«7110-0S5 1.6L0E=05 1.049E-05 146047E~-0S5 146GAE~0S 14679E~05 1689E~-0S 1.5687E-03
—— 1 2.333E~05 2.333E-05 2+338E-05 2.338E-05 2.338E-05 2+338€~-05 24338E-05 2.338E-05 2.338E-05-1,587E-03
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= 13 0031139 0230411 1<000E-04 3.413E-03 B.740E+00 7.838E-02 6.728E+00 B.507E+03 B.SQTESO) 7.06BE+00 [.040E-02 L
a 19 0438392 0436411 1.000E-04 3.664E-03 9.J97E+400 B.418E-02 7.226E+00 O,15BE+03 O.158E+01 7.824E+400 1.12B8E-02 - :
s 20 0043227 0.30411 1.000E-08 3.,908L-03 1.002E+01 B.979E-02 7.707E+00 9.784E+03 O9,.784E+01l B8,359E+30 1.20LE-02 - o
és 21 0.48063 0.3¢4i0 1.000E-04 4.13tE-03 1.061E+01 9.503E-02 B.1S7E+00 1.037E+04 1.037E+02 B.BSOE+00 |.2786-02 - ;
"y 22 0e%0a80Q Q30410 1.300E-0C4 4 .324¢-073 1.109E+D1 Fe93IDE~02 B+ 52BE+Q0 1.085£+04 1l cO08%E+02 9 «26IFE+00 1e337E-02 - ' : i
S 23 0.52898 0.30409 1.000E-08 4.4565-03 1.143E40]1 1.024E-01 8.780E+00 1.110E+04 Llell9FC+02 ©.5S7E+00 1.378E-02 s : !
. 2> 24 0.55315 0.36409 1,000C—0% 4,591€-03 1.177E401 1,055E-01 9,055E+00 1.153F+04 1.153E+02 O.B50E+00 1.320E—02 i !
N 25 0457733 0436409 1,0006-048 4.720E-03 1.212E401 14086E-01 9.320E+400 1.137E+404 1.187F402 1.018E¢01 1.4626-02 ! }
¥ 26 0400151 0430408 14000E~04 4.85Jc=03 1.2456+401 1.1156-01 9.570E+400 1.220E404 1.220E402 1 .042E+0L 1, 502F—02 . ;
] i ¥
> 27 0.64980 0436407  1.000E-08 L.,019E-03 1.237C0+01 1.153E-01 9.899E+400 1.262E+04 1.262E+02, 1.078E401 1 <555t-02 . !
= 28 0.09821 0.36406 1.000E—04 5.255E-03 1.349E+01 1.208E~01 1e037E+01 1.3236404 123236402 T.130E401 1.6300-02 ! 3
; 29 0.77074 0,3640% 1,0000-04 5.494C-03 1.409E+01 1.262C~01 14084E+01 1.381E+04 1.381E¢02 1.180E401 1.7026-02 f
= 30 0.84327 0.30403 1.000E-04 5.7c4F-03 1i478C+01 1.323E-01 1.137C+¢01 1.249E404 11349E+02 1.238E+01 1.785E-02 : -
| E 31 U.91580 0436401 1.000E-04 B5.9670-03 1.530E+01 1.3716-01 1.177C+01 1,498E+04 1.496E¥02 1.200£+01 1.8406-02 l i
32 0.98833 0430399 1.0000-06 0s0726~03 145376401 1.395E~01 1+198E¢01 1.522E+08 1.522E402 1<301E401 1 eB76E<
X} 33 1401669 0.30398 1.000E-04 6.0906-03 1.332E+01 1.399E-01 1.201E401 1.52GE+04 1.536E¢02 1.306c¢01 1.Beoc_o3 i
ag 34 1.0608G 030398 1.000E~06 &.189L-03 _1.585E+01 1.420E-01 1.219E+01 1.551E+04 105516402 14325E401 1.911E-02 ¢
35 1-10921 0.3u397 1.0008-04 ©£.240E-03 1.0005¢01 1.434E-01 1.231E+01 1.566E+04 1.566C+02 1.338E+01 1.929€-02 E
36 1.17088 0.36397 1,0006-04 6.483C-03 1,663C+401 1.490E-01 1.279E+01 1 +0629E+04 1.029E+02 1.391F401 2.006E-02 ,
37 12325 0« 36396 le OOUVE~04 GeDBEE—03 L«68SE+01 1.513E-01 1« 299%E+01 \-ﬁs’:’Eﬁ-OQ 1.653E+02 1 «4)3E 03 2 I7E - {
38 1.29422 U,36396 l.OODf%-OQ 6.457C-03 1.65LE+ 01 1,884C~-01 1,273C+01 1.016E%04 1.£16E+02 1:38!“'01 l:ngE—gg ¥
39 1439589 0236397 1.000E—06 ©.324C-03 1.6226+401 1.453C-01 1,247E+01 1+582E+04 1+5SB2E¢02 1.3526+¢01 1.049E-03 :
40 1441755  0.363%7 1.0006E-06 Ce097E-03 14551c+01 1.385E-01 1.193E+01 1.5095+04 1.509E+02 1.289E401 1.BS0E 02 ¥
; 41 1.53198 0,30398 1.0006-04 5.929-03 1.520E401 ,1.302E-01 1.169E+¢31 1.482E+04 1.482E402 1|.266E431 1+825C-02 i
42 1404040 0430400 1.000E-04 Sa738L-03 1472401 1.J18BE-01 1.132E+01 1.4338+404 1.433E+402 1.224E¢01 1 T66E~02 E
83 1.76083 0.36403 1,000L-04 5,1876-03 1.330E+01 1.192C-01 1.0236401 1.289E+404 1.289E+02 1e101E+01 1 .588E-02 H
83 2.05201 0-30408 1.000E-04 4.732E~03 1.214E+401 1.087C-01 G.333E+00 1.174C+04 1.174E+02 { J003E401 1 .447E-035 i
45 2034440 0e30414 1.000E-04 3.633E~03 Q9.319E+00 B.348E-02 7,106E+00 8,893E+03 B.893E+01 7.598E+00 1.096E-02 H
&0 3.33640 U0+36421 1.000E=0& 2.824E-03 7.241E400 6.487E-02 bH.508E400 6.086E+03 G.B8LE+0L 5 -8683E400 B.483FE-03 }
37 4.32853 0.J0428 1.000E-34 243086-03 Se91Y9E400 5.302E-02 4.551E+00 5,632E403 5H.G32E+01 4 .8126400 6.9396-03 !
43 5,32000 0.30424 1.000E—0% 2.0056-03  5.142E#00 &4.5000-02 3.953C+00 4.901C+03 4.901E401 4 .167E+00 &.03RE-03 b |
s 5 s s = TB3BEFU0 85 3IFE=0Z I, T2ZOEF . . S9E1E#00 " Si7I2E=03 "~~~ —- }
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AN

‘Y9a9R20TE~01 L+88SHLE-D2 1 L330E~03 2.5830E-02
198BS IE+ 00 3.821SE-02 $.4964E-04 1 .5015E~02
2.9762E+00-3 .6727E~02~1,0194E~-02~1,6118E—02
3.9683E4+00~1 «3449E-01-347327C~03-529019C =02
4eTSGIE+00-2e1677E~01~640166E~03-9.5131E~02

S5e¢219SE400~2793CE~01~76428E-03-142084E~01
5e4321E+00~3e2641E~01-9.0596E~03-1.4324E-01L
5 e65325E4+00-3.7204E-01-1,0343E~02~1.6353E-01
Sa7R68E400-8+09S4E~01=141378E-02~1 «79%0E~01
5+8023E+00-443040E-01-1,1946E~02-1.8888E~-01

$e834SE+Q0-923443E~01-1 «2058E~02~1 +S0DSE=D1
5J/8591E4+00-4+3923E~01~1,2191E-U2~1,927€E~01
548954C400-4e7077E~01~1 «3000LE~02-2,06000E-0Q]
5¢9558E+00-5¢2475E~01~1.,45656-02-2+3029E~01
6,0283L+00-5,844BE~-01~1,02226-02-2,56506~01

Ge100SECOU=6+SUHISE=0l~1.8273E-02-2,8392E~01
6.1 734E400~7 .SS19E-01-2,0960E-02-3,.3141E~01
6©+233BE400-8.3792E-01-2,3257E-02-3.6772E~-01
6+2322E400-9e2600E-01-2.5701E~02~-4.0638E~-01
6 .3184E400-9.8410E-01~2,7314E~02-4,3182726-01

2 643420 4+00~1,025BE+00-2,.8472E~02~4,5018E~01
24  6,3668E+00-1,0653E400-2,9569E-02-4.6752€-01
25 Le3P1C0E+00~1¢1015C+00-320572E~-02~4.8339E-01
26 6+41S2E+00—1.1299E+00-3.1360E-02-4,9584E-01}
27 Ge4513E+00~141500E400-322085E~02-5,0731E~-01
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NeoQE NOUEW N=COD® ~NTOSPW I Y
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28 Le4IIBE+00-1.1961E+00-3,3198E~-02—-5,2490E~-01
29 LeS602E4+00-1e1767E400~3420061E-02~5,1042E-01]
30 6.6427€E+00-1.1292E+00~3.1340E~-02-4,9553E-01
31 6.7053€4Q0~1 L 0162E400-2,8200E~02-4,45%7E-0D1
Ge777TBE+00-8¢3557E-01-2+3192E=02-3.6609E-01
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-
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Univern;

33 6.8382C400-0.7204E-01~1,8u53E~02-2_,9492E-01
34 0eBTA4SE+00~0L+0794E~01 -1 s0B0L2E~02~2,60L02E-01
CeD10BE+Q0-4.8305SE~01~1.,3407E~-02-2.1198E~01
6.3058C+V0—-3,2451E-01-9,0070E~03-14.4241E~01
37 74Q275E+00-142354C~-01-3,4289FE-03-5.4216L-02
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W
ow

1
ey

38 7.0891E+00 9,4790E-Q2 2,0309k-03 4.1558C-02
39  7.1508E+00 3.0416E~-01 Be4419E-04 1| .3348E-01
40 7e2125E4+00 4.8955C-01 1.3588E-02 2,1384E-Q1
7+300SE+Q0 L+SO32E—~01 1.8216E-02 2,8303E-01
a2 7+814SE+00 %9.291€6E-~01 2.5749E-02 4.0776E-01

McGill

43 7+5293E+00 113156400 3.1405E-02 4.9096E~01
44 7.7325E+00 1.,1858E4+00 J.2%911E-02 S.2037€-014
4S 8,0242E+00 1.3328E+00 3.,0991E-02 5,84988E-01
A0 BLOGGLU2EH00 9.5B75C~01 2.00110-02 4.,2075€E-01
47 U.69B2E+00 7.0104E-01 1.94586-02 3.0765E-01

48 1. JOES0E+01 5e3044E~01 1.47T23E-02 2,3278E~01
49 16 16492E+01 3.9959E~01 1.2479E~02 1,9730E~01
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AVERAGE TRANSPURT PROPLCRTIES *
- J PR S vis DEN cp DIFF K. @ {f]
2 7.2024E-01 6.2838C-01 2.0115E~05 7.9535E-01 1.2018E+03 4 .0554E~05 3.3309E~02 . »
3 7.2028E-0} 642838E-01 2.0115E-05 7.9535E~0L 1+2018E+03 4 .0954E-05 3,3309E-02 i 30
4 7,2028E~0f ©0.,2838E~01. 2.0115E~05 7.9535E~01 1.2018E403 4.0954CE~05 3,3309F-02
| S  7420248E-01 6.28380-01 2.0115E-05 7.,9535E-01 1.2018E+03 4 ,0954E—05 3. 3309€E-02 . J
6 7.2024E-01 0,283BE-01 2,01015E-05 7,9535E-01 1.,2018E+03 4,09594E-05 3.3309E-02
.
7 7e2024E-01 C+283BE=-01 2.011SE=05 7.9535E-01 120186403 4.0954E~05 3.3309E-02 .
8 7.2024E-01 6.28368E-01 2.01156-05 7.9535€6-01 1.2018E+03 4,0954E-05 3,3309E-02 - a - )
9  7.2024E-0l 6.283BE-01 2.,0115E-05 7.95356-01 1.201BE+03 4.0954E—~05 3. 3309E-02
10 7.2024E-01 6.283HE-01 2.01156-05 7.9535E~01 | +201BE+03 4 40954E~05 3,3309E~-02 !
11 7,2024E-01 ©.2838E~01 2.0115E-05 7.9535E-01 1,2018E+03 4,0954E~05 3.33096~02 - -
- 12 7.2024E-01 ¢.,2838E~01 2.0115E~05 7.9535E~01 1.2018E+03 8 .0954E~05 3.J§g;g>oz
& 13 7.2024C-01 6.2838E~01 2,0115E-05 7.9535E-01 1.2018C+03 4.0954E—05 3. <02 - .
& 14  7.2024E-01 ¢.283BE-01 2,0115E-05 7.9535E~01 1.2018E+03 4,0954E-05 .
- 15  742028E-01 6.2B38E-01 2.0115E-05 7.9535E-01 1,2018E+03 4 .0954E—05 )
a 16 7.2024E~01 ¢,.283BE-01 2.0115E-05 7.9535E-01 1.2013E+03 4.0954E~05 )
) 17 7.2024C-01 04283BE-01 2.0145E~08 7.9535E-01 1.2018E+03 4 .0954E—~05
’ 18  7,2024E-01 6,2838E~01 2+01156-05 7+9535E~01 1.2018E+03 4.0954E—05
[o¥e] 19 7.2024E-01 &.2838L~01 2.0115E~05 7.9535E=01 |.2018E+03 4+0954E-06 - .
= 20  7.2024E-01 6.,28306E~01 2.0115E-0S5 7.9535E-01 |.2018E+03 4,0954E-05 3,3309E-02
?s 21  7e2024E-01 &.2B838E-01 2.0115E-05 7.9535E~01 1.2018E+03 4.0954E-05 3+3309E-02
=Y 22  7.2024E-01 6.2838E-01 2,0115E-05 7,9535E-01 1.2018E+03 4,0954E-05 3,3309E-02 -
2 23 742024E-01 €.2H838E-01 24011SE-05 7.9035E=01 1,2018C+03 4,0954E-05 3¢3300E~02 :
- 28  7.2024E-01 6£.2B3HBE~01 2.0115E-05 749536E-01 1.2018E+03 4,0954E-05 3.3309E-02 : .
25  7,2024C-01 G .2d38E-01 2.0115C~05 7.9536E~01 1,2018E+03 4.,0954E—~05 3e 3309E-02 ,
= 26 7.2024E-01 € .2338E-01 2¢0115E~095 7e9536E-01 1.2018E+03 4.09Y54E—05 3.3309C-02 .
2 27 7.2924E-01 L.2838E~01 2,0115%E-05 7.9536E-01 1,2018E+03 4.0954E-05 3,3309€E-02
5 28 742024E-01 6+2838E~01 2.011SE-05 74953GE=01 1.2017E+03 4,0954E-05 3.3309E~02 : N
e 29  742024E-01 ©42838L-01 2401156-05 7.9546E~01 1 .2017E+403 4 .0954E-05 3,3309E~-02 N
Q) 30 7.2024E-01 €,2838E-01 2+0115E~05 7.953CLE-01 1.2017E+03 4.0954E-05 3¢ 3309E-02 ®
2 31 7e2024E-01 €.2838BEL~0) 2.0115E-05 7+9536E~01 1.2017E+03 4.0954E~05 3,3300E~02 ‘ -
& 32 7.2023C-01 L,2B38E-01 2.ui19E—0Y 79937E~01 1.2017E+03 4.0954E—-05 3,3309€-02
Ea. 33 7.2023E-01 6.2B3BL~01 2.0115E-05 7.9537E-0{ 1.2017E+03 4.0954E~05 3.3309E-02 - =
i 34 7.2023E-01 6.2830E~-01 2,01I5E-05 7.9537E-01 1,2017E+03 4,0954E-05 3,3300E-02 .
= 35  7.2023C-01 ©+283BE-0L 2.0115E-05 7+9037E-01 1.2017€+03 4.0954E-05 3¢ 3309E-02 ,
ig 36 7.2023E-01 C.2B38E~-01 2.01156-05 7+9537E-01 1.2017E+03 4 .0954E-05 3,3309E-02
- 37 Te2023E-01 L4283BE-01 2,0115E~0D 7.9537E~01 1.2017E+03 4,0954E-0% 3:3309E~02 . - .
3 38 7.2023E-01 6.2838E-0} 2.0115E-05 7.9537E~01 1.2017E+403 4 ,0954E—-05 Je3309E~02
39 7.2023E-01 6.2828E~01 2,0115C-~03 7,9537E~01 1,2017€+03 4,0954E~05 3.3309E-02 . . ’
40 7.,2023C-01 6.283BE-01 2.0115E=-05.7.9537E~01 1.2017E+03 4.0954E~05 3.3309E-02 .
4F  7.202JE-01 6+2838E-U} 2.01156-05 7.9537E-01 1.2017E+403 4 ,0954E~05 3.3309E~02 . . O L
42  742024E-01 Le283BE—01 2.0115C-0L 7.95360E~01 1.2017E+03 4.095aE-0G 333096 -02
43 7.2024E-01 642838E~01 2.0115E-05 7.9536E-01 1.2017E403 4 +0954E—-05 3,3309E-02
44 7,2024E~01 6,2838E-01 2.0115E~05 7+953EE-01 1.2013E+03 4.0954E—05 3,3309E-02
45 7.2024E=~01 €.2838C-01 2.0115E-05 7.95356-01 1.2018E+03 4.0954E~05 3,3309E-02
46  7.202SE-01 6.,2837E~01 2.,0115£~05 7.9534E-01 1 ,2018E+#03 4 ,0954E-05 3,3309E-02 . -1
47  7.2025E-01 €e2837E-01 2.0115E-03 7.9534E-01 1.201HE#03 4.0Y54E~05 3.3309E-02
43 7.2025E-01 0428376E~01 2.0115E~-05 7,9534E-01 |,2018E+03 4.0954E-05 3,3309E-02 X
49  7.2025E-01 ¢+2837C~01 2.0115E-05 7.9534E-01 1.2018E+Q3 4.0954E~05 3.3309E~02 .
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Run code

127
128
130
133
135
136
141
145
146
147
149
. 152
159
165
167
172
179
203
208
209
213
214
218
223

226,

229
232
234
236
246
250

H/D

7

4
4
4
4
3
3
3
3
4
2
2
2
3
3
3
3
3
3
4
3
3
4
3
3
3
3
3
3
3
3
4

APPENDIX C

Code Listing of Computer Runs 3

!

0 .

M )
0.1 0
0.125 0
0.167 0
0.25 0
0.1 0
0.125 0
0.167 0
0 0
0 0
0

L1 0
0.125 0
0.1 5
0.1 10
0;1 \ -5
0.1 ~10
0.1 30
1.0 -30
1.0 0
2.0 -30

no jet
2.0 o]
10 30
2 30 'y
0.7 3
05~ 30
0.5 30
2.0 -45 .
© 0.4 30 °

Oul -45
0 0
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