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Abstract 

This repon describes a numerical method based on a finite difference technique for simulating 
indoor airflows in a building using a JC-e turbulence method. The model treats three dimensional 
non-isothermal turbulent flows using the Boussinesq approximation for buoyancy. It solves the 
resulting nonlinear system of momentum, energy and turbulence equations by an explicit time 
marching technique to obtain a solution for either a steady state or transient flow. An 
upwind/central combination scheme with arbitrary specification for the switching parameter is 
used to approximate the convective terms. This switching parameter can be specified at each 
point in the flow regime allowing for different strategies in different flow regions. The switching 
technique includes both the central and hybrid schemes found in the literature. A pressure 
relaxation method is used to satisfy the Poisson equation for continuity. The model handles a 
variety of flow, pressure, temperature and heat flux boundary conditions' including prescribed 
inflows, outflows by either prescribing the flow or pressure, wall boundary conditions together 
with heat flux and temperature and/or heat transfer coefficients specified on the boundary. 
Volumetric heat sources are also included. The model has the ability of handling an arbitrary 
number of obstacles in the flow region. This permits the modeling of the effect of furniture and 
partitions on the flow field and also provides a means for modeling multi-room airflows. The 
predicted airflows can be used in a companion computer model forpredicting the three-dimensional 
dispersion of contaminants in a building. The computer code for this model exists both in a 
vectorized version for the Cyber 205 supercomputer and in a non-vectorized version which has 
been successfully run on a Sun 3/260 workstation with a·floating point processor board (based on 
a Weitek 1167) under a UNIX operating system on a Compaq 386/25 computer equipped with 
either an Intel 80387 or a Weitek 3167 coprocessor under an extended DOS operating system. 
The relative performance of these systems for the examples considered in this repon are 1 second 
per iteration for the Cyber 205,9 seconds for the Compaq 386/25 with a Weitek 3167 coprocessor, 
30 seconds for the Compaq 386 with a 387 coprocessor and 90 seconds for the Sun 3/260 under 
UNIX. Isothermal simulations seem to converge in approximately 10,000 iterations and non
isothermal simulations in approximately 30,000 iterations. Several ideal and practical applications 
of the model are presented and the results of the simulations are compared with existing 
experimental data contained in the literature. 1 

1 Key Words: Airflow, building ventilation, contaminat dispersal, finite difference method, 
indoor air quality, mathematical modeling, room convection, temperature, turbulence, velocity. 



1. Introduction 
Altt:ou~h it is well k."':own :h:u ~he indoor environme:lt is strongly affec:ed by airt1ow, especi:J.lly 
whe~ :he space is condiriond. the mechanisms driving indoor airrlow are not ·..veU unde:srood. 
In hp:lil, :1dvanced computer simu!Jrion techniques to predict room air movement have been 
ilvail:J.ble for sevenl years and have been used for evaluating both thermal corr.fart and indoor Jir 
qu:lliry. To d.J.te. such computer simulation techniques have noc widely been used in the United 
S rates. However. inc:-easing demand for efficient dean rooms needed for hi~h-~ech factories and 
for L."te optimal design of air conditioning systems far office buildings is snculating extensive 
rese:rrch on the mic:-o modeling of indoor airflow distribution. 

Conve::1tional met.1o<is. such as single or multi-zonal methods for predicting room air movement 
or sirr:pie ..;:lic:llJ.tions tJased on free jet decay experiments, are not useful room :J.ir moveme::1t 
precic:ions because or' che:r inherent inability to extend the applicable range of .::J.lcul:u:i.on needed 
for J. more de~:riled predic:ion. Alternative lpproaches based on more fundarr:.emal fluid theory 
are required. - · 

This re?Ort descnbes one possible approach, a numerical flow calculation me~!":od, based on the 
K:-E turbulence model, and discusses its reliability and accuracy with respect to several experimental 
obse:vations. 

A vectorized. three dimensional computer simulation program c:illed "EXACI", which has been 
recently installed in the CYB ER 205 computer system of the National Insrirute of Standards and 
Technology is discussed. Non-vecrorized versions of this program have also been implemented 
on a Sun 3/260 worksutian and an a Compaq 386/25 computer using a DOS extender. 

Although the prediction method given here requires large amounts of computation even with 
adv:lilced and highly ef:fi.cienc scientific computers, the authors believe mac, wich the advances in 
bo.th super and works-.ation computer technology and the theoretical developrr.ent in turbulence 
theory , it has a fair prospect to become a practical prediction method in the near furure. 

1.1 Indoor Airflow and Turbulence 
Although most available flow calculation methods employ the Navier-Stokes equation as the 
basic starting point:. diffe:::-ent characteristic flow regimes require markedly different numerical 
calculation strategies. 

Consider the requirements for the numerical calculations of low speed oil flow in a pipeline 
and the airt1ow around a car which is moving at 60mph. In the first case. a laminar flow 
calculation method would be appropriate; yet,it would not be valid in the second case since 
turbulence induced bv the movement of the car must be taken imo consideration. This is in 
spite of the fact that bOth flows are described adequately by the same fund3.II1ental equations. 
The flrst task in the development of a model for predicting room air movement is to determine 
which regime, turbulent or non-turbulent. the indoor airflow belongs to. Generally, in 
developing a numerical calculation method for airt1ow, a representative Reynold's number 
Re is useful in decidin~ whether the flow to be considered is 1aminar or turbulent. The 
representative Reynold's number is defined as 

1 

Urf-.J 
Re=-

v 
(1.1) 
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where 
Ua 
L') 
V 

is J. representative velocity scale (m/s) 
is a representative length scale ( m ) 
is the kinematic viscosity (m-z/s) (for air v = 1.5 x 10"5m2/s 

For the discharge ain1ow related to air-conditioning devices. the following values have been 
determined experimentally as a critical representairve Reynolds number. 

• plane iets 
Re."' :where U0 is taken as jet exit velocity and L0 slit width respectively. 

This means. for instance. that the jet from 1.5 cm slit type air inlet becomes rurbulent 
if its exit velocity is larger than 3 or 5 cm/s. 

• round iets 
Reci'U :where Ua is taken as jet exit velocity and L0 as the diameter of che round nozzle 
respectively. This means. for instance. that the jet from a nozzle with a 15 cm diameter 
becomes rurbulent if its exit velocity is larger than 3-20cml s. 

These experimental data show that airt1ow around the supply registers in an actual 
air-conditioned building is always turbulent under normal conditions. 

For flows near the wall. experimental data on forced convection over the flat plate may be 
useful . 

• flow over il flat plate 
Recrtl :where a wind tunnel type flow is assumed and U0 taken as velocity outside the 
wall boundary layer and and L0 as the distance from the leading edge of the flat plate 
respectively. This means that wall boundary layer does not become com:p lerely rurbulent 
unless the length scale is greater than 4.5-om when the velocity is of the order of 1 
m/s. 

Though it is not clear chat the acrual near wall flow in an air conditioned room acrually 
corresponds to this type of flow, this suggestS char there is a strong possibility that rurbulent 
and non-rurbulent flow portions coexist in the same room space. In spire of this possibility, 
the currendy available numerical method is limited eo single phase problems either laminar 
or turbulent flows. 

It is necessary. therefore. flrst to assume which condition is dominant in the overall condition 
of the room flow field. In the case of air-conditioned rooms using forced air systems. due to 
the existence of the jet produced by the room air handling system, the fully rurbulent 
assumption is prohably justified as a first appoximation since the main interest in room airflow 
simulation is the accurate prediction of the location of the stream of incoming air and resultant 
recircularing regions produced by this stream of air. 

In order to improve the current full turbulence model and eo extend its r:111ge of applications. 
more fundamental research for weak rurbulem flow is required. 

1.2 History of Numerical Prediction ~Iethod of Indoor Air Distribution in 
Japan 
The flrst attempt at the numerical calculation of indoor airflow in Japan was made by Terai6 

in 1959 for the C:lSe of two-dimensional buoyant convection flow. Since then. many Japanese 
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rese:rrchers6- 19 have made extensive efforts to develop a numerical prediction method which 
could be used a.s a practical tool for indoor environmental design. Given below is brief 
description of the history of these activities in Japan. 

The first J'ractical and important contributions were made by Tsuchiya'· Kaizuka8 and 
Y amazaki independently for the two-dimensional, isothennallaminar flows. These rese:rrch 
efforts were followed by those of Nom~ Matsuo, Kaizuka, Sakamoto and Endo10 for 
three-dimensionallaminar flows using the Marker and Cell (MAC) method. They also made 
qualitative comparisons of their calculation results with flow visualization experiments. 
Although their work was limited to laminar flow conditions, the numerical algorithm used 
by these authors was virtually the same as the current standard numerical method used in 
Japan today. 

The first Japanese research to introduce the turbulence concept into the calculation of room 
airflows was the work by Yoshikawa and Yamaguchi11 for two-dimensional high Reynolds 
number flows using an one equation model approach. After this research, Nomura, Matsuo, 
Kaizuka, Sakamom and Kamata t2.tJ calculated three-dimensional forced and natural con
vection flows using the 1C-e turbulence model and the MAC method. The predictions using 
this model were compared to corresponding model experiments. 

After their work, Kato, Sato14,Kunihira1',Murakami16,Kamata, Kurabuchi17
'
18 and Matsuo19 

attempted comparative studies to verify the reliability and accuracy of the numerical method, 
and proposed extensions and improvements to the current method employing advanced 
boundary condition techniques or different numerical schemes. Recently, Murakami, 
Mochida and Hibi16 have made extensive calculations using the large eddy simulation (LES) 
method and clarified its potential applicability to this field. 

Nowadays, general interest is being focused on buoyant flow predictions, and the research 
groups mentioned above are trying to make original contribut 
ions to this area. 

1.3 Numerical i\'Iodeling of Air Movement in Buildings 
Both experimental and numerical modelingwere performed recently by Chen, et al.48 to study 
air movement, temperature field and contaminant distribution in a ventilated room under 
different ventilation rates and hearing loads. They have found that numerical predictions 
generally agree with the measured results and theat both the temperature and ventilation 
efficiencies increase with an increase in ventilation rate. Davidson and Olsson49 carried out 
numerical simulations of the local age distribution and local purging rate in buoyandy ven
tilated rooms to investigate ventilation efficiency and contaminant dispersal in buildings. 
Very recently, Awbi50 solved numerically the two and three dimensional, steady-state 
conservation of mass, mornenrum and energy equations, along with a two-equation turbulence 
model to predict the air velocity and temperature distributions in a ventilated room and found 
reasonably good correlation between the predicted results and experimental data. 

2. Basic Equations for Turbulent Flows 
As seen in the previous chapter, indoor airflow including jet type air inlet is expected to contain 
a turbulent portion, and a numerical prediction method must account for turbulence. Although 
the basic Navier-Stokes equations are capable of describing turbulent motion as well as laminar 
motion, their direct application for turbulent stimulation requires unrealistically large computa
tional time and memory. The development of turbulence models and prediction methods that 
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require moderate computational effort is desirable. So far, two series of prediction methods are 
considered realistic as far as engineering problems are concerned; one is called the Large Eddy 
Simulation (LES) method20

.2
1 and the other is called the field method 22 

The LES method is based on spatially filtered Navi.er-Stokes equations over coarse computational 
grids. The non-linear interaction berween the large eddies and the subgrid eddies, whose size is 
less than grid size. is simulated using a sub grid eddy viscosity model. Although this sub grid model 
can be made theoretically acceptable and applicable to general problems, the LES method still 
requires large computer memory and long CPU time, even with the cUITent vector processing 
supercomputers (part! y due to the large amount of transient computations required for the method). 

In concrast to the LES method, the field method employs averaged Navier-Stokes equations whose 
derivation requires rather uncenain assumptions to arrive at itS basic equations. However, partly 
bec:1.use it requires only a moderate computa.tional effort, there have been many practic:l.l appli
cations of this method. Moreover, the field model has proven to be capable of predicting a wide 
variety of practical problems with bener accuracy than expected. In this chapter, the turbulence 
model of the field method, the IC-e turbulence model 23 employed in the "E.;s.plicit Time Marching 
Algrorithm for .Continuous Ihermal Fluid Flow" (EXACT) program is described. 

2.1 The Navier-Stokes and Reynolds Equations 
If general indoor flows and ·me related pollutant dispersion and diffusion occurring in actual 
rooms are to be considered. appropriate equations must be selected which are applicable to 
different indoor geometries, to buoyancy induced by temperature gradient and include the 
effect of turbulent flows. Under ordinary indoor conditions, the temperature differences and 
representative air speeds in a 'room ate relatively :;m!!ll. !.'1 tbis Cl!.Se the Boussinesq 
approximation to the general compressible flow equations is applicable. The following 
simplified equations are taken as the basic equations for describing general indoor flows. 

Momentum Equation 

aui au,u, 1 aP a { (aui auj)} (.t -+-=---+- v -+- -..,g.e or dXj p axi dXj axj axi I 

Conservation of Mass 

au. 
-'=0 ax. 

1 

Conservation of Energy 

ae aeuj a ( aeJ -+--=- x:- +H 
i1t axi dXj dXj 

Conservation of Contaminant Species 

ac + acu, =-L(D ac)+s 
ar axj oxj a~ 

4 

(2 -1) 

(2-2) 

(2-3) 

(2-4) 



where 
C is the instantaneous concentration for passive contaminant 
D is the molecular diffusion coefficient for passive contaminant 
g; is the gravitational acceleration in X; direction 
U; is the instantaneous velocity component in X; direction 
P is the instantaneous static pressure difference 
t is the time 
X; are the Cartesian coordinates 
~ is the volumetric coefficient of expansion 
K: is the thermal diffusivity 
e is the instantaneous temperature difference 
p is the density of air 
v is the kinematic viscosity of air 
H is the volume heat source generation rate 
S is the volume contaminant generation source 

Since turbulent flow is characterized by random eddies of various sizes and it is the energy 
transfer process from the large scale motion to the small scale which is critical, the correct 
simulation of turbulent flow requires the numerical grid size at least comparable to the size 
of the smallest possible eddy. The eddy size may be estimated from the dimensional analysis 

I 

to be of the order of the Kolmogorov length scale24 (v3/e)'' (typically 10-2 
- 10-3 m) 

where e is the dissipation rate of turbulence energy. Simulating numerically indoor flows for 
typical rooms on this small scale is too much for even the most advanced vector processing 
computers. On the other hand, most engineering problems are not concerned with the analysis 
of turbulent structure itself, but only the general distributions of the mean quantities and their 
statistical characteristics. 

An averaging process is used on the original equations (2-1) to (2-4) to eliminate the 
unnecessary flow details. Assuming that the instantaneous quantity consists of a mean part 
and the fluctuating part, such as U; = u; + u '; the conservation equations for instantaneous 
parameters are averaged to produce equations for the mean parameters. The averaging pro
cedure can be either a temporal or an ensemble average. Equations (2-1) to (2-4) are replaced 
by the following: 

au; auiuj 1 ap a { ( au; auj) -} -+--=---+- v -+- -u' -u' -~g-9 ar a.x. p a.x. a.x. ax a.x. I J I 
J t I I t 

(2 -5) 

(2-6) 

(2-7) 

(2 -8) 

where 
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c is the mean volumetric concentration of passive contaminant 
ui is themean velocity component in :<i direction 
p is the mean static pressure difference 
e is the mean temperature difference 
h is the mean volume heat generation rate 
s is the mean volume contaminant source generation rate 

and where ' indicates the fluctuating part of the quantity. 

Since the spatial and temporal variations of mean parameters are expected to be much less 
than variations of the actual quantities, they can be numerically represented with relatively 
coarse grids leading to systems of equations that can be handled by the current computers. 

Unlike the original equations, however, mean parameter equations contain unknown corre
lation terms for the fluctuating components (the apparent stress tensor appearing in equation 
(2-5) -vu 'iu 'i is called the Reynolds stress tensor) resulting from the flucruations of the 
non-linear convection terms. In order to close the equation system, these terms, which rep
resent apparent Stresses or fluxes due to turbulent motion, have to be approximated. 

2.2 Turbulence Models 
Tnere are several a.ppro:che~ which hav~ been proposed in order to approximate these 
unknown terms. They may be classified according to their modeling strategy as follows. 

2.2.1 Indirect Methods for Evaluating the Unknown Turbulent Stresses 
and Fluxes 
In this category of approximation methods, the unknown stress and flux terms are assumed 
proportional to the local gradient of mean variables and the isotropic turbulent viscosity 
o d1."fusivity (vJ. The prob em is then to evaluate spatial variation of vt. The most 
common indirect methods are the following: 

Algebraic Approach 25 

The turbulent viscosity v t is given as a product of local gradient of mean velocity and an 
appropriate length scale of turbulence, typically, the distance from the wall. This approach 
was first inttoduced by Prandtl to predict the velocity profile near a wall. In a room. 
however, it is doubtful that the turbulent velocity scale can always be expressed only 
through the local gradient of mean velocity. Moreover. the algebraic expression for the 
turbulence length scale seems to restrict the applicable range of this method. 

One Equation Model Approach 1 

Following Prandtl and Kormogorov, V1 is assumed to be proportional to the square root 
of turbulence kinetic energy (k) and the length scale of energy containing eddies ([), 
where the spatial variation of k is solved using a model transport equation fork, while l 
is given by an algebraic expression. Although this is an improvement on the a}.gebraic 
model. the problem inherent in the empirical assumption for the length scale is the same 
as the algebraic model. 

The Two Equation Model Approach 25 
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Again, the Pr:lndtl-Kormogorov approach is employed in a similar manner to the one 
equation model. An additional transport equation concerning the value of z = k'"r is 
solved together with the k transport equation, and vt is given as follows: 

I "' I 

v -e ·z· 
I (2 -9) 

Different choices of m and n in equation (2-9) produce different types of two-equation 
models, such as k -k l model 26 (m=1,n=l), k-E model (m=3/2,n=l), k-W model n 
(m=l,n=2). 

2.2.2 The Direct Method for Evaluating The Unknown Turbulent 
Stresses and Fluxes 28 29 

In the direct method the turbulent viscosity/diffusivity concept is abandoned and the 
turbulent stresses and fluxes are determined directly from the model transport equations 
themselves. Although this method seems to enjoy general applicability, it requires many 
partial differential equations derived from numerous assumptions. It has not been clear 
to date whether the increased complexity of the model and computational resources 
required by the method are justified by the obtained improvement in accuracy. 

2.3 The k - e Turbulence Model 
Among these available turbulence models, the two equation model with the choice of the E 
transport equation has been most widely validated and shown to have sufficient accuracy for 
most engineering problems. Since the k-E turbulence model is also employed in the "EXACf" 
code, a brief description of its derivation form the basic equations is given below. 

In the k-E turbulence model, the Reynolds stress tensor is approximated by using the eddy 
(turbulent) viscosity concept given in equation (2-10): 

-. . (auj aU;) 2 
-u ,u j = v, a.xi + axj -3 koij (2 -10) 

where oij is Kronecker' s delta ( = 1 fori = j, and = 0 fori * j). 
The second term in equation (2-10) is added in order that both sides are equal to -2k when a 
summation of normal stress is taken. 

Similarly, a turbulent scalar flux term is approximated by assuming gradient transport and 
constant Prandtl number. This leads to equation (2-11): 

~~ v,(aq,) u ·=--
J cr ax. 

1 

(2 -11) 

where cp is the mean scalar dependent variable and cr is the turbulent Prandtl number for cp. 
These approximations are derived from an analogy to the molecular transport process. 

By using equation (2-1 0), the equation for mean momentum transport (Reynolds equation) 
can be approximated as follows: 
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\ 

(2 -12) 

where the me:m static pressure p is replaced by the total pressure: I1 = p + 2p k/3 which 
includes the turbulent pressure; 

The energy equation (2-7) and contaminant transport equation (2-8) are approximated as 
follows: 

-+--=- IC+- -- +h ae aeu1 a {( v, J ae} 
at axj a:x; O'e a:x; (2 -13) 

ac + acu1 =.!_{(D +~)~} +s ar ax, ax, O'e ax, (2 -14) 

The remaining unknown parameter v t is give11 as a product of the square root of turbulence 
kinetic energy (k) and the length scale of ene:rgy containing eddies (l) as: 

(2 -15) 

In the k-e turbulence model, the model transport equation for dissipation rate of turbulence 
energy (E) is employed to obtain the additional parameter and a dimensional analysis leads 
to the following relationship among k, e and 1 for high Reynolds number flow. 

(2-16) .. 

where CD is m empirical const2llt. 

If l in equation (2-15) is eliminated by using equation (2-16), an approximate form of vtis · 
given as follows: 

kl 
V =C-

I De (2 -17) 

An exact form of the transport equation of turbulence kinetic energy is derived by manipulating 
Navier·Stokes equation (2·1) and given as follows: 

Dk a ( , u\u'~:. p' ) -,-,.a~ a , au•i au'; 
Dt =- a:x. u j ~+-p . - u ,u 'ax. + vax_u i a:x. + ax. 

I I 'J J I 

---1 --------------!! -------11/ --------------N 

au,. au, . au '. 
I I I v-+- -av. a!X· dX · A} 1 'J (2 -18) 

--------------V ------VI 
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D a a d th b 'al d · · where -D =-a + u, ~ enotes e su stann envauve operator. 
I I ""f 

The terms in (2-18) represented by Roman numerals have the following physical meaning. 

I : rate of change and advecrive transport 
II : diffusive transport due to turbulence 
m : shear stress production = p 
IV : molecular diffusion 
V : viscous dissipation rate 

V1 : buoyancy production/destruction = G 

An alternative form of the exact transport equation for k can be derived from transformation 
of IV and V terms in equation (2-18), and the resultant equation has a more convenient form 
for modeling: 

D k a ( u 'Jr.u '" p ' ak J au '; au ', -=-- -u'. +- +v- +P+G-v---
Dt ax. 1 2 p ax. ax . ax . 

J J J J 

(2 -19) 

In equation (2-19), the turbulent and molecular diffusion effects are put in simplified form, 
and only the isotropic part of viscous dissipation rate appears explicitly. 

The fliSt term in equation (2-19) represents the turbulent transport of k by diffusion. This is 
the internal term and it vanishes when integrated over the flow volume. This implies that this 
term exerts no contribution to production nor to the destruction of k, but merely transports it 
from one place to another. The second part of this term represents molecular diffusion. 

In the k-e. turbulence model, the fliSt part of this term is modeled in accordance with the 
gradient-diffusion assumption as follows: 

u' u' ' 
' Jc " p -u. +-
; 2 p 

(2 -20) 

where O't is the turbulent Prandd number for turbulence energy. 

The P , G terms in equation (2-9) are approximated using equations (2-10) and (2-11) as 
follows: 

__ au, 
P ' ' =-u ,u Jax. 

J 

- V (aui + au, Ja~ 
I aT. ax. ax. -s J J 

-- vi aa 
G =-Ag,.u·,.a· - Ag.--

J.J j.J 'craax, 

(2 -21) 

(2-22) 

The last term in equation (2-19) represents the isotropic pan of viscous dissipation rate. The 
local structure of turbulence tends to be isotropic in the high Reynolds number flow and this 
pan exerts a dominant contribution to total dissipation. The non-isotropic contribution is thus 
assumed negligible: 

9 

a~au. 
v--- e. 

ax ax. J J 

(2 -23) 



.• .. . . 

Using these approximations, the model equation for k is given as follows. 

Dk -.2...{(v +2] CJk} +V (auj + dU;JdU; +~g . v, ae -e 
D r - dXj <1t axj l dX; axj dXj I O'gdX; 

(2 -24) 

The exact equation for the dissipation rate of turbulence kinetic energy (e) is also derived by 
manipulating Navier-Stokes (2-1), resulting in: 

De -a {-vu' i1u';i1u', 2vi1p ' du'i +V ae } 
D r ax, J ax, ax, p ax, dX,. dXj 

---! -------/! --------Ill ---IV 

dU;(dU';dU'j i1u',.i1u',.} · (flu, dU '; 
-2v- --+--- 2v--u'.,-

i1xi dX,. dX,. dX; dXj dX;dXj dX,. 

---------------V ----------IT 
au , . au , . au, . ...... .l d'lu \ d'lu 'i 

- 2v-' ~__1. - i.V 
dXj dX, dX,. dxjdX,. dXjdX,. 

(2 -25) 

--------VII ---------VIII 

where isothermal conditions ared assumed-

The terms (II, III) due to turbulent diffusion are model as in the k-equation using the gradient 
diffusion assumption . 

ou'.au ' . VClp' i1u' · 
-vu·-~~-2--__1. 

J ax,. ax,. pax .. ax,. 
v, ae 

(2 -26) 

Term IV does not have to be modeled- Terms V and VI are production terms due to the mean 
motion. These terms are omitted because they tend to be less imponant when the Reynolds 
number is large and local structure of turbulence becomes nearly isotropic. 

Terms VI and VII represent the generation terms due to vonex stretching and destruction due 
to viscous action, respectively. They cannot be modeled separately. The reason is, as given 
by Rodi 30

, that these terms increase with increasing Reynolds number while their differences 
are independent of the Reynolds number. The generation-destruction terms in e-equation must 
be treated simultaneously and their modeled fonns must not contain any term depending on 
the Reynolds number. The most widely used approximation for these terms is given as follows: 

au 'i au 'i au 'j 2 (J'u • i (flu, i e 
-2v----2v - -(C P-C.;:.) (2-27) 

. OXj ax.. ax.. OXjdX"' dXjdX,. k l .-

where C1, C2 are empirical constants. 

Although the most straightforward way to include the buoyancy effect in this term is to replace 
Pin equation (2-27) by P + G, several numerical experiments have shown this method to be 
ineffective in some cases. To attempt to correct this difficiency, another empirical constant 
C3 is introduced for the buoyancy generation term resulting in the following equation fore: 
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(2 -28) 

2.3.1 Estimation of the Empirical Constants 
The k-e. turbulence model contains several empirical constants which must be determined 
in such a manner that the model can describe very basic turbulent flows properly. 

First, the model should replicate the turbulence near the wall. Within a flow of this kind, 
convection and diffusion of turbulence energy are negligible and the boundary layer 
approximation can be applied. With this assumption, the k-equarion (2-24) may be 
simplified as follows: 

(2 -29) 

where u is the streamwise component of mean velocity and y is the coordinate axis in 
the direction lateral to . the stream line. Equation (2-16) is also used to express the 
dissipation rate of turbulence energy. Multiplyingvtonboth sides of equation (2-29) and 
the use of equation (2-15) yields the following equation: 

(au J .!. v, ay =C0 "k (2 -30) 

The left hand side of equation (2-30) represents apparent shear stress (divided by density 
of fluid) due to turbulence. Meanwhile. Reynolds equation (2-5) under the condition of 
two-dimensional. isothermal and steady state can be written for the streamwise com
ponent as follows: 

au
2 

auv 1 aP a { au ~} a { ( au av J -, ·} a.x + ay = --p a.x + ax 2v a.x - u +ay v ay + a.x - u v (2- 31) 

where 

.x : canesian coordinate in the streamwise direction 
y : canesian coordinate in the lateral direction 
u : time-averaged velocity component in x direction 
v : time-averaged velocity component in y direction 

Here. if zero pressure gradient in the streamwise direction is assumed and the boundary 
layer approximation is applied to equation (2-31), the non-vanishing term has to satisfy 
the following relation: 

0 a { ( au J -, ·} =ay V dY -U V 
(2 -32) 

This means that shear stress does not change and takes a constant value of skin friction 
('t*) on the wall within the boundary layer. The left hand side of equation (2-30) is. 

I 

therefore, independent of y and equal tou*2(u"':fricrion velocity, u"' = ('t*/p)i) except 

11 



: 

' 
' l 

i. 

' ; 

where y is close to zero and the kinematic viscosity effect is not negligible. Hence, the 
turbulence energy, right hand side of equation (2-30), is also constant within the boundary 
layer. Finally, the equation for C0 is given as follows: 

(2 -33) 

Experimental results suggest that C 0 should take the value of 0.09. Other useful relations 

may be derived from the mixing-length hypothesis = = ;:. K(Karman's constant)-Q.4 as 

follows: 

(2- 34) 

(2- 35) 

If the £-equation (2-28) is also applied to the same problem, its simplified form is given 
as follows, neglecili1g convection tei!.!.!..S~ (The diffusion term cannot be neglected in this 
case.) 

o =~{(2)~} +~{c v (au )2 

-c e} ay cr£ ay k 1 
I ay " (2 -36) 

By using equations (2-33), (2-34), (2-35) and the mixing-length hypothesis, equation 
{2-36) may be transformed into the following in order to show the relationship among 
various empirical constants appearing in equation (2-36). 

r cl =Cl---. (2-37). 

crtcJ 

Next to be considered is the decay of turbulence behind a grill. As the production and 
diffusion terms in k and £-equations vanish due to the negligibly small mean strain rate 
in this process, the convection and desttuction terms are nearly in balance as follows. 

ak 
(2 -38) u-=-e ax 

ae F! 
(2 -39) u-=-c-ax 2 k 

where x is the streamwise coordinate and u is the velocity component in x-direction. 

Equation (2-38) shows that turbulence kinetic energy decreases monotonically in the 
streamwise direction and its variation may be approximated using the following equation. 
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k(x) = koxo" 
(x +Xo)" 

(2 -40) 

By substituting equation (2-40) and (2-38) and using equation (2-39), the following 
equation is obtained for c2. 

1 cz = 1 +- (2 - 41) 
n 

Experimental data show that n is close to unity and a value of 1.92 is commonly used 
for C2• 

Prandtl numbers for turbulence energy and its dissipation rate, er" and ere should be of the 
order of unity, and 1.0 and 1.3 are chosen respectively. From this, C, takes the value of 
1.44 from equation (2-37). The only remaining constant C3 is believed to take a value 
ranging from 0 to C1• 

Rodi suggested31
' however, that C3 should depend on the amount of thermal stratification 

and should be a function of the Richardson number Rf (Rf is defined as minus the ratio 
of buoyancy production of k to stress production, -GIP ) 

Since the final conclusion has not been obtained for this problem so far, C3 should be 
tuned depending on each specific condition so as to give the best result. 

Finally, the complete k-e turbulence model together with the recommended empirical 
constants are summarized as follows. 

Conservation equations for mean dependent variables 

aui + auiuj =_.!an +1-{cv+vl)(aUj + aujJ}- ~g,a 
ar ax. pax. ax. ax. ax. 1 I I 1 I 

where rr = p + 2pk/3 

aa aauj a {( vi J aa } -+-=- JC+- -- +h(xi,t) ar ax. ax. er,. ax. 
1 1 "' 1 

ac + acui =~{(D + V1 J ac} +s(xi,t) 
ar axj axj cri! axj 

Eddy viscosity 

k2 
V =C-

1 o e 

(2-42) 

(2-43) 

(2-44) 

(2 -45) 

Conservation equation for turbulence kinetic energy and its dissipation rate 

Dk a {( vi J ak} (auj aUj JaUj vi aa -=- v+- -- +v -+- -+~g----g 
D r axj er k axj I axj axj axj I <:re axi 

(2-46) 
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DE a {( v,) ae.} t.{ (aui aui )au; v, ae} --- v+- - +- C v -+- --C e+C ~g -
D t - axj (jE axl k t r axi axi axj 2 

) i craax; 

Empirical constants 

C0 = 0.09 

- C1 = 1.44 

cl= 1.92 

C3 - O,'C1 

(j.l: = 1.00 

(j~ = 1.30 

O'a = O'c - 0.5, 0.7 

(2 --+7) 

3. A Numerical Method for Solving System of Partial Differential Equations 
The partial differential equations mentioned above are all non-linear and coupled with each other 
with the exception of transpon equations for passive contaminants, which may be solved inde
pendently if the flow distribution is given. Only a numerical approach is possible to obtain solutions 
of these equations for most pra~..~ccl problems encountered in indoor airflow analysis. Moreover, 
although the handling of free surface boundary is required in scme field of rese::uch, it is not 
necessary for the indoor airflow problems. Extensive effon has been made to date to deveiop 
appropriate algorithms to solve the Navier-Stokes equations and convection-diffusion transpon 
equations numerically together with the treattnent of free surface bound~ condition. Among 
these, the method called the "Marker and Cell" method (MAC method)32 developed at the Los 
Alamos Scientific Laboratory in 1965 has stood out due to its efficiency and potential applicability 
to general fluid flow phenomena. Although the original MAC method was developed for solving 
rransient two-dimensional (2-D) liquid flow, i.ncludi:1g free surface boundary, many researchers _ f 

have worked on this method to extend its applicability and generalization. The (</..AC me~~od has 
become one of the standard solution techniques to solve 2-D as well as three-dimensional (3-D) 
fluid flow problems. If the problem is restricted only to the 2-D cases, the vorticity-stteam functioD:_ 
(X·\j/)33 approach can be used. In this case the continuity equation for the fluid is automatically 
satisfied and the pressure can be eliminated as a dependent variables. 

Although the (X-'1') method is advantageous for 2-D problems, its extension to 3-D problems is 
not an easy task:. It also causes additional difficulty in the treatment of boundary conditions. Aside 
from this argument, 2-D and 3-D cases are not basically different from each other in the MAC 
method and the treatment of boundary conditions is straightforward since primitive variables are 
used. 

In this chapter, the numerical method, which in principle is based on the MAC method, employed 
in the "EXAcr" code is described. · 

3.1 Momentum Equation 
In the MAC method, the flow domain to be considered is subdivided into rectangular grids 
called the "cell" and the velocity components u, v, pressure p and diffusivity/viscosity v are 
defined at different locations shown in figure 3- L (Here, for ecomony of notation, only the 
2-D case is used to explain the numerical solution scheme; the extention to 3-D case i~ 

14 



straightforward). In other words, velocity components are defined on the cell boundary nonnul 
to its cell face, while pressure is defined in the center of the cell. This mesh layout is culled 
the "staggered mesh system" . 

X 

i-1 
I 

' j-1 ~0 

I 

' y 
j ,- 0 

I 

' j+1 
, .. 0 

I 

' i+2 
... 0 

I 

' 

Figure 3.1 Staggered Mesh System 
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' 
0 scalar variable (p[, K ,t ,T ,c) 

_.. velocity x direction (u) 

T velocity y direction (v) 

The following conventions are used for this discrcti.zed system. 

• each cell is numbered using a combination of two integer values, i and j for x and y 
direction respectively. 

• i and j are also used as grid coordinate system: 
(i, j) indicates the center of cell i, j and an additional 1/2 the location on the cell 
boundary, for instance, (i,j + 1/2) specifies the point A in Figure 3-1. 
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• each dependent variable which is defined at the cell center (i,j) is expressed with 
subscript i.j, such as PiJ· 

• velocity componentS defmed at the cell boundary are also expressed with integer 
subscript: U;,.;and V;,.;are the velocity componentS defined at (i+ l/2,j) and (i,j+ 1/2) 
respectively. 

• &; and.1yi are the cell dimensions of the (ij) cell in the x and y directions respective I y. 
An additional subscript 1/2 indicates the arithematic mean of the cell interval 
in each direction ( the distance between adjacent cell centers) 
~i+IJ% = 0.5(~ +&,.,) 

It must be emphasized here that uiJ ,v1.j and p1J are all defined at different locations (the use 
of an integer subscript is merely for the convenience of coding). . 

The momentum transpon equations for 2-D incompressible flow can be writtem in the fol
lowing form: 

~~+~:+a;;=-:+! {rr~}+a~ {~~~ +~ )}+sx 

where 

n 
p=

p 
, f=v+v,. 

The equation of continuity is: 

au av 
-+-ax ay 
For the convenience of discretization. equation 3-1, 2 are reananged as follows: 

au =-~(u2-rau )-~(uv -r~)- ap +i.(rau )+i.(rav )+Bx at ax ax ay ay ax ax ax ay ax 

av =-.2_(vu -rav )-~(v2 -rav )- ap +~(rau )+.!.(rav )+By ar ax ax ay ay ay ax ay ay ay 

(3 -1) 

(3 -2) 

(3 -3) 

(3 -4) 

(3 -5) 

If r does not have any spatial variation as in the isothermallaminar case, the 4th and 5th 
terms in the right hand side of equations (3-4) and (3-5) vanish using the continuity equation. 
In order to treat the general case, these tenns are left in this discussion. Each term in equation 
(3-4) may be interpreted as follows: 
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On the left hand side, the flrst tenn is rate of change of momentum. On the right hand side, 
the first and second terms are partial derivatives of momenrum flux due to convective and 
diffusive transport in x and y directions. The third term is the net force due to the pressure 
gradient, the fourth and fifth terms are the net viscous she:u- stresses on on the cell and the 
sixth term is the gravity body force. 

An approximate numerical form for each tenn of equation (3-4) is given below using a finite 
difference technique and staggered grid system with respect to Uj,; with its surrounding rect
angular gridspace (control volume) defined with (ij-1/2) and (i+l,j+l/2) as the coordinates 
of the diagonally opposite corners. (The control Volume for vi.i is defined as the volume with 
(i-l/2,j) and (i+l/2,j+l) as coordinates of the diagonally opposite corners.) 

a ( 2 au J {XFLUX.i.i -XFLUX.i+t,i} 
-- u -r-ax ax ~ · · . l 

•+l 

_ap -
ax 

(pi,i- Pi+t) 

~. I . 
&+i,J 

- r- +- r- +Bx -a ( au J a ( av J ax ax ay ax 

r. . + •I ·I- r. . ·I - •I 
{ 

"r t ·-"r · "r ·-"r t ·} 

I+ l,J At+t I,J ~ 

r yl+l./- 1-vl,j-1} 

i~ J· -.!. 4% I l' 1 , _ 
1 +Bx . . 

6.Y; '·1 

{ 

y, l .-v • . r .. . , .,, 
i+.!.J· ~ 4% l 

l' 1 +-

+ l 

where r j + tn.,j.,. 11'1. is, for instance, interpolated value of 
rat (i+l/2,j+l/2) using 

ri,j• ri + l ,j• ri,j+l and ri+l,j + l· 

(3 -6) 

(3 -7) 

(3- 8) 

(3 -9) 

The terms XFLUX and YFLUX in equations (3-6) and (3-7) are momenrum fluxes due to 
convection and diffusion across the control volume surfaces in x and y directions respectively. 
In the original MAC method. these terms were approximated by the central difference method 
as follows: 

XFLUX . . = ( Uj ,; + Uj -t.; )( Uj,; + Uj -t.i)- r .. Uj,i- Uj -t.; (3- 10) 
I,J 2 2 I,J &; 
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(
U· ·+U· · t)(V· ·+V· 1 ·) ~ · ~-~ . YFLUX = '·l '·l• •.J •• ·' -r ·l· ·l 

. I . I 
2 2 

. I . I A 
t-+-l,j+l 1 -+-l,j-+-l uy . I 

J+"i 

(3 -11) 

With a uniform grid spacing, this formulation is second order in accuracy. It also makes the · 
entire solution unstable or oscillating when convection is dominant (the cell Peclet number 
Pe = u~tr becomes of the order of ten or more). The easiest remedy for this difficulty is 
to replace the central difference used in the convective term by the upwind difference scheme. 
The upwind form of equation 3-11 can be written as follows: 

YFLUX = u. ·(v;,i+v;.t,j )-r ~.i•t -~.i 
. I . I IJ 2 . I. I A 
··z·l•z . ···F·"i uy _ I 

J+i 

when 
(

V· -+V· 1 · ) 
. '·I 2 t-+- •I ~ 0 (3 -12) 

when (
v. · +v· 1 ·) I,J 21-+o ,J <0 (3 -13) 

Although this treatment makes the numerical solution unconditionally stable, it also introduces 
a_n additional false diffusion/viscosity, which is proportional to I (vi,i +v,.t)~Yi+ 112 1. 

The "EXACI'" code, therefore, employs n. central/upwind combination scheme and switches 
from one scheme to another according to the local Peclet number in order to minimize the 
disadvantage in each scheme. The basic idea of this scheme originates from the well-known 
"Hybrid" scheme 34

• The flux YFLUX;+112;.112, for instance. is approximated as follows: 

YFLUX, •lJ ·l {V;,; + ;· + l,j ) { ( "<.; + 2U;,; +I ) + ( U;,; - 2U;,;., )} 

(3 -14) 

where <a:: ••• »stands for the largest quantity in the enclosed list and C is a switching parameter: 
CS2. 

It is an easy task to prove that this formulation becomes identical with the central difference 
scheme (equation 3-11) when the local grid Peclet number 
(Pe = (v;,i +vi. 1)AYi+vt2f,. 1n..i+m) satisfies the condition-e SPeS C. Outside this range, 
this method reduces to a upwind interpolated scheme without the diffusion/viscosity term. 
The upwind interpolation factor is chosen so that the absolute value of the effective grid Peclet 
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number, which takes account of an additional false diffusivity/viscosity due to truncation 
error, does not exceed C. Since the range and magnitude of the switching parameter can be 
specified arbitrarily, a different value of C can be used in different portions of the flow domain. 

With the above approximation, equations (3-4) and (3-5) are finally approximated as follows: 

-a ( ) _Pi.i- Pi+t.i . r+- ) u . . - TvU · -ar ''1 Lit. t '·
1 

(3 -15) 
' +i 

~( - ) _ Pi.i- Pi.i•t . (jv) 
y . - - "'!" . . at &,J .1y . I I,J 

J+-
l 

(3 -16) 

where.fu and }V are the approximate forms of the right hand side of equations (3-4) and (3-5) 
except for the pressure term. 

In the original MAC method. the remaining partial derivative with respect to time is 
approximated by a simple explicit scheme. If the superscript n is used for the dependent 
variable t = n&, equations (3-15) and (3-16) become: 

(.. .. J 1 
P;.f- Pr ... t.i .. 

..... u .. ="u .. +~ A- +~ (ju) .. 
&,J &,J ~- t I,J ··-1 

(3 -17) 

(... ,. J 1 P•.i- Pii •t 
...... v .. ="v. -+~ A +~ "(jv) .. 

&,J &,J I..J.y , t I,J 
J ... i 

(3 -18) 

This formulation allows the calculation of the velocity components at t = (n + 1)& given the 
velocity and pressure field at t = n&. The velocity field at t = (n + 1).1!, however, does not 
generally satisfy the continuity condition, unless the pressure field at t = n& is choosen 
correctly. The velocity att = (n + 1)& andpressurefieldatt = n&must, therefore, be updated 
simultaneously so that the continuity equation is satisfied. Finite difference forms of equation 
(3-3) in terms of the updated velocity componentS are: 

..... ,u . . _ ..... ,u. . ,. ... tv .. -"•tv . . 
-...; 1-I,J + '·I a,J-1 = Q 

Liti ~Yi 

where the pressure "P;.; is at t = n& is choosen so that 
satisfied t = (n + 1).1!. 

(3 -19) 

the continuity condition (3-19) is 

In the original MAC method, a Poisson equation for pressure was solved so that the velocity 
field satisfies the continuity condition at t = (n + 1)&. The numerical Poisson equation is 
derived by substituting equations (3-17) and (3-18) into equation (3-19). The set of resultant 
linear algebraic equations for the pressure is then solved iteratively. 
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In contrast , the "EXACT" code employs the "pressure relaxation technique", which corrects 
the pressure and velocity componentS simultaneously so that the continuity error becomes 
minimal. Assume that tentative velocity componentS and pressure C!-t e:;J.ch step ofthc iteration 

d lt+l C& .... C& dll C& • . 
are expresse as Uj,i• vi,i an Pi.i· 

To start the iteration, set a. = 0 and the initial pressure iteration to the pressure of the last time 
step: . 

Then update velocity field using: 

(

11 Cl " Cl ) 
11 • 1 a " P;.i- Pii+ t 11 

ll· ·= \1. ·+& A +~ (jv). ' &,J &,J uy , I &,J 
J+-

% 

The error in the continuity equation for this velocity field is then given by 

ll+lu.a . -~~••u.e& . "••v.a. -"'••v.e&. 
11 +ID Cl .... , ... -l,J __ ....;.;'·'~-.......;.;' ·'---· .. = + 

I,J ~· ~Y · 
I I 

To reduce this error, the pressure is updated using 
11 Cl+ 1 11 Cl 11 o;:: Cl 

P . . = P· ·+up .. &,J &,J I,J 

where 

where 1 S B < 2 to insure convergence. 

In equations (3-25) 

(3 -20) 

(3 -21) 

(3 -22) 

(3 -23) 

(3 -24) 

(3 -25) 

This process is repeated until the error in the continuity is reduced to an acceptable limit. 

The solution procedure for the momentum equation is shown in fiqure 3-2. 
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Fiqure 3.2 Schematic of Solution Process for Momenrum Equation 
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3.2 Scalar Transport Equations 
In turbulent and/or buoyant flow conditions, additional transport equations, such the energy 
equation and k-c: equations in the two equation model, have to be solved in order to obtain 
spatial distribution of the effective diffusivity/viscosity or body force due to buoyancy. These 
equations are scalar transport equations and are similar in narure. The solution technique for 
the general scalar transport equation is adopted for them all. For simplicity the 2-D case is 
considered. 

aq, = _.i.(u<~>- ra<l>) _.i.(v<~>- raq, )+scp +s ar ax ax ay ay (3 -26) 

Equation (3-26)becomes, for instance, the transport equation for turbulence kinetic energy in 
isothermal condition if cp = k,r = v +v/abScp = v,S- e. 

In the numerical solution method used in the "EXACf" code, the scalar valuable cp is defined 
at (i, j) point in the staggered grid system and expressed by <l>i,j· For each term on the right 

hand side of (3-26) the following approximations for IPi,i in the control volume: (i-1/2,j-1/2), 
(i+ 1/2J+ 1/2). 

-~(uq,-raq,) -ax ax (3 -27) 

{ YFLUX. . , - YFLUX. . '} a ( a<b) •.J-i ··1•1 -- v<;>-r-· -ay ay 6.yj 
(3 -28) 

Scp - S<Pi.i (3 -29) 

The terms XFLUX and YFLUX in equations (3-27) and (3-28) are the convection-diffusion 
flux.es of the faces of the control volume. They can be approximated in a similar manner as 
the corrsponding tenn in the momentum equation. 

1+-,J Uj . 

{ 
r. 1. } 

XFLUX,•i.i = u,,i <P,,i + C«Pi.i- $,. 1) « 0, Ax.
1 

1 
--:f.-u,,i » 

•• i 

{ 
r .. 1 } &,J+• y .. 

YFLUX . . 1 = v,
1
. $, 

1
· + (cp, 

1
. -$, 

1 
.• 1) < 0,--1 -

2
'·1,-v,

1
. » 

&,J +i ' ' ' ' ll.y 0 1 ' 
J+i 

(3 -30) 

(3- 31) 

where the switching parameter C is fixed at 2 in order to guarantee that these fluxes are always 
positive for k, e or the contaminant concentration c. 

Equation (3-26) can be wrinen in the form given in equation (3-32) 
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where 

{XFLUX. 1 . -XFLUX. 1 ·} { YFLUX . . 1- YFLUx . . ~} 
'-l.,J '·'i·' . ,,,-z '·1•! 

r~t+.) . . = + +St+. . . 
V 'I' '·1 tlx· Lly . 't',,J 

I ) 

(3 -32) 

A simple explicit formulation allows the calculation of q> at r = n&in equation (3-39). 

(3- 33) 

The solution procedure for scalar transpon equation can be summarized as follows. 

Figure 3.3 Schematic of Solution for Scalar Equations 

3.3 Boundary Conditions 
Tne k-e turbulence model consists of a system of elliptic partial differential equations. The 
dependent variables in them require appropriate boundary conditions. These are usually 
expressed as conditions on the primitive variables except for the pressure. The pressure 
boundary condition is required only when the velocity component normal to the boundary is 
unknown and has to be determined through calculation. 

In the staggered grid approach, the boundary location is designed so as to coincide with the 
end face of a real cell. and one or two cells with the same cell interval as that of terminal real 
cell are added just outside it to handle the boundary conditions. The velocity component 
normal to the boundary is, therefore, located just on the boundary, while the lateral component 
and other scalar variables are defmed at a half cell interval detached from the boundary as 
shown in Figure 3-4. 
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Figure 3-4 Mesh Layout Near Boundary 

By using symbols and subscripts shown in figure 3-4, typical boundary conditions required 
in the indoor airflow analysis are described as follows. 

• Inflow condition 

This is used to specify the inflow information where there is mass transfer from outside to 
inside the calculation domain. 

lluo specified 

llt..ttllt-1' specified (usually = 0) 

k.1,e-1,6.1 specified 

Since the inflow values of k and e are not usually known except when measurements are 
undenaken, they are determined with reference to available data for similar conditions. 
Recommended values are given as follows from Kato' s experiments 3s 

• for a straight duct end or for a nozzle type jet 

k =O.Ol-Q.03U; , l=0.05-Q.25Lo 

• for the "anemo type" radial diffuser 
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k = 0.05-Q.15U; , l = 0.0 l-Q.02L0 

where 

U0 is the area averaged inflow velocity 

L0 is the representative length of intake. 

The value of e is calculated from equation (2-16). 

• outflow condition 

Although this is the opposite condition of inflow case. most outflow values are not given a 
priori. Hence an approximate condition is imposed using engineering judgment: 

Case 1 Known Outflow 

lluo 

llt-t,llt-1' 

Case 2 Unknown outflow 

P-1 

specified 

specified (usually= 0) 
or set llt-1 = lltt. ut-1 '= l1t1' 

~~ 
assuming a, = 0 

k.1 = k1 assuming : = 0 
• jl£ 0 E.1 = E1 assummg a,= 

9.1 = 91 assuming : = 0 

not specified 

specified (usually= 0) 
or set llt-1 = uu. llt-1 '= llt1' 

~~ 
assuming a, = 0 

adjusted so that the continuity condition at the -1 cell is 
satisfied using updated v M, vr.1 and v1.1' 

k.1 = k1 assuming : = 0 

• jl£ 0 E.1 = €1 assurmng a,= 

9.1 = 91 assuming : = 0 

specified (usually=O) 

The last pressure boundary condition is useful when a significant variation of outflow velocity 
is expected, and yet it is not known prior to the calculation. 

• symmetry condition 
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This condition is used to reduce unknown variables when the flow domain contains a plane 
of symmetry. 

Uno specified as u110 = 0. 

set U1•1 = uu. U1• 1 '= Uu' 
a., 

because a; = 0 

a.t 
k.],e.[, e.[ k.] = kl because a, = 0 

<le 
E.1 = E1 because a,= 0 

09 e.t = et because a, = 0 

• wall boundary condition 1 (logarithmic law type) 

Since the whole flow domain, except for the intake and outlet, is surrounded by walls (floor 
and ceiling) as far as the indoor airflow is concerned, numerical wall boundary conditions 
are very imponant for obtaining accurate results. The most straightforward boundary con
dition is to set all velocity component on the wall to zero following the theoretical requirement 
that there is no slippage ar the wall. L~ spite of plau!!:: "bi 1 i ry of this method. its direct application 
requires an excessively a fine grid layout in the vicinity of the wall. This is because ne::u- the 
wall the flow is less turbulent and diffuse with the gradient of each dependent variable 
becoming much steeper in this region than in flow domain away from the wall. 

In addi'tion, low turbulence is inconsistent with the fundamental assumptions of the k-e rur
bulence model: A more approximate treatment is needed for both theoretical and economical 
reasons. The most commonly used wall boundary condition is the so called logarithmic wall 
condition. It assumes that u'le flow has a zero pressure gradient in the cells adjacent to the · 
wall. This leads to an equation for the flow near the wall of the form: 

where 

c 
u 

u 

y 

Ur 1 yu* 
-=-ln-+C 
u* 1C v 

empirical constant (for a smooth wall -5.5) 

velocity component parallel to wall 
1 

the friction velocity= ('tlpi 

the distance from the wall 

1C an empirical constant (Kannan constant -D.4) 

(3- 34) 

If equation (3-34) is applied at y = h/2 in figure 3-4, the following implicit formulation is 
obtaim:c.l for friction velocity u 

Url 1 hu* 
-=-In-+C 
u* 1C 2v 
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u ·can be calculated using any available iteration procedure such as the Newton method. If 
the partial derivative with respect to y is taken in equation (3-34), the following relation is 
obtained assuming constant a viscous stress layer. 

2 't au, 
u* =-=x:uu*-p ay (3- 36) 

This is consistent with the Prandtl's mixing length hypothesis and vt is evaluated by 

k1, is calculated using equation (2-33), resulting the following equation: 

e1 can be obtained from equations (3-47), (3-38_ and (2-17) as follows: 

Finally, the whole procedure is summarized as follows: 

set uiiiJ= 0 
obtain u ·by solving (3-35) 
determine k1 and e 1 using equations (3-38) and (3-39) 
determin u,.1 usin_g 

u -71 *2-( ) rl -r-1 
U - V+V, h 

(3- 37) 

(3- 38) 

(3- 39) 

(3 -40) 

where equation (3-40) is a finite difference form of equation (3-36) in which kinematic 
viscosity has been added. 

• boundary condition 2 (power law type) 

Logarithmic wall boundary condition may be feasible as far as the relation given in equation 
3-40 is correct. This is, however, merely an approximation of actual near wall flow and 
requires an iterative procedure, which may be disagreeable for practical calculation. An 
alternative wall boundary condition may be derived from a crude assumption of the velocity 
profile in the vicinity of wall. Experimental data show that the following power law repre
sentation is a good approximation for constant stress layer: 

u, =u{ H (3-41) 

If equation 3-41 is applied at y=h/2 in figure 3-4, the following equation is given: 

u,, = ~ J8 J (3 - 42J 
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Equation 3-41 is transformed by dividing both sides by equation 3-42 as follows: 

.!:.:.. =(2y )" u,, h 

By taking partial derivative of equation (3-44) with respect toy, one obtains: 

a~- 2n (2y )"-
1 

(Jy- Url h h 

The gradient of u, at y=h/2 can be calculated using equation 3-44 as follows: 

(3 -43) 

(3 -44) 

au, 2n h 
CJy = url h Y = 2 (3 - 45) 

The one sided finite difference form of the left hand side of equation 3-45 between y=h/2 and 
y=-h/2 yields the following equation: 

(3 -46) 

The physical meaning of equation 3-46 is the e~trapo!arion of u; to the wall boundary and it 
can be used to set the value of u,.1 • 

The boundary condition fork may be derived from equation (2-30) as follows: 

k_1 = k1assuming ~~ = 0 

The ooundary condition for E1 is given by equation (3-39) as in the logarithmic law condition~ 
The parameter n in these equations may be choosen as constant ( n = 116- 118 for fully 
developed wnll boundary layer) or as a function of turbulence information nenr wall such as 
v~1 when a laminar flow region exist near the wall. 

• wall boundary condition 3 (for energy equation) 

The wall boundary condition for energy equation is very important to the entire accuracy of 
a buoyant flow calculation because it exerts a significant effect on the total heat loss/gain at 
the wall and also on the buoyancy driving force in momentum equatioa Although the heat 
flux specified wall boundary condition may be set without difficulty, the temperature spe
ci.ficaton condition must be transformed to the flux type similar to the estimation of wall shear 
stress or velocity gradient in momentum equation. This is nothing more than the estimation 
of the local heat transport coefficient The most straightforward and reasonable way to 
accomplish this would be to impose a similar empirical information as equation (3-35) or 
(3-45) for temperature. It has been shown, however, that a direct applic:J.tion of this approach 
causes significant underestimation ofheatfluxes. An ad hoc treatment has always been needed 
to obtain acceptable results. The following tentative procedure is adapted in the "EXACI'" 
code. Wall heat flux can be related to the temperature gradient at y=h/2 in figure 3-4 assuming 
a constant flux layer as follows: 

. (3 -47) 
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where 

cp specific heat 

q..., wall thermal flux 

H.,.. wall heat flux 

p density 

K: thermal cll:ffusivity 

One sided finite difference approximation of the right hand side derivative between y=h/2 to 
y=O yields equation (3-48) assuming constant vt: 

H..., ( V1 J2 q =-= K+- -(9 -9) "' Cp a: h 1 o p 9 
(3 -48) 

where 

90 is the given wall temperature 

The right hand term in the bracket in equation (3-48) represents local thermal transfer coef
ficient (a.) and it is expected to vary little depending on h (cell interval) as long as a sufficiently 
large value for h is taken. This is because 91 varies little if it is defined at nearly boundary 
layer thickness. If a reasonable value of a. is assumed from available experimental data the 
following equation may be used to calculate approximate thermal flux: 

H.,.. 
q..., =c=a.(91 -90) pp 

(3 -49) 

An approximated form of equation (3-47) using the one sided fmte differencing scheme 
between y=h/2 and y=-h/2 is given as follows, again assuming constant vt: 

H..., ( VI J<St -9-1) q =-= K:+-
"' Cpp cr9 h 

(3 -50) 

Elimination of the left hand side of equation (3-49), (3-51) yields the following equation: 

( 
VI J<St- 9_1) 

a.(91 - 90) = K+ O'g h (3- 51) 

Equation (3-51) is used to detennine an appropriate value of 9.1 when the boundary tem
perarure is given. Otherwise equation (3-50) can used to obtain an appropriate value of 9.1 

when the wall flux is given. 

4. Experimental Validation for Isothermal Flows 
In this chapter, several examples of numerical results using the "EXAcr" code arc presented for 
which experimental data arc available for isothermal conditions. The numerical time iteration is 
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carried out on the Cyber 205 vector processor until the temporal solution reaches steldy-state, 
which takes 10 to 90 minutes of CPU time depending on the problem. Convergence is evaluated 
by using the volumetric root mean square residual(r) of each partial differential equation as follows. 

Fork, E and the continuity equation 

For the momentum equations 

r,. S 6 x 10-s 

In each case, r.m.s. residuals deceased monotonically and no numerical instability nor oscillation 
was observed. After a converged solution was obtained, it was stored in a file on the Cyber 855 
and appropriate two-dimenional or three-dimensional graphical presentation of the results was 
made using post-processing graphic routines on "TEMPLATE". 

4.1 Sakamoto's geometry 
The first geometry to be considered is a 2 x 2 x 2 m cubic box with the same size of rectangular 
inlet and outlet located i..T! t.he middle of the ceilinl! and at the bottom corner of a vertical wall 
as shown in figure 4-1. This geometry was employed by Sak:amoto et al36 both for experiment 
and numerical calculation. A full scale model room with an air inlet and outlet was constructed 
of wooden particle boards. Mean velocity and some statistical quantity distribution were 
measured with an ultrasonic anemometer. The Reynolds number, based on the area average 
inler/outlet velocity U0, rectangular inler/outlet nozzle size parameter L0 and kinematic vis
cosity of air v is approximately 1.2·105

• Corresponding to this condition, the numerical 
prediction was performed with 18x 18x9 uniform mesh layout for a symmetric half of the flow 
domain. (2x2 meshes were used for inlet and outlet). 

The converged solution was obtained using "EXACf" code without special modification. 
Detailed information is given as follows: 

time step 

inflow streamwise velocity 

inflow lateral velocity 

outflow streamwise velocity 

outflow lateral velocity 

inflow turbulence energy 

inflow length scale 

wall boundary condition 

switching parameter for 
convection term 

30 

0.1~0 
U0 (uniform) 

0 at upwind cells 

U 0 (uniform) 

0 at upwind cells 

k = 0.005 U0
2 

E = 0.00032 U/·fL; 

0.1 Lo 
In th power profile 

2 for whole domain 



convergent criteria 
after 10 min CPU time 

The calculation result and Sakamoco's experiment are compared in figure 4-2 and 4-3 on the 
plan of symmetry. Figure 4-3 shows trajectories of passive markers from arbitrary starting 
points based on the measured mean velocity field. The numerical result shows that the inflow 
goes straight downward. diverges horizontally (radially) after impinging on the floor and the 
left side portion of the horizontal flow deflectS upward up to a cenain distance along the left 
side vertical wall. It may be interesting to note that a strong recircularing zone appears only 
in the left side of the flow domain with its center at the near bottom corner. 

On the other hand. the right side of the flow domain is comprised of a downward flow and 
is not recircularing. These characteristics can be clearly observed in the experiment and the 
general fearure of the mean flow corresponds fairly well. The main discrepancy between 
calculation and experiment seems eo occur just below the inlet and near the left wall. The 
experiment shows that the initial inflow jet diffuses more rapidly than the calculation and no 
upward flow in the vicinity of the left wall is obsexved in the experiment. 

Sakamoto et al suggested that the anemometer probe they used in the experiment has a 10 
cm span and may not be suitable for velocity measurement where steep velocity gradient 
existed within a zone comparable to the probe span. Since the steep velocity gradient usually 
appeared in the vicinity of air inlet and wall. rlris discrepancy might have been originated 
from inaccuracy of the measured data. Predicted mean flow structure is given in a perspective 
view of figure 4-4, where velocity vectors on the symmetric half plane in the vicinity of the 
ceiling, flow,and two side walls and those on the plane of symmetry are plotted. The flow 
direction near the vertical walls is generally upward except the downward flow over the 
exhaust outlet. The near floor flow shows radial dispersion of the main jet and the near ceiling 
flow is induced toward the inlet. This flow structure is consistent with the measured mean 
flow distribution in other planes. 
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Figure 4.1 Sakarnoto 's Geometery and Experimental Apparatus 
(dimensions in mm) 
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Figure 4.2 Predicted Time Average Velocity Vectors on Plane of Symmetry 
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Figure 4.3 Trajectories of Passive Markers Based .on Experimental Data 
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Figure 4.4. Perspective View of Predicted Mean Flow S II'Ucture 
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4.2 Kato 's geometry 
The next model is also a cubic box of 1500 x 1500 x 1500 mm dimensions with a rectangular 
air inlet and exhaust oudet of the same size located on the same wall as shown in figure 4-5. 
Numerical and experimental studies were conducted using this geometry by Kato et al 37 

• 

An experimental study was carried out with a full-scale model constructed of clear acrylic 
boards with an air circulation system. They made detailed measurements for mean velocity 
as well as its fluctuating component using the tandem special hot wire anemometer, which 
can measure both instantaneous velocity and direction. The anemometer sensor they used is 
less than 5 mm in size and expected to measure velocity with a fair accuracy even where a 
steep gradient exists. 

The Reynolds number of the inflow condition was maintained approximately at 60.000 and 
the flow was expected to be fully turbulent. The numerical prediction was carried out using 
a 20x20x 10 uniform mesh layout (2x2 meshes for inlet/outlet) for the symmenic half flow 
domain and the following condition was imposed to obtain converged solutions. 

time step 

inflow strearnwise velocity 

_inflow lateral velocity 

outflow streamwise velocity 

outflow lateral velocity 

inflow turbulence energy 

inflow length scale 

wall boundary condition 

switching parameter for 
convection term 

convergent criteria 
after 30 min CPU time 

0.1 loiUo 
U0 (uniform) 

0 at upwind cells 

U0 (uniform) 

0 at upwind cells 

k = 0.005 U0
2 

e = 0.00032 U0
2/Lo 

0.1 ~ 

1n th power profile 

2 for whole domain 

Predicted and measured time-averaged velocity vectors on the plane of symmetry are 
presented in figures 4-6 and 4-7 respectively. Predicted velocity vectors show that inflow 
becomes a wall jet near the ceiling, gradually induces surrounding low velocity fluid and . 
deflects downward after impinging onto the opposite wall. Most of the main flow is a low 
speed diagonal rerum flow after reaching the floor and a recirculating flow structure appears 
in the whole flow domain with its center near the bottom corner of the opposite wall. The 
agreement with the corresponding experiment is excellent not only for the general flow 
structure but also for the flow velocity and direction at each point. The predicted and measured 
distribution of turbulence kinetic energy are also compared in figures 4-8 and 4-9. The 
agreement between these is not so good as that of time-average4 velocity distribution. 
Relatively high turbulence kinetic energy regions occur in the vicinity of the ceiling and the 
opposite wall in both prediction and experiment. and their orders of magnitude seem to 
correspond fairly well. Predicted mean flow structure is presented in Figure 4- 10 in a similar 
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manner as the previous case. Small secondary recirculating regions appear near the opposite 
corner of the ceiling as well as at the top corner of the front walL and these subtle flow 
structures are also observed during the measurement at corresponding locations. 
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Figure 4.5 Kato' s Geometry and Experimental Apparatus 
(dimensions in mm) 
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Figure 4.6 Predicted Average Velocity Vectors on Plane of Symmetry 
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Figure 4. 7 Measured Average Velocity Vectors on Plane of Symmetry 
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Figure 4.8 Predicted Distribution of Turbulent Kinetic Energy on Plane of Symmetry 
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Figure 4.9 Measured Distribution of Turbulent Kinetic Energy on Plane of Symmetry 
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Figure 4.10 Prespecti ve View of Predicted Mean Flow S trucrure 
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4.3 Baron's geometry 
The next geometry shown in figure 4-11 was employed by Baron et al38 for both experimental 
and numerical studies. Since they used the Large Eddy Simulation (LES) method as the 
rurbulence model, comparison between different numerical approaches is also possible in this 
case. Their experimental appararus consists of a 300 x 300 x 300 aun cubic test cell with 
water recirculating system, and velocity profiles in representative horizontal and vertical 
planes were measured using a Laser doppler velometer. Water inlet and outlet are relatively 
larger in this case than the previous geometri,es, and the Reynolds number based on the same 
defmition is approximately 36,000. They used a 20x20x40 uniform mesh layout (dense in 
vertical direction) and a primitive version of the LES method was employed for numerical 
co.lculation. Since their geometry contained no plane of symmetry, present numerical smdy 
by the "EXACf'' code was carried out for the entire flow domain with a 20x20x20 uniform 
grid layout ( 6x6 meshes for inler/outlet). which is coarser than theirs. 

Detailed numerical data are given below. 

time step 

inflow streamwise velocity 

inflow lateral velocity 

outflow streamwise velocity 

outflow pressure 

outflow lateral velocity 

inflow turbulence energy 

inflow length scale 

wall boundary condition 

switching parameter for 
convection term 

convergent criteria 
after 45 min CPU time 

0.1 Ldllo 
U0 (uniform) 

0 at upwind cells 

not specified 

0 at downflow cells 

au;an = O(free slip) 

k=0.005 U0
2 

e = 0.00016 U/!Lo 
0.1 ~ 

In th power profile 

2 for whole domain 

the pressure outflow boundary condition is employed to all9w outflow velocity variation. 

"EXACf" predictions for the time-averaged velocity vectors on representative vertical and 
horizontal planes are given in figures 4-12, 4-13, respectively. Inflow deflects slightly upward 
toward the ceiling and a small recirculating zone is observed near the top corner of the opposite 
wall, while the flow below the jet region is generally upward and a reversed flow appears 
near the floor as shown in figure 4-12. Meanwhile, a horizontal recirculation is observed on 
both sides of the jet region in figure 4-13. 

Figures 4-14 and 4-15 show comparison among "EXACf" prediction, prediction with the 
LES method and measurement concerning a representative vertical plane. These figures show 
that both "EXACf" and the LES results seem to coincide fairly well with the experiment 
results as far as the gross features of me :m flow are concerned. A marked difference is observed,· 
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however, if more detailed comparison is made among them. The LES calculation significantly 
underpredicts the initial vertical diffusion of the inflow jet; the "EXACI"' result shows clearly 
better agre'ement with the experimental result in this region. Moreover, the reversed flow 
appearing in the experiment near the floor region is not predicted in the LES method. Although 
this reversed flow near the floor is observed in the "EXACI"' numerical result. the calculated 
velocity gradient is less steep than the experiment and the 0 velocity point appears ac a much 
higher position ~ .the first two measurement locrions. On the other han<L agreement of the 
"EXAcr" result with the experimeiu in the initial horizontal diffusion of inflow jet is not so 
good as that of the LES meth<XL although the former is better than the latter near the side wall 
reversed flow region as shown in figures 4-16 and 17. The general flow pattern calculated 
from the "EXACf" method is given is figure 4-18 . 

.., . ~· ~, 

It may be concluded that the present k-e model and the LES method have a similar degree of 
accuracy at least for this specific problem, although the source and tendency of discrepancy 
is different between thetn, and the use of the LES method does not necessarily guarantee a 
better resUlt than the application of the k-e model. The choice of the k·e model, therefore, 
seei:J?S to be preferable due to its relatively small demand of computational effort for more 
practical and complicated problems. 

- ~-· 

-. 

... 
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Figure 4.14 Predicted Average Velocity Vectors on Representaitve Vertical Plane 

------'NU:T VELOCITY 

Figure 4.15 Predicted and Measured Average Velocity Profile on Representative Vertical 
Plane 

Solid line : measured 
Dashed line :predicted with LES 
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Figure 4.16 Predicted Average Velocity Vectors on Representative Horizontal Plane 
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Figure 4.17 Predicted and Measured Average VelocityProfile on Representative Horizontal 
Plane 

Solid line : measured 
Dashed line :predicted with LES 
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Figure 4.18 Perspective View of Predicted Mean F1ow S trocture 
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4.4 Application to A Practical Problem 
Through the previous studies on elementary cubic geometry, it has been made clear that the 
"EXACf" numerical method is capable of predicting the three-dimensional mean flow 
strucrure as well as some statistical quantities with fair accura~y. This section gives the results 
of its application to more complicated and realistic geometry. The geometry to be considered 
is a typical conventional clean room with two air inlets in the ceiling and four exhaust outlets 
near the bottom corner of vertical walls. A box shaped work bench is located in the middle 
of the room as shown in figure 4-19. This geometry was employed by Murakami et al. 39 and 
they made both numerical and experimental studies. The mean velocity distribution as well 
as contaminant concentration distributions were measured on representative planes of a full 
scale clean room laboratory. Aow velocity and direction were measured separately with a 
thermister type non-dimensional anemometer and by a flow visualization technique, which 
was found to be less than 50 cm/sin most pans of the flow domain. Their results on velocity 
distribution may, therefore, be less accurate than those in previous sections. Concentration 
distribution was also measured using a nearly passive contaminant source (0.31 Jlrn poly
styrene standard particles) located on the workbench and a particle counter as a detector. The 
Reynolds number of the inflow condition was approximately 38,000 and most of the flow 
domain is expected to be rurbulenl Numerical prediction corresponding to the test condition 
was conducted with a 2 i x.23x 16 nonu.&ifcrrr: mesh layout including one inlet and outlet, where 
fine grid spacing is employed in the vicinity of wall, inlet, outlet and workbench. 

The following input data were used for "EXACI"' calculation. 

time step 0.0175 LJUo 
inflow streamwise velocity U0 (uniform) 

inflow lateral velocity 'i1u,l'i1n = O(free slip) 

outflow streamwise velocity not specified 

outflow lateral velocity 

outflow pressure 0 at downflow cells 

inflow turbulence energy k = 0.005 U0
1 

£ = 0.00032 U0 
1/Lo 

inflow length scale 0.1 Lo 
wall boundary condition 1n th power profile 

switching parameter for 2 for whole domain 
convection term 

convergent criteria rk. r£. re< 10"5 

after 90 min CPU time rm - 3 · 10·S 

The pressure outflow boundary condition is also employed to allow outflow velocity variation. 
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The "EXACf" prediction for the time-averaged velocity vectors and corresponding exper
imental result are compared in figure 4-20 on the plane of symmetry. The numerical result 
shows that the inflow consists of a downward flow, diverging horizontally (radially) after 
impinging the floor, and creating small secondary recircularions in the vicinity of vertical 
side wall and vertical wall of the work bench. Although the downward flow from the air inlet 
and recirculation near the side wall are also observed in the experiment, coarse velocity 
measurement locations does not permit detailed comparison. While the flow direction is 
generally downward in the prediction, the main discrepancy between prediction and 
experiment occurs in the region just over the workbench, where the flow direction is rather 
unstable and its velocity is quite small in the experiment. Numerical and experimental 
concentration distributions are also compared in figure 4-21 on the same representative plane. 
As can be seen from this figure, the peak concentration zone occurs over the workbench in 
both prediction and experiment. The calculated high concentration zone is small, suggesting 
an overestimation of flow velocity over the work bench. Aside from this discrepancy, the 
calculated concentration distribution pattern, as well as its magnitude, seems to correspond 
well with the experiment within an acceptable range of accuracy. General features of the 
mean flow also seems to be predicted with fair accuracy. Finally the three dimentional mean 
flow structure in given in figure 4-22 for the symmetric half flow domain. 
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Figure 4.19 Hypothetical Clean Room (Dimensions in mm) 
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Figure 4.20 Predicted and Measured Velocity Vectors on Plane of Symmetry 
left view: predicted 

right view: measured. 
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Figure 4.21 Predicted and Measured Concentration Contour Lines on Plane of Symmetry 
left view: predicted 

right view: measured 
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Figure 4.22 Perspective View of Predicted Flow Structure. 
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5. Buoyancy Affected Flows 
In the preceeding chapter, some typical examples of the use of the developed computer code for 
predicting indoor air movement under isothermal flow conditions were presented. For most room 
air conditioning and ventilation problems of imponance, the airflow is generally non-isothermal 
and under a buoyancy influenced situation. In this section, the finite difference formulation 
developed previously will be applied to the problem of the flow of cold air entering a ventilated 
room subject to known heat input rates and divc:rse supply air velocities. 

It is convenient to solve a system of governing equations in non-dimensional form since the flow 
variables will then fall between certain prescribed limits such as 0 and 1 and the characteristic 
parameters such as Reynolds number and Archimedes number can be varied independently. 

Introducing the follwing dimensionless variables: 

i 1 =:x/L0 , f=tUr/La • u1 =u/U0 ,p=plp0 

2 A (' 2 A 3 p = plpoUa , e = 9/90 • "= kiUo , E = ef..r:IUo 

where L0 is the width of the inlet opening, U0 is the inlet air velocity, Po is the average density of 
air, 90 is the temperature difference between the supply air and the average room air, into the basic 
equations describing conservation of mass (2-6) and momentum (2-42), the energy equation (2-43) 
and the two transport equations for turbulence kinetic energy (2-46) and its dissipation rate (2-47) 
resultS in the following non-dimensional form of these equations: 

aa. 
-

1 =0 (5-1) ax J 

(5-2) 

(5-3) 

(5-4) 

(5-5) 

where 

r 
v = C - · eddy viscosity 

I DE 

A v, 
v, = UoLo the dimensionless eddy viscosity 
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.. 
1 v, 

a=-+
'11 RePr 0'8 

(
aa. aa.)aa. s = -· +.-L __.! a.x . a.x . a.x . 

J I J 

.. 
1 v, 

r =-+
lC Re alC 

.. 
1 v, 

r=-+
t Re "'-= 

effective eddy viscosity 

effective thermal diffusivity 

Re =L0U ,jV the Reynolds number 

Pr=v/a the Prandtl number 

Ari = ~giLo9oiU; 

S;- = hLJpC,U~90 the dimensionless heat generation rate 

where h is the volumetric rate of heat generation and (I is the thermal diffusivity of air. 

Using the following values for the empirical constantS appearing in equations (5-1) to (5-5) 

c0 = 0,09, C1 = 1.44, Cz = 1.92, ~ = 1.0 

O'lC = 1.0, O't = 1.3, 0'8 = 0.9 

and following the MAC method, iterative solving and numerical time integration of these equations 
were made to obtain the converged solution. 

The test room modeled. numerically was studied extensively in references 44 through 47 and had 
overall dimensions of 6.10 m wide x 3.66 m long x 2.74 m high, simulating an interior room of 
a multistory office building. The energy input to the room was composed of electrical and lighting 
loads. The electrical heat loads were generated by finstri~ heaters located around the center of the 
room floor and having a total heat output of 22.07 W/m over a 3.66 x 1.52 m actual floor area, 
and a concentrated load composed of a 0.97 x 0.91 x 0.31 m angle iron framework installed 0.20 
m from the south wall, and having a heat output rate of 40.98 W/m2 of floor area. The ceiling 
lighting consisted of eight flourescent recessed double-tubed fixtures evenly distributed 0.31 m 
from the east and west walls and 0.61 m from the end walls of the shon dimension and having a 
total power input of approximately 760 W. A sidewall grille measuring 0.61 m wide by 0.15 m 
high was located in the cemer of the 3.66 m long nonh wall, with its horizontal center line 0.15 
m below the ceiling. A 0.76 m x 0.42 m high rerum air grill was situated directly beneath the 
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supply :tir grille, 0.71 m above the floor. Local air temperatures and velocities within the occupied 
zone of the test room were measured at 216 locations using anemometers and thermocouples. The 
air supply grilles had two rows of 19 mm wide adjustable vanes and both sets of vanes were srraighr 
for all tests performed. For all tests, the room was maintained at an average temperature of23~33 
± 0.39 C. Under a tocal heating load of 63.05 W/m2 of floor area plus a lighting load of 34.09 
W/m2 of floor area, the flow rates of air supply to the room varied from 10.97 to 91.44 m3/h- m2 

of floor area. 

Mathematical modeling was performed to simulate six air distribution tests on the sidewall grille 
installed in a ventilated room. A numerical grid with the symmetrical half-portion of the room 
being subdivided nonuniformly into 29 x 27 x 20 rectangular parallelepiped cells was used with 
six different airflow rates including 10.97, 18.29, 36.58, 54.86, 73.15 and 91.44 m3/h-m2 of floor 

~ area. In order to deal with boundary conditions, one or two dummy cells with the same cell 
intervals as that of the terminal real cell were added outside of the boundary. The temperature 
difference between the supply air and the average room air for each flow rate was calculated based 
on an overall energy balance for the whole room. The calculated values of temperature difference 
between the room air and the supply air, for different rates of air inflow are tabulated in Table 5-1 
along with the Reynolds number and the Archimedes number. 

The incoming air was colder than the bulk air in the room to compensate for the input of the room 
heating loads, simulating a cooling situation. Numerical modeling corresponding to the test 
conditions was made with a nonuniform mesh layout for a symmetric half portion of the flow 
domain including the concentrated and uniform heating loads and lighting loads, and an inlet and 
an outlet opening. Fine grid spacing was used in the vicinity of the walls, the heating loads, and 
the inlet and outlet openings. 

The sidewall grille used for air distribution was assumed to be a 75% free area air diffuser and 
83% of the lighting energy was assumed to transmit downward into the room by convection and 
radiation. The boundary conditions for the velocity and turbulence properties included zero 
gradients in the exit plane and logarithmic wall functions to describe the near-wall or solid surface 
regions. All surfaces were assumed to be adiabatic except a portion of the floor and the ceiling 
around the room center and the top face of the concentrated load, where constant heat input rates 
were prescribed. Heat was supplied at a rate of 88.3 W/m2 from the uniform load at the center of 
the room floor, and at 3279 W/m2 from the concentrated load in the vicinity of wall opposite to 
the inlet and at 26.7 W/m2 from the fluorescent lights at the center of the ceiling. The heat inputs 
into the flow domain were assumed to be transmitted to the surrounding fluid cells immediately 
adjacent to the heated surfaces by adding corresponding heat source tenns in the energy equation. 
As illustrated in table 5-1, the inlet temperatures for the six air inflow rates varying from 10.97 
to 91.44 m3/h-m2 were respectively 17.3, 10.4, 5-2, 3.5, 2.6 and 2.1 ·c lower than the average 
temperature of the room of 23.3 ·c. 
Figures 5-1 to 5-6 show the calculated velocity distributions in the vertical center plane of the test 
room for the six different air inflow rates. As shown in figure 5-1, the cold air coming from the 
inlet travelled down towards the floor due to the downward directed buoyancy force. A portion 
of flow circulated around the lower left corner of the room and exited through the return air grille. 
The remaining portion proceeded along the floor surface, turned upward after impinging onto the 
concentrated load. and after being accelerated by merging with the hot gas stream rising from the 
concentrated load, spread radially along the ceiling and entrained into the main flows from the 
inlet. Two recirculating zones were observed, one situated in the top right corner of the room and 
the other one near the floor in the vicinity of the concentrated load. The experimental air distribution 
patterns on the venical center plane of the room obtained with smoke filaments for different flow 
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rates46
'
46 are given in figure 5-7 for comparison with the predictions. As shown in figures 5-1 and 

S-7 .a, the predicted general flow structure agrees quite well with the corresponding experimental 
observations. In figure 5-2, the inflows following the ceiling spread radially toward the floor and 
the wall opposite to the entrance because of the increased inlet velocity and decreased downward 
directed buoyancy effects. The flows are then curved along the wall and floor, and entrained into 
the jet stream or depart from the test room. It can be seen that a secondary recirculation is created 
in the vicinity of the ceiling and the concentrated heat source. It is interesting to note that the 
recirculation in this case has moved toward the ceiling in comparison to figure 5-1 where the 
recirculation is along the floor. There is good agreement between prediction and experimental 
observations of flow patterns by comparison of figures 5-2 and 5-7 .b. 

Figures 5-3 through 5-6 show a turbulent buoyant wall jet issuing from the inlet grille, spreading 
along the ceiling and ruming downward and horizontally toward the outlet after impinging onto 
the opposite wall. A recirculating flow structure appeared in the whole flow domain with its center 
located near the concentrated load. The predicted flow panerns shown in figures 5-3 to 5-6 are 
generally consistent with the corresponding experimental observations illustrated in figure 5-7. 
Some examples of calculated isotherms in the middle section of the vented room are shown in 
fi~s 5-8 through 5-10 where air supply rates per unit floor area are 18.29, 54.86 and 73.15 
m /h-m2

, respectively. The temperature field is generally dependent upon the inlet air velocity, 
tile temperar-we difference beLw·ecn the supplj' :Ur a..."":d ::he rocm air, aa~d the dismbuticn a.'1d output 
rate of the heat sources. As shown in figure 5-8, the air temperature increases with increasing 
distance away from the inlet grille due to continuous entrainment of warm air into the cold jet 
stream discharging from the inlet and flowing toward the floor. The air temperature exhibits a 
sharp gradient close to the heat source and its distribution generally agrees with the corresponding 
flow field illustrated in figure 5-l. As shown in figures 5-9 and 5-10, the isothermal lines in the 
upper portion of the room are nearly horizontal. These diminished temperature gradients and the 
increased thermal stratification in the upper region are attributed to greater inlet velocities and 
better mixing of the cold supply air with warm room air. 

Prediction of buoyancy-affected airflows emerging from an air diffuser in a ventilated room has 
been demonstrated over a wide range of air supply rates with constant heating loads using the 
numerical technique presented in this paper. The three-dimensional distributions of air velocity 
and temperature in an air conditioned room are calculated. and the calculated velocity distributions 
are generally in reasonably good agreement with experimental observations obtained with smoke 
fllaments. 
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Table 5-1. The Numerical Values of Temperature Difference between the Room Air and the 
Supply Air and Nondimensional Parameters Used in Numerical Calculations 

Panme~CTS Used in Numc:rical Sirnulaticns 

lDJ.et lDI.et Tanperaaw Reynolda Arc:himcdes 
Flow Rare Velocity Oiffl:ft:llce Number Number 
(mllb-m.l) (mls) ("C) 

10.97 0.975 17.26 38860 0.365920 

18.29 1.626 10.36 64430 0.079040 

36.58 3.251 5-180 128860 0.009879 

54.86 4.877 3.452 193290 0.002927 

73.15 6.502 2589 257710 0.0012.35 

91.44 8.128 2071 322150 0.000632 
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Figure 5-1. Distribution of Calculated Velocity VectorS in the Center Plane for Inflow Rate of 
10.97 m3/h-m2 
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Figure 5-2. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
18.29 m3/h-m2 
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Figure 5-3. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
36.58 m3/h-m2 
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Figure 5-4. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
54.86 m3 !h-m2 
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Figure 5-6. Distribution of Calculated Velocity Vectors in the Center Plane for Inflow Rate of 
91.44 m3/h-m2 
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Figure 5-7. Measured Airflow Patterns for Different Airflow Rates 
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Figure S-8. Calculated Isotherms in the Cemer Plane for Inflow Rare of 
18.29 m3/h-m1 
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Figure 5-9. Calculated Isotherms in the Center Plane for Inflow Rate of 
54.86 m3/h-m2 
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Figure 5-10. Calculated Isothenns in the Center Plane for Inflow Rate of 
73.15 m3/h-m2 

6. Conclusions and Future Research Needs 
As briefly demonstrated in the above examples, the "EXACT" numerical code is powerful and is 
able to predict room air motion and contaminant distribution with a satisfactory accuracy and 
within an acceptable range of computational effort. Nevenheless, it is important to recognize the 
following limitations inherent in the present calculation method. 

• The calculation domain including air inlet and outlet must be a rectangle. 

• The reference Reynolds number must be large enough so that the viscous effect can be 
negligible except near the wall region. 

• The temperarure gradient in the flow regime must be small enough that buoyancy ex ens 
little influence on the rurbulence structure. 

The first is caused by the use of standard finite-difference approximations based on the rectangular 
coordinate system. This may be a serious limitation for the application of the numerical method 
to spaces enclosed by curved surfaces such as air domes. This difficulty is expected to be removed, 
however, by using the recently developed approximation techniques such as finite-element method 
or grid generation method which have been employed extensively in the field of numerical 
aerodynamics. The other two limitations are much more serious than the first one because they 
originate from the inadequacies of the basic turbulence model itself. 

The k • e turbulence model consists of a set of equations governing the transport process of turbulent 
kinetic energy and its dissipation rate. These equations fork and e together with the eddy viscosity 
formulation are not the exact forms derived from the Navier Stokes equation but they are model 
equations derived from several assumptions as discussed in the previous chapters. 

Hence, there is a fair possibility that the numerical results become unrealistic when Reynolds 
number is not large enough so that eddy viscosity is as small as molecular viscosity or when the 
buoyancy effect is so large that the gravitational force exens a strong directional influence on 
turbulence. 
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So far, several authors have proposed modified versions of the k-e turbulence model or different 
approaches, which can account for these additional effects. An interesting attempt to extend the 
applicability of the k- e rurbulence model for high Reynolds number was carried out by Jones and 
Launder-10). Their modification was mainly to make the empirical constants appearing in the 
conventional k-e turbulence model to be the functions of the local turbulence Reynolds number 
by a semi-empirical approach so that the molecular viscosity effect in the very near wall region 
can be accounted for. 

Although their modified equations have been applied to the two-dimensional low Reynolds number 
wall flows with relative success, they are not likely to be applicable to the general recirculating 
low Reynolds number flows. 

For strongly buovant flows, several researchers proposed different schemes called the second-order 
closure model 4

!. J.
2 which is much more complicated than the k-e turbulence model. Recently, 

Rodi43 and associates attempted to simplify the model equations proposed by Launder and asso
ciates and clarified the applicability of their simplified version to various buoyancy influenced 
flows. At the present. tht! srudy for the buoyant flow prediction has not been conducted as 
extensively as for isothermal flow in the field of building physics. This is partially due to the 
difficulty of experimental verification but mainly due to the uncertainty of the basic model 
equations. In order to develop effective modifications, it is an urgent task to determine the 
applicable range of the present method by providing careful comparative studies with experimental 
,...,s...~a..,...,,.....;"..,('l .;,....,.,. ;-,.,.,...~,.,"'"",.""? 1 J.,,,...,,'.Jnt .fln,,u~ 
VU..lV.I. 'I''-'~.~""&.&."' "'""4 ...,..,..,,. ............... ._,..,..,_ w--J _..,,.. .,.,_ .... -• 
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Appendix A. "EXACT" user's guide 

A.l. General Scope of the "EXACT" code 
The procedure which includes most of the theoretical and numerical processes described in 
chapters 2 and 3 is currently available by the use of the "EXACT"' code. "EXACI'", which 
stands for Explicit Arogorithm for Continuous Turbulent fluid flow, is a complete program 
for predicting indoor air distribution, including turbulent/thermal effect, and was developed 
by the first author based on the previous research conducted main! y at the University of Tokyo 
and adding his recent experience. Since the original "EXACf" code was intended to be 
processed on the HITACS 810-20 computer system at the University of Tokyo, a drastic 
alteration was made in order to achieve the effective use of vector/parallel processors char
acteristic of Cyber 205-2p system at the National Institute of Standards and Technology. 
Hence, the user is ready to enjoy peak performance of a supercomputer without special 
modification or knowledge about program vectorization. The code was further modified by 
the third author to reduce the data storage requirements by about 60%. A non-vectorized 
version of the latest code has been successfully compiled and run on a Sun 3/260 workstation, 
and a Compaq 386/25 microcomputer. Since detailed descriptions about theoretical and 
numerical stragegy employed in the "EXACf" code has already been given, only a summary 
of imponam features is given as follows: 

turbulence effect; 

buoyancy extended k - E turbulence model 

applicable flows: 

three-dimensional continuous non-isothermaVbuoyant turbulent flow 
(Bonssinesq approximation for buoyant flow) 

iterative procedure: 

explicit time marching technique to obtain converged solution (periodic or time
dependent problems can be handled by adding user defined subroutines when the 
boundary condition are rime dependent) 

convective term approximation: 

upwind/central combination scheme with arbitrary specification for. switching 
parameter and location, which includes central and hybrid schemes. 

solution procedure for Poisson egyation: 

pressure relaxation method 

boundazy condition: 

Symmetric, inflow, outflow (velocity or pressure type), wall boundary conditions 
together with heat flux and temperature/heat transfer coefficient specified boundary 
condition (user defined subroutine may be necessary when special boundary condition 
is considered) 
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The "EXACf" code consists of one main routine (driver program) and 13 subroutines. A 
listing of the program is given in appendix A.5. 

A.2 Determination of Nlemory Size and Mesh Layout Subdivision of Flow 
Domain 
Aow domain to be considered should be carefully subdivided into cells so that their faces 
coincide with the physical wall boundary, inflow/outflow boundaries and internal obstacles. 
Both uniform and non-uniform mesh layout are available in the "EXACf .. code; however. it 
should be noted that an abrupt change of cell intervals sometimes reduces numerical accuracy 
due to truncation eiTOr. Choice of axis and its direction are arbitrary under isothermal con
ditions, however. positive x- direction must be aligned to the direction of the gravitational 
force for buoyancy influenced problems. In order to handle boundary conditions, three dummy 
cells are attached outside the real flow domain in each a..xis, two dummy cells for negative 
direction and one dummy cell for positive direction. Therefore, a problem which uses 
21X23X 16 cells for real flow domain requires 24X26X 19 cells including dummy cells. Since 
cells are numbered from one to the cell division number in each axis, the real flow region is 
enclosed by cells from (three) to (cell division number- 1). 

In order to minimize inactive computer memories and for maximum efficiency of the vector 
processor, "EXACf" code is designed for a fixed number of unknown variables so that three 
dimensional arrays are accessed continuously within DO loops. Array size must be adjusted 
depending on the problem size by replacing numbers in the PARAMETER statement with 
required cell division numbers. If. for instance, NX x NY x NZ cells including three dummy 
cells are required, PARAMETER statement of all subroutines should be written as 

PARAMETER(L=NX.M=NY ,N=NL.) 

where NX, NY and NZ are the number of cells in the x, y and z directions. respectively. The 
program must be recompiled and assembled for each problem. If the compiler used supportS 
the INCLUDE directive, this statement can be put in an include file and changed only once. 

A.3 Input data format 
All input information except memory size is stored as a formatted permanent file on Cyber 
855 or for a UNIX or DOS system in any permanent file to which input can be redirected (for 
example EXACf3 < DataFile). An example, which is used for problem presented in Chapter 
5, is given as follows. This permanent file is made local on Cyber ~05 as soon as the batch 
job stream is submitted. 
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Sample Input File for E..'XACTI 

1 AIR uiSTRI3U':ION ::?!::RE"OR!-'.ANCZ E"OR 4.0 C?M ;oii':H 75 1r E'REE AREA OI:E"E"'JSC:R 

2 1999000, 20, 2aaooo, 2 

3 257710, 0. 71. -0.001235, l. 0, 0.0010, 
4 0. 09, l. 44, 1.92, 1.00, 1.0, 
5 0.0625, 0.0625, 0.0625, 0.0625, 0.0625, 

0.0625, 0.0625, 0.1250, 0.1250, 0.29774, 
0.29774. 0 . 29774, 0.29774, 0.171a8, 0.171a8, 
O.l71aa, 0.17188, 0.20a33, 0.20833, 0.20a33, 
0.1a485 
0.16667, 0.16667, 0.16667, 0.16657, 0.250, 
0.41667 , 0.500, 0.500, 0.6250, 0.6250, 

0.6250, 0.6250, 0.6250, 0.6250. 0.41657, 
0.250, 0.250, 0.250, 0.16667, 0.16667, 
0.125. 0.125. 0.125, 0.125. 0.125, 
0.125, 0.125, 0.1a75, 0.1875, 0.29167, 

0.29167, 0.16657, 0.16657, 0.125, 0.125, 
6 6, 6, 6 

7 41 

a 1, 4, a, 2, 2, 3, 6, 0.0 
2, 5, a, 2. 2, 3, 6, l.O 
3, 5, a, 2. 2, 2, 6, 0.0 
4, 5, a, 2, 2, 3, 6, 0.21140 
5. 5. a, 2 , 2. 3, 6, 0.022194 
6, 5, a, 2. 2, 3. 6, l.O 
a. 19, 22, 2, 3, 3, 7, 0.0 
1. 18, 22, 2, 2, 3, 7, 0.0 
2, 19, 22 , 2, 2, 3, 7, -0 . 29090 
3, 19, 22, 2, 2, 2, 7, 0.0 
6, 19, 22, 2, 2, 3, 7, 0.0 

10, 28, 29, J, 22, 3, 19, 0.142a6 
10, 20, 21, 23, 24, 3, a, 0.142a6 
10. 2a, 29, 23, 24, ,9, 19, 0.142a6 
10, 2a, 29, 25, 26, 3, 19, 0.142a6 
10, 3, 2, 3, 26. 3, 19, 0.142a6 
11, 3, 4, 3, 2, 3, 19, 0.142a6 
11, 5, 8, 3, 2. 7, 19, 0.142a6 
11, 9, 18, 3, 2. 3, 19, 0.14286 
11. 19, 22. 3, 2. a, 19, 0.142a6 
11. 23 , 28, 3, 2. 3, 19, a .l42a6 
11, 3, 2a. 26, 27, 3, 19, 0.142a6 
11, 21, 2a, 22, 23, 3, a, 0.142a6 
11, 21, 2a, 25, 24, 3, a, 0.14286 
12, 3, 28, 3, 26, 19, 20, 0.14286 
12, 21, 2a, 23, 24, 9, a. 0.14286 
13, 2a, 29, 3, 22. 3, 19, 0.0 
13, 20, 21, 23, 24, 3, 8, 0.0 
13, 28, 29, 23, 24, 9, 19, 0.0 
13, 28, 29, 25, 26, 3, 19, 0.0 
13, 3, 2. 3, 26, 3, 19, o.o 
14 , 3, 4, 3, 2, 3, 19, 0.0 
14, 5, a, 3, 2, 7, 19, 0.0 
14, 9, 18, 3, 2. 3, 19, a.o 
14, 19, 22, 3, 2. a. 19, 0.0 
14, 23, 2a. 3, 2. 3, 19, 0.0 
14, 3, 2a. 26, 27, 3, 19, 0.0 
14, 21, 2a, 22, 23, 3, 8, 0.0 
14, 21, 28, 25, 24, 3, 8, 0.0 
15, 3, 28, 3, 26, 19, 20. 0.0 
15, 21. 2a, 23, 24, 9, a, 0.0 

9 1 

21, 2a, 23. 24, 3, 
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10 3 

20, 20, 23, 
28, 29. 10. 

3. 3, a, 
11 1 

1, 29. 1, 

Input information is written with following format and order. 

1 Cqmment line 

format: 20A4 

example: 

24, 
18. 
21, 

2i, 

AIR DISTRIBUTION PERFORMAi'.fCE FOR 4.0 CFM WITH 75 % FREE AREA DIFFUSER 

3. 
3. 
i, 

1, 

*this comment is printed on top of LP image listing and the listing of each dependent variable. 

2 calculatiqn cqndiriqn 1 

stored at: KSTM, NSTM, MAXT, IN1C 

format: free 

example: 

l999000, 

*KSTM 

"'NSTivi 

*MAXT 

20, 288000, 2 

maximum time iteration steps 
If accumulated time iteration counter KSTP exceeds KSTM, time iteration is 
terminated and subroutine OUTPUT is processed. 

maximum pr~::ssu:re ii:erauvu ~~eps 
If pressure iteration counter NSTP exceeds NSTM, pressure 
iteration is unconditionally terminated and next time iteration begins. 
(recommended value betwen l 0 and 30) 

maximum CPU time in seconds. 

Accumulated CPU time is measured once each time iteration and if it exceeds MAXT, time 
iteration is tenninated and subroutine OUTPUT is processed. 

Job termination is, therefore, controlled by either KSTM or MAXT unless divergence occurs. 

*INIC Input/output unfonnatted file controller. 

For IN1C ~ 2, initial flow field is assumed to be stored as an unformatted permanent 
file on Cyber 855, otherwise, calculation is started from 0 flow field which is generated 
internally by the subroutine ARAIN. 

For INIC ~ 2, final flow field is stored as a new unformatted permanent file on Cyber 
855, otherwise, it is lost as soon as the job is terminated. 

Recommended value 
1 to generate initial flow field using small MAXT or KSTM value. 
2 to resume intemipted calculation) 
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3 calculation condition 2 

stored at: RE, PR, AR, BETA, EPS, DT, ENMX 
format: free 
example: 

257710, 

*RE 

*PR 

*AR 

*BETA 

*EPS 

*DT 

*ENl\IIX 

0.71,-0.001235, 1.0, 0.0010, 0.010, 

Reynolds number calculated from (see below) 

Prandd number calculated from (see below) 

Archimedes number calculated from " 

acceleration coefficient for pressure relaxation iteration 
(recommended value Lj) 

maximum continuity error criteria 
(recommended value 5 x 10-3-5 x 10-4) 
too large an EPS sometimes causes instability of calculation. 

non-dimensional time step 

10.0 

DT is chosen from the stability criteria for both convection and diffusion 
terms. 

divergence criteria. 
If volumetric mean energy exceeds ENNX, calculation is unconditionally 
tenninated and subroutine OUTPUT is processed. 
ENMX is used to detect an abnormal calculation condition or its sympton. 
(recommended value .l.Q.Q) 

*normalization of dependent variables 

symbol meaning example 

Lo length scale 

U0 velocity scale 

V kinemateic viscosity 

referenc.e temperarure 

temperarure difference scale 

volumetric expansion coefficient 

a. thermal diffusivity 

p density 
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1 m or inlet width 

1 rn/s or inlet velocityu 

1.5 X: 10"5 m2/s for nor
mal air 

average interior tem
perarure in "K 

1 K or largest possible 
temperarure differnce 

l,rfl for normal air 

2.1 X: 10"5 m2/s for nor
mal air 

1.2 kg/m3 for normal air 



specific heat 

g gravitational acceleration 

10.05 kJ!kg· (2.4 
kCallkg· K) for normal 
air 

9.8 rn/s2 

All dependent variables must be properly normalized prior to calculation using the following 
independent dimensional units. 

symbol meaning unit 

to rime LJUo 
k1, turbulence energy Uo2 

f.o dissipation rate of turbulence energy Uo21Lo 
VIO eddy viscosity UoLo 

<Xo thermal transfer coefficient Uo 

qo ~J.,,..,.....~l f'tnv TLAT~ -.... ......................... -.. .. -..,.--y 

Dimensional standard units for other dependent variables are automatically chosen in 
combination with above dimensional units. 

4 empirical constants for turbulence model 
stored at: ZCD, ZCl, ZC2, ZC3, ZSQ, ZSE, ZSC, 
1:---·· J:.--.I.V.I..L.L..IIJ.L. .U~~ 

example: 

0.09, 1.44, 1.92, 1.00, 1.0, 1.3, 0.9 

*ZCD, ZCl, ZC2, ZSQ, ZSE, ZSC are equivalent to C0 , C1, C,, C3, er", O'e and 0'9 used in 
equations (2-43), (2-46) and (2-47). 

5 ~ell ioterva,l aw:a 
stored at arrays: DX,DY, DZ 
format: free 
example 

Q,QfiZ.S, Q,QfiZ.S, Q.Cfi:Z.S, 0.0625, 0.0625, 0.0625, 0.0625, 
0.0625, 0.0625, 0.1250, 0.1250, 0.29774, 0.29774, 0.29774, 

0.29774, 0.29774, 0.29774, 0.17188, 0.17188, 0.17188, 0.17188, 
0.17188, 0.17188, 0.20833, 0.20833, 0.20833, 0.18485, Q la~as. 
0 ,a~as 
Q H!i!P, Q H66i, Q J.6!267, 0.16667, 0.250, 0.250, 0.41667, 
0.41667, 0.500, 0.500, 0.6250, 0. 6250, 0.6250, 0.6250, 

0.6250, 0.6250, 0.6250, 0. 6250, 0.41667, 0.41667, 0.41667, 
0.250, 0.250, 0.250, 0.16667, Q,J.fifi57, Q,lfi:fi:67 
Q.lZ.S, Q J.Z5, ~I 0.125, 0.125, 0 .125, 0.125, 
0.125, 0.125, 0.1875, 0.1875, 0.29167, 0.29167, 0.29167, 

0.29167, 0.16667, 0.16667, 0.125, Q J.Z5, Q,lZ5 
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underlined values are intervals for dummy and terminal real cells. 

*non-dimensional cell intervals are written from first cell to terminal cell from X, Y to z 
direction. 
There must be L, M, and N elements in X, Y and Z direction in correspondence with the values 
declared at the aforementioned PARAMETER statement. Intervals of the three dummy cells 
must take the same values as those of the nearest real cell, i.e. 

DX(l)=DX(2)=DX(3), DX(L)=DX(L-1) 
DY(l)=DY(2)=DY(3), DY(M)=DY(M-1) 
DZ(l)=DZ(2)=DZ(3), DZ(N)=DZ(N-1) 

6 image listing pointer 
stored at array: ICON 
format: free 
example: 

6, 6, 6 

*Spatial variations of all dependent variables is given as a LP image listing for Y-Z Z-X, X-Y 
plane at locations where this pointer specifies. 
For instance, (14, 2, 2) means that LP listing is given for Y-Z plane at 1=14, Z-X plane at 
J=3 and X-Y plane at K=3. 

7 number of boundary conditions 
stored at: NIN 
format: free 
example: 

4l 

*NIN is the number of given boundary conditions following this line. 

8 QQ!JD!:llll:£ ~omiiDQD aaia 
stored at arrays: ITN, UIN 
format: free 

1, 4, 8, 2, 2, 3, 6, 0.0 
2, 5, 8, 2, 2, 3, 6, 1.0 
3, 5, 8, 2, 2, 2, 6, o~o 
4, 5, 8, 2, 2, 3, 6, 0.21140 
5, 5, 8, 2, 2, 3, 6, 0.022194 
6, 5, 8, 2, 2, 3, 6, 1.0 
8, 19, 22, 2, 3, 3, 7, 0.0 
1, 18, 22, 2, 2, 3, 7, 0.0 
2, 19, 22, 2, 2, 3, 7, -0 . 29090 
3, 19, 22, 2, 2, 2, 7, 0.0 
6, 19, 22, 2, 2, 3, 7, 0.0 

10, 28, 29, 3, 22, 3, 19, 0.14286 
10, 20, 21, 23, 24, 3, 8, 0.14286 
10, 28, 29, 23, 24, 9, 19, 0.14286 
10, 28, 29, 25, 26, 3, 19, 0 .1428 6 
10, 3, 2, 3, 26, 3, 19, 0.14286 
11, 3, 4, 3, 2, 3, 19, 0.14286 
11, 5, 8, 3, 2, 7, 19, 0.14286 
11, 9, 18, 3, 2, 3, 19, 0.14286 
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11, 19, 22, 3, 2, 8, 19, 0.14286 
11, 23, 28, 3, 2, 3, 19, 0.14286 
11, 3, 28, 2 6, 27, 3, 19, 0.14286 
11, 21, 28, 22, 23, 3, 8, 0.14286 
11, 21, 28, 25, 2 4, 3, 8, 0.14286 
12, 3, 28, 3, 2 6, 19, 20, 0.14286 
12, 21, 28, 23, 24, 9, 8, 0.14286 
13, 28, 29, 3, 22, 3, 19, 0.0 
13, 20, 21, 23, 24, 3, 8, 0.0 
13, 28, 29, 23, 2 4, 9, 19, 0.0 
13, 28, 29, 25, 26, 3, 19, 0.0 
13, 3, 2, 3, 2 6, 3, 19, 0.0 
14, 3, 4, 3, 2, 3, 19, 0.0 
14, 5, 8, 3, 2, 7, 19, 0. 0 
14, 9, 18, 3, 2, 3, 19, 0.0 
14, 19, 22, 3, 2, 8, 19, 0.0 
14, 23, 28, 3, 2, 3, 19, 0.0 
14, 3, 28, 2 6, 27, 3, 19, 0. 0 
14, 21, 28, 22, 23, 3, 8, 0.0 
14, 21, 28, ' 25, 24, 3, 8, 0.0 
15, 3, 28, 3, 26, 19, 20, 0.0 
15, 21, 28, 23, 24, 9, 8, 0.0 

*:Cs:faJJlt 12Qynda.o: ~cnditicn s:ml2lcvs:d in tbs: "EXACI" ~cds: i~ tbs: svmms:m~ wall ~cnditicn 
described in the next subsection. 

*Since boundary condition data are referenced in regular sequence, earlier condition including 
default boundary condition may be overwritten by the latter one. 
*Boundary condition data consist of boundary condition number, boundary location and 
boundary parameter. 
General format of boundary condition data is given as follows. 

Where m is tb.e bounri ~ry conrii tion nmnber I 1, T2, J1, J2, K 1 , K2 are the boundary location 
in X. Y and Z-direction in cell number, SEV is the boundary parameter. 

*Boundary condition data for ill-1 6 are used to impose specified boundary value to each 
dependent variable with the location I=Il to !2, J=Jl eo 12, K=Kl to K2 in cell number 

m function effect 

1 specify velocity component U(IJ,K) = SERV 

2 

3 

4 

5 

6 

in X direction z..,ll to !2, I=ll to 12, K= Kl to K2 

specify velocity component V(IJ.K) = SERV 
in Y direction I=Il to 12, I =11 to 12, K= K 1 to K2 

specify velocity component W(IJ .K) = SERV 
in Z direction I=Il to 12,1 =11 to 12, K= Kl to K2 

specify turbulence energy Q(IJ .K) = SERV 

specify dissipation rate of 
turbulence energy 

specify temperature 
difference 
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1=ll to !2,1=11 to12, K= Kl to K2 

E(IJ.K) = SERV 
l=ll to 12,1=11 to12, K= Kl to K2 

C(IJ.K) = SERV 
I=Il to 12, I =11 to 12, K= Kl to K2 



*Boundary conditions for m= 7 to 9 are prepared for pressure boundary condition. Pressure 
boundary is located on the cell surface between dummy cell and terminal real cell. Since 
velocity component normal to the pressure boundary is determined from calculation, work 
array to conserve velocity component are released prior to calculation to allow temporal 
velocity variation. For Il= 7, Il is the dummy cell number where pressure is defined outside 
the real flow domain and I2 specifies the location where work array to conserve U value on 
the pressure boundary is released. Hence I1 =I2 or I1 + 1 = 12 are permitted in this case. 

m function .iliw 
7 

8 

specify pressure boundary 
normal to X a.xis 

specify pressure boundary 
normal to Y axis 

P(I,J,K) = SERV 
I=Il. J=Jl to J2, K= Kl to K2 
SX(I,J,K) = 1.0 

P(I,J,K) = SERV 
I=Il to I2, J=Jl, K= Kl to K2 
SY(I,J,K) = 1.0 

9 specify pressure boundary nonnal to Z a.xis P(I,J,K) = SERV 
I=Il to I2, J=Jl to 12, K= K1 
SZ(IJ,K) = 1.0 

where SX, SY, SZ are work arrays to conserve U,V, W. 

*Boundary conditions for ID=lO to 12 are prepared to set power law type wall boundary 
condition in which equation 3-42 is assumed. SEV is in this case equivalent ton in equation 
3-42 and a value of 1(7 is commonly used for the fully developed turbulent boundary layer. 
Wall boundary is located between terminal real cell and dummy cell. 

m 
10 

11 

12 

function 

specify wall boundary 
normal to X axis 

specify wall boundary 
normal to Y axis 

specify wall boundary 
normal to Z axis 

boundary location 

between I=Il and I2 
for J= J1 to 12, K= K1 to K2 
Il ·is a terminal real cell and !2 is an 
adjacent dummy cell numbrt 

between 1=Jl and 12 
for I= I1 to 12, K= K1 to K2 
Jl is a terminal real cell and 12 is an 
adjacent dummy cell number 

between K=K1 and K2 
for I= Il to I2, 1= Jl to 12 
I 1 is a terminal real cell and !2 is an 
adjacent dummy cell number 

*Boundary conditions for ill= 13 to 15 are preapred to set thermal flux across the wall 
boundary appearing in equation 3-47. Thermal flux, SEV, takes positive value when its 
direction is from dummy cell to real cell. 

m function 

13 specify wall boundary 
normal to X axis 
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boundary location 

same as m= 10 



14 specify wall boundary 
normal to Y axis 

same as III = 11 

15 specify wall boundary same as III = 12 
normal to Z axis 

•Boundary conditions for ill= 16 to 18 are used to setlocal thermal transfer coefficient defmed 
in equation 3-48. 
Tempernrure must be s:gecified using ID-6 boundazy condition at the wall adjacent dummv 
cell before this line appears. 
Non-dimensional thermal transfer coefficient is stored at SEV. 

m function QQ!JDdao: l~aDQD 

16 specify wall boundary same as III= 10 
normal to X axis 

17 specify wall boundary smae as III= 11 
normal to Y axis 

18 specify wall boundary same as ill= 12 
normal to Z axis 

• Rv~:~,_..t .. -. ~~ .. ..t;~ ........ ; ..... m~ 1 a tn ., 1 ~.,.,. nsen to specify· t'-e wall tP.mn ...... tllTP. d~tin~ci in - -'~1 "'"''J.\,,.L~, .... ~ •u• ~ ... J ~'"' -· --- ,. • - !.l! .. -- -r'-'.:."-·-- ------ --

equatins 3-49 

m 
19 

20 

21 

function 

specify wall temperatue 
in X plane 

specify wall temperarure 
in Y plan.c 

specify wall temperarue 
in Z plane 

boundao:locarion 

same as III= 10 

smae as ill= 11 

same as ill= 12 

• Boundary conditions for ill= 22 to 24 are used to specify the K slippage condition per 
equation (3-51) 

m function boyndao: JocariQn 

22 specify k slippage 
normal to X axis 

23 specify k slippage 
normal to Y axis 

24 specify k slippage 
normal to Z axis 

9 Qbstacle lQcatiQD data 

stored at :NOBS/ lOB 
format :free 
example 

1 

same as III= 10 

smae as ill= 11 

same as ill= 12 
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21, 28, 23, 24, 3, 8 

*When there are obstacles in the flow domain, such as furniture, dependent variables within 
and on the surface of obstacles are made unchanged in the time iteration step by setting the 
obstacle location data. (wall boundary condition, velocity component normal to the obstacle 
wall, thermal flux across the obstacles have to be imposed by setting boundary condition data 
if necessary) 
The obstacle location data are written as follows: 

NOBS/ Il, 12, Jl, 12, Kl, K2 
where NOBS is the number of the obstacles and following location data, 

If NOBS = 0 the whole flow domain is assumed to be filled with fluid and there must not be 
location data. Cells within the range of l=Il to 12, J=Jl to 12, K=Kl to K2 in cell number 
are treated as dummy cells. 

10 &a1 Generation ~.Qsm 

stored at NSOR 
format free 
example 

3 

stored at Il,I2JIJ2,Kl,K2,SERV 
format: free 
example 

20, 20, 23, 24, 3, 8, -1.26057 
28, 28, 10, 18, 3, 11, -0.034417 

3, 3, 8, 21, 7, 16, -0.056347 

NSOR is the number of heat generation sources. If there are none, NSOR = 0. 

The each volume heat generation rate is set: 
H(I,J,K) = SERV in the region defined by 
for I= I1 to I2, J= Jl to 12 and K= Kl to K2 

11 upwjnd interpolation data 

stored at NCR 
format :free 
example 

1 

stored at ICR, CR 
format: free 
example 

1, 29, 1, 27, 1, 20, 2.0 

;~oThe range and magnitude of the switching parameter for the upwind/central combination 
scheme described in 3-1 are controlled by upwind interpolation data. The upwind interpolation 
data are written as follows. 
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NCR is the number upwind interpolation data and the following location and switching 
parameter Il, 12, Jl , J2, Kl, K2, CR is read NCR times. If NCR = 0 all convection terms in 
the momentum equation are approximated using central difference scheme, and there must 
not be location and switching parameter. Convection terms in the momentum equation within 
the range of!= I1 to I2, J= J1 to J2, K= Kl to K2 in cell number are upwinded with the factor 
of CR. 

A.4 Batch job stream 
Since computation on Cyber 205 is conducted only through a batch job on the Cyber 855, the 
batch job stream is prepared and submitted on the Cyber 855. An example of the batch job 
stre3Ill and its format will be given briefly. 

line function 

1...4 job control cards and user identification, user account information is 
assumed to be stored on Cyber 855 as a permanent file names USER. 

5 

6 ... 11 

12 

13 

14 ... 16 

17 ... 23 

24 

25 ... 28 

job category and limit information 
JCAT, TL, LP parameters may be replaced according to the volume of 
calculation. 

initial flow field is assumed to be stored as an unformatted permanent 
file named AAAAA on Cyber 855. AAAAA is accessed from Cyber 
205 and made a temporary file named UNITL 
UNIT 1 is converged to a 64bit local file, UNIT2 by a permanent load 
module C6064, which is a copy of public file, prepared for data con-
vergion from Cyber 855 to Cyber 205 · 
Fin~ny, UNITI is -renamed UNIT22 and prepared for 
calculation. 

compile of EXACT3 code by FTN200 compiler 

input data is assumed to be stored as a formatted 
permanent file named INDATA 
INDATA is accessed from Cyber 205 and made a local file named 
UNITS 

load and go 

final calculated flow field, UNIT21, is renamed UNITl, 
convened to a 60 bit data by *c6460, then sent and saved as a new 
unformatted permanent file named BBBB 

LP image listing, UNIT6, is copied to a local file OUTPUT. OUTPUT 
information together with program source listing, load map, and dayfile 
may be accessed from the Cyber 855 using QGET command 

specification of the program and input data name. 

Sample Batch File for Cyber 205 
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/JOB 
/NOSEQ 
FLOW,ST205 
/READ,USER 
RESOURCE,JCAT=P3,TL=2720,LP=20. 
MFLONK, UNITl,ST=CS2,DD=UU JCS="USER,LISHI,TAKASHI." 
"ATTACH,TMFK02." . 
REQUEST,UNIT2/300,RT=W. 
A TT ACH,C6064. 
C6064. 
SWITCH, UNIT2, UNIT22. 
FTN200,0PT=l,SC=l,UNSAFE=l. 
COPY,NEWDUNIP,DUMP. 
COPY,INPUT, UNIT%. 
LOAD(GRLP=*VEL). 
COPY,NEWDUNlP,DUMP. 
GO. 
RETURN,UNITl. 
SWITCH,UNIT2l,UNIT1. 
REQUEST,UNIT2/300,TR=W. 
A TTACH,C6460. 
C6460. 
:MFLINK,UNIT2,ST=CS2,DD=UUJCS="USER,LISHI,T AKASID. ", 
"DEFINE,MM!K03." 
COPY, UNIT" ,OUTPUT. 
Fll..ES,PRIVA TE=*. 
!EOR 
/READ,EXACT# 
/EOR 
/READ,SEAIRIK 

This batch job strean, named SUB FILE is submitted using following command 

SUBNUT,SUBFILE,E. 

On UNIX and extended DOS 386-computer no batch job is required. One must only compile 
and link the source code. Create the data flle describing the problem and run the compiled 
code as 
EXACT3 < DataFile 
where DataFile is the name of the flle describing the problem. Output will be to the screen 
and also to a file name EXACT3.DAT. If this flle is not renamed it will be over written. 

A.S Listing of EXACT3 
The following is a listing of EXACT3 for the Compaq 386/25 compiler with SVS 
FORTRAN-386. Only the time function ISCONDS must be rewritten for other compiler 
(since FORTRAN does not have a standard time function). 
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c 
c 
c 
c 

!XA~J IR. JC-!!: l10D!:t.l .............................. 
c------------------------------ -----------------
;·-- · -------- - ---;XPtiCI'I' T!ll!:•!tUCHIIfG ARGORITm. F'OR 

C COifTiliUOUS ~IIIRHAI. 11.UID 1"1.011 

g ----------COD!!D SY ~ . liUIIABUTI, Ul7 
C CODE REVUZD BY R. C;IDT UU TO UDUC:Z S"!''IIAc:& 
ii!:QIIt!IEHI!!lfTS c------------·----------·-----
C IliPU'!' DATA !'ORMAT 
c --------l--------2 --------l------4----s---

---~---------7--C TITLZ 
C taTM lfSTM HAXT IKIC 
C P.E PR AR B&TA US 
DT !NKX 
c o a ~ Q ~ 
SI!! se 
C OX (71"10.01 
C OY 171"10.01 
C DZ (11"10.0) 
c: a .11 Kt 
c !fill 
C tiN (7!5 UtH 11"10.0) 
C: !fOilS 
C Il I2 J'1 J'Z 11 
tu 
C lfSOR 
C: Il I2 Jt J':Z Kt 
tu 
C HO. 
C Il I2 Jl JZ Kt 
KZ C:R 
c-------L--------z-----l---- t---- s---

----•--------7--c 
c 
c•••••HA.IM 
c 

PROCJIAK ltAilf 
c 
c• •• • •Q!C:AMTIOM OF CCMHOM 
c: 
c 

c 
C tHPt.ICIT DOOBt.E ~RECISIOif IA•K,O•ZI 
C IN~~ SX.SY.SZ 

COHMOif I COMTRI 
1 ':'ITLZIZOI 
2, ill: , 1111& , ?!! ,liP!! , PR , AR , 8!TA, !PS , DT ,l!:lfMX 
l.XS'!'M.IfSTK,IIfiC.MAXT.VCt.M,JCSTP 
4, 'C::l , ~C! • ~Cl , LC:J , UQ , .U! , :SC , KUQ,IIIlll.llllf% 
5,:lA(lQ, 601 

COMMON I BCOH I 
l OX(t.+l) ,CYIH+ll ,DZIK+LI 

2, C:l•IR I L. :t,lll .!fiN , IIN (100, 7), UIK (100) ,lfOSS, IOB (100, SI 
J.lfSOR.tSOR!l00,6),SOR(1001 

COMMON 
Z ti(L.H.H), V(L,!t,lf) ,11(!.,11,!1) ,IIV(L,!t,Kl, W(L,!t,H) ,lf 

lf!L,M,lll 
l,? IL.:t.ll), D (L,:t,lll, S (L,lf.lll .AFXIL.M,lii,Drx!I ... 't.lll 
5,QIL,:t.lf) .:I:(L,:t.lfl .CIL.II,Ifl 

c 
c: 

c 

c: 

6, SX (L,M,lfl, SY !l: .. H,Ifl, SZ (L,!t,lll ,II&(L,It,HI 
7,XD ILI.YD IHI,ZD (NI 
I,IIX IL),HY (II).Hl: (NI 
,,XIP(L),YtPIHI,l:lPIHI 

CO!QotOK I SCALI ICON ( J I 

DIMENSION R11L+l),RZIH+11,Al1H+ll 

OP!!:lf (ll,l'It.E-' tllfiTZ:Z' .l'O~'UHPORHATT!D') 
OP!!:K 110. !'It.E-' H&XACTJ.OIIT' ,tO~· FORIIATT!ll'l 

c: 
c•••••ARRAY Ilft'I'!ALIZATION 
c 

c 
c•••••CATA IMIT:ALIZATION 
e 

c 

e 

e 

c: 

CAl.I. OATAIN 

IF I tNIC . I.E. 1 l GO TO 100 

READ IZZI U,lf,lf, P, Q, !,t:,!l1,1tZ,RJ,KSTP 

LOO C:Oif'!'IIM!: 

c•••••soLv'!R 
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c 

c 

c 

c 

e 

CAL!. SOt.'JER 

I < I INIC . ! Q. 0 I GO TO ZOO 
IF I INit: . EQ. l I GO TO ZOO 

OP!:lf I 21 . !"!t.E•' UNI'l'Zl' , f'OIU1-' UNI"OIU1A'!'Tt.D' I 
~I~!!:IZll U,lf,~,P.Q,E.C.~X.CY,CZ,KS'!'P 
C:.OS!IZ1l 

ZOO CONTIIIV!: 

c•••••JOB t!RHIIfATIOH 
c 

e 

CAl.I. OUTPUT 

STOP 
&MD 

SUBROI/TIN! ~ATAIN 

c•••••O!~t.ATIOK 01" COHMOK 
c 
c 

c 
C I~~~IC:IT 001/BL!!: ?RECISION IA·K.O•tl 
C INT~CtR SX.SY.SZ 

Ct.li1!10N /COHTR/ 
1 Tt:'U:IZO) 
Z.R! ,1111! . P! ,Kl'E . ~R ,AA .BETA,EPS ,DT . l!!lfKX 
l.KSTM,NSTH.tlftt:,:tAXT,VOLH,~STP 
4,ZC~ .ZCL .ZCZ .Zt:J .ZSQ .LS! ,ZSt: ,HZSQ,KZS!.KZSC 
5,CAUO, 601 

CO MHO If /Bt:Oif I 
1 OXIL+1) ,DY(M+l) ,DZIN+l) 

Z, Cl1111 L.lt,lll ,KIN • tiN ( 100, 71 , UIN (1001, NOBS, tQBilOO, 61 
l - ~5CR _ ISORflOO.S\.50Rfl00\ 

COH.HOM 
Z U I L.K.lfl ,lf(L.:t. :fl, if(L,lt,Nl, IIVIL,M,Nl, W(L,H,Ifl, if 

ii(L.M,Ifl 

c 

c 
,. 

l.? CL .. ~. NI, 0 IL .. -..lll, SIL.M.lll.AE'XIt.,M. lfl, orx IL.:t,lfl 
J,Q (t.,:t.NI.!: (l.,:t,lfl, t:CL,M,lll 
,,SXIL.:t,MI,SYIL.M.HI,SZit.,M,lfi.BEIL,!I,Ifl 
7, XD ILl, YD (M I. ZD (If! 
l,aX lt.l.~~ IMI.~Z IN) 
,,X!?IL),YI?IHI .ZIPIIfl 

COMMON /SeAL/ ICONIJ) 

OIH&IISIOif It:llllO,SI.t:llllOI 

c•••••OBSTAC~ SICK IlfiTIALIZATIOH 
c 

e 

co 2~0 tt-l.:t-1 
DO 2~0 J•l.l4•1 
CO Z$0 I•l , L-2 

250 SX II,J , :<I - 1 

CO ZSO K-l,lf•l 
CO ZSQ J'•l.:t-2 
CO 260 I-J , L•1 

250 SY II,J',KI - 1 

CO 270 K•l,ll•l 
eo 21a J'•l . K-t 
QO 270 I-l.L-1 

270 SZ II,J',Kl - L 

READI5.1001 'U'I'U 
~I:'! 1&, 600) TITI.E 
i<RI~I10 , 6QQ) TITt.E 
READIS.•) KSTH,MSTH.ltAXT,tNit: 
WRI:'~(6,610) KSTH.MSTH.MAXT.IIftC 
OIIIIT! ( L Q, 610) KSTM, llliTK. I!AXT, Ilftt: 
READ IS, •1 R! • PR , AA , SETA • .~:PS , DT , tiiMX 
IIIIIT!I&.UOI R! ,PR ,AA ,8!TA.US , DT .Zli!OC 
~I~I10,6ZO) R! ,PR .All. .BETA.ZPS ,DT .!KHX 
READI5, 'I 3t:D , ZC1 , ZC2 , ZCl ,lSQ , ZS! , ZSC: 
~I~!:(&, ilOl ZCD , ZC1 • Zt:Z , Zt:l • ZSQ • ZSE . ZSC 
ifRIT!I10.6lOI Zt:'!l ,Zt:1 , ZCZ ,ZQ ,ZSQ ,ZS! , ZSt: 
P.EADIS,•I IDXIII.t-1,1.1 
IIRI:'!!:I6. 641) IDXIII.I-L,Ll 
~I:'!!:I10,6411 IDXIII,t•L,Ll 
~15.•) IDYIJI,J-L.!tl 
IIRI'!'E(6, 6421 CDYI.l),J•l,:tl 
OIIIIT!I10,S4:Zl (DYIJ'I,J'•L,:tl 
READ 15, •1 IDZIKI,K-L,Ifl 
IIRIT!:I&.64JI IDZCKI , K-L.Ifl 
IIRIT!I10,64ll IDZIICI.K•l,NI 
READ I~. •1 (tCOiflt). t-l.ll 
IIRI-:'!16,650) (tC:ONitl.I-l,J) 
WRI:'~ I LO. 650) IIC:ONCII, I-1 , 3) 



c 
C•••••SOUNCARY CONDI~!ON INPUT 
c 

c 
c 

c 

n!ADCS, 'I Nil! 
eo 10 :-l.liill 

10 n!.ADC5, 'I CIIN(I,J) ,J•l, 7) .UIII(I) 

l<RI'!'!:(5,5501 
lfRI'!'I!: na. uo 1 
eo 40 I•l, !IIII 
lfRI~!(5,661) (IIli!I.J).J•l,7),UIII!Il 
lfRI~!:cl0,661) !I!II!I,J),J•l,7),UIII!I) 

40 CONTIIIU!: 

c•••••o&STAC~ BOUNDARY COKDITIOII 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 
c 

21 

Z2 

23 

20 

2S 

50 
ss 

n!.AD ( 5 , • I NOISS 

IT ( NOISS .&Q. 0 I GO 70 25 

CO 20 III•l,liOBS 
R!.ADCS.•) !IOB!II! .. :!.J•l,6) 

U • IOB!III.ll 
Il • !CB!III.ll 
Jl • ICBC UI . Jl 
.rz- toa,:::.4) 
Kl • :oaci!I. SI 
U • :OBCIII,61 

00 21 ~-!U .~2 
eo 21 .1-Jl ,.12 
CO Zl :-n-1, u 
sx (l,.l',lt) • a 

CO 2l :1:•1(1 , JI:l 
CO 2Z J-Jl-1.JZ 
00 2Z :-u • :z 
SY (l,.l'.Kl - 0 

CO Z3 lt•K1·1,KZ 
CO Z3 .l'•.l'l ,.l'Z 
CO 23 I•Il .u 
sz cr • .l'.KI • a 
::ONT!IIIl!: 

COMT:WE 

IT ( NOISS .. !Q. a I GO 70 55 
l<RIU!6. 6701 
l<Ritr: ( 10. 670) 
00 50 I•1.1COISS 
M11Itr:l6. 6711 IIOIS!I.JI ,.1•1,&! 
Mill '!'!!I c 1o. 6711 (IOB(I,.:) ,J•1, 61 
CONTIIIU!: 
CONTIIIU!: 

c•••··~HLRKAL a&AT SOURCE DATA 
c 

R&AD ( S. 'I lfSOR 
!T!NSOR .!Q. 01 lfR1~!(',690) 

690 fORMAT IlK .lOX. • •••• N'O HEA"r SQ~CU •••••, /) 
IFINSOR .~. O) ~HEll 
lfRIUc• . 6911 lfSOR 

69L :'OR.MA'f ( lH • lOX .. ' ..... K!.AT SOURCES •••••• .. I ,lOX. 
1'lfUMB!lt • '. I4,/l 

lfRI'!'I!i I •. 6921 
692 !"OIU4AT ( lH1.' .••• 11. ••• 12 ..... 11 •••• J:Z •••• Kt •••• K:Z 

souac;;:• 1 

c 
c 

eo 255 II•l,liSOR 
UA.Oc5, 'I !ISOR!II,.l'l • .l'•1,61,S0Jilf1Il 
lfRI~!(',6111 IISOJil!II,.l'l,.l'•l,6l,SOR(IIJ 

255 CCN'!'IIIIl!: 
<:NDIT 

c•••••OITICAk MESH R!TKOLCS MUHB!lt IIIPUT 
c 

c 

c 

~L\D(S, •) NO 

CO 30 !II•l.lfCll 
i\!.AD I 5, 'I ( IO I III, Jl, .1•1, 61, O!UII 

:1 • ICli!III.1l 
tz • ICR(III.2J 
Jl • ICli!III,ll 
.;2 • ICli!UI.41 
l<l • ICllci::.SI 
!<2 • ICR!IU,6) 

:o ll l<•K1, KZ 
:o 3l .;-Jl • .;z 

81 

c 

c 

c 
c 

c 
c 
c 

ll 

JO 

JS 

60 
u 

:o 3l t-Il. :z 
Cl1R!I,J.Kl • CR !IIII 

CCliTiliU! 

c:NT!N\1! 

rF ( lfCll .!:Q. a I G070SS 
MIII'!'I!i(6,6101 
lfRIT!!10,610) 
DO 50 t•l.liCll. 
lfRI'!'I!i (6, 611 I !I ell I I, J), J•l. 6). 0 c Il 
IIIUT!: Cl 0, 611) !IOCI. J),J•l, &l, O!Il 
COliT!IIIl!: 
CONTINUE 

C"'"S!T ltX!II ,HY (.11. lCD ([) , 'ttl (.l'I,XIP !tl. Y!P (.l'J 
c 

oo 2ao r-L:. 
HX I II - ~ . J DX !I) 
XD (II - z.o /( DX ( Il • !JX C I •ll 
XI? I Il • CX!I+ll I ( DX I tl • JlC I I•\ l 

zoo CONTINUE 
c 

CO 201 J•\.11 
HY 1.1) • l.O OY(.l') 
YD 1.1) - 2 .a I I D't(J) • OY(.l'+ll 
Y!il'l.l'l • OY(.l'iol)f( QY(.l') + CYI.l'+ll 

201 C:ONTiliUE 
c: 

00 202 ~-l,ll 

KZ. (KJ • l.O D%!Kl 
ZD (Kl - z.o /( CZ!ltl OZ IK•ll 
UP!Kl • DZ!K+ll /( CZ!Kl OZ.(K+ll 

2DZ :::NTiliU£ 
c 
c•••••~ROT!CTOR SET rOR BOUIIDARY COIIOI~ION 
c 

c 

c 

c 

c: 

c 

c 

c 

c: 

c 

DO 210 IU•l.!fiii 

n • Ulf!III,Zl 
12 • :::t~ft::.JJ 
Jl • !IN!I!:,U 
.12 • IIN(I!I,Sl 
!Cl - II!f!IH. il 
!t2 • IIN1t::,7) 

IF ( IIN!I!I,ll .EQ. l I "rHl!:ll 
DO 205 ~-Kl. KZ 
00 205 .1-Jl • .:z 
00 205 r-u. :2 

205 SXII,J,Itl - 0 
t!IDir 

tF ( IIHII::. ~~ .!Q. 1 l nt!N 
DO 206 K•K1.!<2 
00 20' .:-.11 • .:z 
CO 206 I•U, IZ 

206 SYII • .l'.KI • a 
SliD IF 

IF ( IIII!II!.1l .EQ. l I nt!N 
00 207 K•K1,!<Z 
co 101 .:-.n. ;z 
DO 201 t•U. IZ 

207 U!I,J,Kl • a 
!NO IF 

Ir ( IIII!III.11 .EQ. 1 I ":HEN 
DO 211 ~·K1.!<2 
DO Zll .:1-Jl, J'Z 

211 SX(U,J,Kl - 1 
!NC IF 

IF ( IIH!II!, Ll . :!:Q. I I TlWf 
00 212 K•!U.KZ 
CO ZlZ I•U. Il 

ZlZ S't!I,.:2,Kl - 1 
!MD IT 

Ir ( IIli!III,11 .EQ. 9 I ~HEN 
CO Z13 J-.11, .12 
00 213 r-n. rz 

213 SZCI.J.KZI - l 
END IF 

Z1Q COHTtllll!: 

c:•••••INITIA~ VALY! ~It SCALAR QUANTI~ I FOR IlltC • 0,1 
I 
c 

QIIII • O.l 
ti!fi • ZCO • QIIII •• 2 • R! 
HR! • l. 0 I ~E 



c 

c 

c 

c 

00 JOO K•l. :f 
00 JOO .1•1,!1 
00 JOO I•l. L 

OII,.J',Kl • KRE 
QII,.J',Kl • QINI 
~II • .J',l':l • UN! 

J 0 0 CONTtliUE 

c•••••INITIAL CALCULATION 
c 

c 

c 

VOUt • lt.-31 • 111-ll • IH•l) 
VOUt - l. 0 I VOUt 

HZSQ • 1.0 I ZSQ 
HZS& • 1.0 I ZS& 
HZSC • L.O I ZSC 
PE • RI: • PR 
!!PE • l. 0 I PE 

c•••••tNl~IAL CALCYLATION 
c 

c 

00 400 K•l,H·L 
00 400 J•l,M·L 
oo 400 I-l.t.-1 

DIVE- OT • I llCDill 0 IXII,J,Jtl •XDil-L)•Uil·L,J,It) I 
!IX I Il 

l 'ltliJ) 'SYI1,.J'.Kl + 'ltliJ-L)•SYI1,.J'•L,Kll 
• H'!IJI 

Z + ZD1Kl"SZI1,J,Kl + ZDIK-li•SZ11,.1,Jt·lll 
• KZIKI l 
c 

c 
ar. 11. J .xl - a. a 

c 
11!' I DIV!: . 111:. 0.0 l BEI1,.1,1t) - -UTA I DIVC 

400 COHTiliUE 
c 
c•••••roRMAT STATEKEIIT 
c 
C•••••READ 
c 

LOO ro!II4AT IZOA4 ) 
llO ~ORMAT I 4110 I 
LZO F0!114AT I 71!'10.0 I 
130 rOIU'.AT I 711'l0 .o I 
l40 l'O!U<AT I liLO l 
l50 rOIU<AT I IlO l 
l&O F0!114AT I 7t s ,F1o.o 
170 FC!114AT I cno I 
UQ ,Ol\14AT I SILO .no.o 

c 
c•••••tntiTZ 
c 

500 ,Olii4AT (1H1////1K ,ZQX,ZOA4,10X//I/) 
c 

SlO t0!114AT 
1 1K , ZX, '!tSTll: ••••••• Till£ l~TtON HAX 

liO.-' ,115/ 
Z , lK , ZX. 'lfSTKI ••• l!tESSUll& t~TIOII HAX 

:ora.-· ,115/ 
l ,Ut.ZX,'~; •• • •••••• CPO'Ttii£HAX ISIII:C:.J-',IU/ 
4 ,LH , ZX,' tlllC; •••• INITIAL ltt& DATA CONTIIOI.-', US/ 

I 
c 

620 ;'QRKAT I 
l 

HIIKIIEI\-' • rt s . 11 
z 

HliMISEII•' • ns. 11 
~ 

HliMISI!.II•' • ru . 11 
4 

COKST-' ,FLS. 7/ 
s 

LII1IT-'.F15.7/ 

' DIVISIOII-',!'15.7/ 
7 

COHST-' , f'U. 11 
c 

630 ~Ol\14AT I 

• ,!15.7/ 

',i"l5.7/ 

· .ru.7t 
•.ns.11 

• .ns. 11 

·. ns. 11 

1 

lK , ZX, 'RE : , ••••• LAIIIIIJUI II&YIIOI.DS 

, lH , ZX, 'PR : • ..... LAK1NAJI PIIAIIDTL 

, lH , %X, 'M 1 , •••• , ...... AJIGIItKBDU 

,lH , ZX, 'BITA: •• AC~TE l1Et.AXIZAT10H 

,lH ,ZX, ''!PS : • •• DIV!:IICZMC!: t'Ot.I!.IIAIICZ 

,LH , ZX, 'DT : ................ TIME 

, lH , ZX, '~: ••• , CONVEJICZMCZ .10'01:1111: 
I 

lH • .zx. • Zc:l 

.lH ,ZX,'ZC:l 

,lH . .zx. ''le% 

.lH ,.ZX, • ZCJ 

. lH .zx.·zsa 
,llt ,zx, 'ZSE 

,LK .zx. •zsc 

82 

I. tl.S. 7/ ) 
c 

c 

64L FO~~~ ilH .•••·•~x·t.61LQF~ . 3/) 

UZ P'OIU'.AT IIH • '""!lY' f, ill:F~ . Jil 
U3 f0!114AT 11!1 ,""'!lZ'/,5Cl:F6 . J/) 

650 FOJUoiA"r (lH , I .lOX.' •••••!)AT.\ OUTPUT POtYT•••••", 
11 

,lOX.' I', IlO. '. ', IIO. ', ', UO. 'l ', I ) 
c 

11 
6'0 l"OR.MA!' llH ,/,lOX.' •••••!Qt.-x'CARY CONDIT:ON•••••'. 

L • .•• HOa •••• n •.•. :z •••• n• 
2 • • .... .;z . •.. x1 •.... u . ...... .. srv•. 1 1 

661 rOl\14A'l' ILK , 7I5,.1'l.2.ll 
c 

,70 !"ORMA'f (lM ,/, !.O'IC,' •••••OBSTA~~ CONDtT:ON•••••• .I I 
1 ' ..•. .tl ..•• !.Z •••• ;:. • 
Z , ' .. ... .:z .... XL .... .U'. I I 

571 rCl\14A'l' llH . 616) 
c 

IilO !"CRHAT llM .I. lOX.' •••••cai"::CAL REY~Ot.:IS 
HO. ••••" f f 

1 ' .. • . :! . ... IZ •••. .:! .... .:2• 
2 , ' .... K1 .... l<2 ......... Clill' /) 

611 1"0!114AT il!l . iU.:lZ.~I 
c 

R~'!";~ll 

I!.ND 

c 
C:• • • ••O!C~T:OH OF C""'....MMON 
<:: 

c 
c 
.; 

c 

c 

PAIIAKE'l"'..ll lt.-29.-Z7 ,lf-201 

lKP~!C:T ~OUIII.E ~JIEC:!SIOH IA•M,O-ZI 
UiTti.Tc.i\ .iA, .5Y, SZ 
COHMOH f COHTJI/ 

L !'I:":.Zi201 
Z.RI .:IRE .l~ .MP~ .~ll .All ,!I!TA.US ,OT ,!:IIMX 
J,XITK,HITM.IHIC.MAXT,VOLM.XST? 
4.Zc:l .LCl . ZC2 .LCJ ,ZSQ .zst .ZSC ,HZSQ,HZS!,:IZSC 
S,DA(LO, 601 

CO~ ... ~N /SCOH/ 
l ~XI~•ll ,OYII1+11 .OZill+ll 

Z.~~IL.".Yl.Ytlf ,t:~ll00,71.~!~1l00l.YO!IS,!OBI100,6l 
3,NSO~.:SORI100,61,SOJI!l00l 

C:QI1MOII 
2 U lt..11,YI, VCI.,M,!Il ,lflt.,M.lll, \l'll'lt..I1,H), VVII.,M,lll ,If 

W!t..M,HI 
3.Pit.,.!t,lii,Dit.,11.lii.Sit..11,lfl,AI!'XIt..l1.lll,DFXII.,M,HI 
S, Q 1!.,11, HI, S: lt..Jt,HI ,C(t.,K,!fl 

c 

c 
c: 

5, SX I!., :1, NI, SY CL, :1, NI, SZ CL,:1.lll. a!: lt..M.lll 
7,XD 1:.1.Yll 1111.ZD IMI 
I,HX i!.I.!IY 1111.<1:11. IMI 
,,X!11t.l.IIP!111.Z!11MI 

CC.'1KOH /SCAt./ !COH13) 

c•••••AARAY :MtTtALIZATIOH 
c 

c 

c 

c 

c 

DO 100 !t•l,lf 
DO LOO .;-1.11 
DO LOO I•L,!. 

11 11 • .1.!{) - 0.0 
V I I. .; , Kl - 0. 0 
w II.J.Ltl -~.a 
1111 II.J.ltl • 0.0 
w II.J.ltl - o.a 
lfW I I, .;,l'!l • 0. 0 
P I I. J ,l'!l - 0. 0 
D il.J.l'!l - 0.0 
s (1..1.1:1 - o.o 
AI'XII.J,ltl - 0.0 
DFXII,.l'.l'!l • 0.0 
Q II,J,l'!l • ~.0 
! i! • .l',KI - 0.0 
C 11 • .:.1tl • 0.0 
SX II..;,JC) - 0 
SY II,.;,Kl - 0 
SZ II.:.Kl • 0 
Bl. II,.;,111 • 0.0 

lOO CCH'l'!liUE 

DO LJO J-l. 60 
DO L30 r-1.10 
OA1:t..:1 • 0.0 

130 COHT!liUE 



c 

c 

c 

c 

CO tSO ~-L,N 
00 !.50 .:-1. !1 
00 :so :-L.:. 
CltR i!.J,iCI • 100000.0 

LSO CCNT:lW'E 

00 15Z :-L. :.•L 
t sz oxc:1 - a.o 

eo L.SJ .;-L.:1.+l 
153 DY c .n - o. a 

eo 154 lt•L. N+L 
154 czc~tl - o.a 

c•••••~ROT~~~R :~t~I~IZE 
c 

c 

c•••••ROOM ~IR OIS~RIBUTICN SO~V'ER 
c 

c 

c 

SUBROUTINE SO~VER 

?~T!R (~·l9,M-Z1,N•ZOl 

C IMP~ICI~ OOUB~ ?RECIS:ON (A•H,O•Z) 
C tMT~C£R SX.SY.S% 

e 

c 

CCHKON I COIITR/ 
1 ':'!'rLE(20) 
Z,RE ,HRE .1'! .HPE .?!1 ,AA ,BETA,US .OT ,E!IMX 
l.KSTM,NSTM,INIC.~,VOLH,KSTP 
4.%~ ,%Cl ,%C2 ,%03 ,%SQ ,%SE ,ZSC ,KZSQ,KZS!,HZSC 
5,0A(10, 60) 

COHMON I!ICOHI 
1 exc~+l) .OYCM+ll ,:lZ(!r+ll 

2.CltRC~.M.Nl,NIN ,II!rt100,1),UINI100),N08S,IOB(100,61 
J,NSOR,ISOR(100,5),$0RC1001 

COMMON 
Z UU.,M.NI, VCt.,M, HI ,lr(t.,M,NI, tiV(t.,M,NI, W(t.,ll,lll, lf 

II'(~.M.Nl 

c 

J,? tt.,M, NI, :l t~.M. lfl, S lt.,M.lll ,AFXI~.M.lfl, en: (t.,M, HI 
S.QtL,M,NI.ECL.M.lii,C(t.,M,lll 
6,3X(L,II.NI . SYtL.II, NI , 3ZtL,l\,lll.3Ett.,II.HI 
7,XD tLI.ID 1111,%0 (NI 
S,:iX tt.l,!IY tMI.~Z tHI 
,,XI?(LI.YIP(l\I,ZIPClll 

CCHKO!r I SeAL/ ICON I 3 I 

OIM!NSIO!r UY(t.,li,NI,UZtt.,M,NI.VZCt.,M,NI,VX(t..lt,HI, 
li<X(L,M.lfl,liYCr..M.lii,QQtr..ll,lll. ~(t.,M.lll, CC(t.,l\,NI, 

ZXY tr.,ll. lfl, '!Z cr.,l\,lfl, ZXtL,l1, NI 

!QUtvA~.'ICE 
C.VXC1. !..ll. ;rt(1.l..ll ,X't(l, !.,l.). VZ Cl.l.!l, 'rZ (1,1,1) 

1, UZ I 1. l, :I • ZX I 1. 1. !.I I 
c 

(C!'X I l. 1, ll , VX I l, 1. 1 l .liY Cl. l. ll .II'X I l. 1. l I I 
c 

!QUIVAI.ZNCE (UU(l.l.ll .QQ!l,l,ll I 
c 

c 

c 

!QUIVAI.ZHC:Z CWtl, 1,1), !&ll,l,lll 

EQUIVALENCE (IIW(l,l,ll,;: 11,1.1)) 

c•••••9CCN RESET 
c 

in~ IT!: 16. 3000) 
1111IT!:Cl0,3000l 

JOOO ~ORMATC1K ,• 
!qu&t.ion.a"./l 

CO 1000 I•t.:. 
oo :.aoa .:-1.11 
eo 1000 x-1 .. ~ 
UCI,.;,i() • U(I,J.!tl 
VCI.J,!tl • VCI.J.Kl 
if I I • .;,;t) • lf(I, .;, Kl 

LOCO CONTiliU! 
c 

CAr.t. 9CONSUB 
>Ill IT! 16.30201 
lfiiiT! I 10. J0201 

SXCI.J,KI 
• 5YCI.J.KI 

S% CI,J.KI 

!QUtvAr.EHCE 

3020 ?ORMAT ( lK • "Set. Init.ial 3ound&ry CQndit.iQns"l 
tXSTP • KSTP 

c 
KS~P • !O:STP·1 

:r I IHIC .EQ. 1 l TH!N 
:xsTP - 1 
!tST:!' • 0 
!NDii" 
NST!' • 0 
it't'!H - 0 
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c 

QAV'E - 0.0 
u.VE - a. o 
CAVE • 0.0 
cAve: - o.a 
PAVE • 0.0 
!:HAV • 0.0 
D11AX - a.a 
.:T!l'.£1 • !S!CliD Ill 
IIIII~: (6, J022) JTI/1.!1 
IIIIIT!: 110.30221 J'TI/1.!1 

l022 rORMATC1K ,"Ini~ial ~im• is ",I15," ••cQnd•"l 
c 
c•••••WORK V!~OR tHIT!ALIZATION 
c 

c 

00 1010 I•1,r. 
00 1010 .1•1.11 
00 1010 ~-1.11 
en:ct.J.~tl - o.a 
AI'XCI.J,I:I • 0.0 

scr.J.:<I - a.a 
1010 C:ONTI!IUI!: 

c•• • • •oo !.OOP ~ET"JllN 
II'RIT!:(6,J021l 
lfiii~IlO.lOUI 

3021 FORHATC1K . ·s~art.inq SQl~t.ion LQo~•) 
c 

ZOO (;CNT!lru'E 
c 

KSTP • I:STP + 1 
c 
(;•••••TERMINATION CRITERIA 
c 

IF I CKSTP.GT.XSTMI .OR. CXT!l1.CT.l\AXTI l GO TO 2000 

c 
203 CCNTIHVI: 

00 LOZD I•1, I. 
00 1020 J•1.ll 
00 1020 !0:•1,!1 
SCI.J,itl • D.O 

1020 CCHTIHU! 
c 
c•••••SET S 

c 

c 

DO LO ~-Z,N•1 
DO 10 J'•Z,l\•1 
00 LO I•Z.I.·l 

UX • ( U(I.J. ~I • U(I·l,.:,:<l 
VI • ( Vlt,J.!() • VCI • .:-1,!(1 
IIZ • ( ~II,J.XI • lfii,J,K·1l 

• I!XC!l 
• !!'((.;) 
• I!ZCXI 

S (I . .:.Xl • 2.0 • ( ax••% • VY••2 • wz••2 
10 C:ONTiliU! 

c•••••~JLATIOK OF XY 
c 

00 10l0 I•l, r. 
00 1030 .:•t.M 
00 1030 ~-l.ll 
en: I I. J .XI • Q. 0 
.vxci.J,ltl - a.o 

1030 CONTINUE 

c 

c 

c 

00 lS !t•1,ll-l 
CO l5 .:•1,M•l 
00 lS I•L,l.-1 

UYCI,.1.!tl • I U'(I , J+l,itl • O'!I.J,ltl 
VXU,J,!Cl • I VU+l,J,i.<l - VCI.J,ltl 

lS COHTiliU! 

00 1040 I•1, r. 
CO 1040 J•t.M 
00 1040 !t•l. !f 
XYII.J.KI • UYCI,J',ltl + VXU,J,!tl 

1040 CCNTI!IUE 
c 
c•••••ADD XY to S 
c 

c 
c 

oo zo ~t-z.:r-1 
oo za J•Z.II-L 
oo zo r-z.r.-1 

S CI.J,XI • S!I,J.KI 

• YCIJ) 
• Xll(Il 

+ I XY I I, .:.ltl +XY II•l. J'. XI +XY I I. J·l, !Cl +XY ( I-1. J·1. Kl 
1••z 1 u.o 

Z 0 C:OHT!!IUE 



c 
C• •• • •C:ALC;JLAT!ON OF '!Z. 
c 

CO ~5 l<-l.ll-1 
CO l5 .r-1,M•1 
CO l5 I-l. :.-1 

VZII.3.Kl • I V(I,3,X+1) - V(%,3,!1:1 
IN(I,.;,i() - ( W(I,J+1,3) - 11(1,J,KI 

25 COHTilfUE 

DO 1050 I-1, I. 
DO 1050 J-1,M 
CO 1050 !1:-l.!f 
yz I I • .1, Kl - VZ 11, J,K) + WYII,.1,Kl 

1050 COHTiliW 
c: 
C:•••••~C YZ TO S 
c: 

CO l& !t-2.11•1 
00 2& J-2,H•1 
oo 26 r-z.r.-1 

9 II.;,lC) - S!I.3,Kl 

• ZDIKI 
• YIIIJI 

2 • I lZII,.1.Kl+lZII,J-l,!Cl+UII.J,K•li+YI(1,.1•1,K•ll 
1••2 I 16.0 
c: 

c: 
C•••••CAI.C:ULAT!ON OF ZX 
c 

c: 

00 27 K•1,ll•1 
00 27 J•1 •• 't-1 
ea 21 t-L.I.-1 

11ZII,.1.Kl - I 11(1,.1,!1:+11 - o:I(I,.1,KI 
lfXI1,J.KI • I IIII+l,J',Itl - lf(I,J,KI 

• ZDIItl 
• XDIII 

c: 
c: 

27 COtrri!IIIll 

00 10&0 1-l.I. 
00 1060 .r-l.lt 
00 10&0 !1:•1 , !1 
2XII,.:,KI • lfXII.J,!CJ + UZII,J,Itl 

10&0 COHTIKII!: 
c: 
C•••••~D ZX TO S 
c 

c 

DO 21 K-Z,ll-1 
00 21 J-Z,lt-1 
00 21 I•Z,I.•l 

.: c: . .:,x: = ,;: • .:.~) 
+ ( 2XII,.1,KI +ZX(1,.1,1t-li+ZXII•l,J',Iti+ZXCI-1,J'.It-ll 

1••z 1 u . o 
c: 

2 I C:Oll'l'IIIUB 

Il"l!tSTP.~Q.ll 91RI~(5.J0011 
I!'IICSTP.!Q.ll IIRI~IlO,JOOll 

3001 I'ORMATilH , "The III&C:l:'U S ~s !ormn ") 
c: 
e•••••SB'l' D 
c: 

c 

c 

DO 1070 I•l,I. 
DO 1070 .1•1, K 
DO 1070 lt•l,ll 
I!'IEII,.1,1ti . U.:.O.OI '!'liEII 
OII,.1,!tl - 0.0 

P.:LS!: 
DII • .1.!tl - 2c:D*Q(I,J',!t)*Q(1,.1,Kl/E(I,.1,1tl 

P.:liD I!" 
1070 CON'l'!lfll!: 

Il"IKSTP.P.:Q.ll 91RI'l'E(5,J0021 
Il"(ICSTP.!Q.ll IIRI~IlO,JOOZl 

3002 I'ORMA'l' llH , "The c1i!fuo1v1t:y hAo be.,. c:alul.ac:n"l 
c 
c:•••••sCALAR VARIABLE UPDAn•••••••••••••••••••••••••••• 
c 

CO 1010 I•l. I. 
CO 1010 .1•1,1'1 
00 1010 lt•l.ll 
aalt.J,l<l - o.o 
I!:ZII.J,KI • 0,0 
CCII • .r.KI • 0.0 

1010 COH'l'IlfUE 
c: 

CALL SOLVEX 
Il"IKS'l'P.~Q.ll IIRITEI&.JOOJI 
I!'(KSTP.!Q.l) lllU'l'EilO,JOOll 

3003 FORMAT 1 lH • "!'iniol\eo Sc:aJ.ar x l!'luxeo"J 
CALL SOLWY 
II'(ICSTP . .!:Q.l) IIRI'l'EI&,J0041 
I!'(KSTP.£Q.ll >fiii'l'Eil0,J0041 

l004 FORMAT IlK , "'l"inul\eO Sc:al.ar Y l"luxeo"l 
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Co\~L SOLV!:Z 
IFI!ICS'i'P . .:::Q.l, ;.IRI!'~(6,J005) 
If'l!tSTI!' . ~Q.lJ \fiii':'l!:ltO,lOOSl 

JOOS ~ORKAT IlK , "!'1nl.3fted. SCA.l.i.C Z. l'lwc.•s"l 
c 

DO 10~0 I•l. I. 
DO 1090 ;-1.11 
DO 1090 !t•L,ll 
DFXII,.;.K) - 0.0 

1090 COll'l'IliUI!: 
c 
C:••• • •D&ttR.MIM?! UP OAT! OF 0. ~. C 
c 

00 ss lt•],!f-1 
DO SS J•l.K-l 
DO 55 I•l.L-1 

c•••••CA~JLATION OF ~!RATURE ~IF~!REN~ 
c 

OFXII.J,ltl - I 
sx1:-t,J.K1 

1 • 
SX(I ,.1,!1:1 

C(I,J,!I:I-CII-1,J,!I:) 

C:II+1.J.Kl-CII,J.~) 

XDII-11 

XDII 

z • 2 . 0 I ( SlC(I-l..:.Kl • l.O l 
SXI:.J.KI • l.O 
c 

SS C:OHTilfUE 
c 
e•••••Co\L~JLo\TlOM 01!' OQDT 6 DI!:DT 
c 

<: 

c 

DO 1100 I•l.L-l 
DO uoo J•l,M-t 
DO 1100 K•l,N-1 
II!'IQ(I,J.It).t:T.O.OI TltU 

QQ(I,.1,1tl • QQII,J',Itl 
1 • D lt,.:.IU • S lt,.1,ltl 
2 - t II,J.~I 
l + D (I,.1.KI * D'l"X(t,.1,Kl • AA • HZSC: 

I!:EII,.1,1tl • I!:EII.J.KI 
1 + I D II,.1,ltl • S t:,J.~l • ZCl 
2 • ! II • .1,l<l • ZC2 
l + D CI • .1,KI • Ol!'lCII,.1.1tl ' M • IIZSC • 

ZCJ 

c 
* t II,J',!tl I Q II,.1.1tl 

!HD I!" 
UOO COIITIMUi!: 

c 
C: ~li!IIKAL SOI/RC: T!llltS 
c 

I!' I HSOJI.lfE. 0 I Till!: M 
CO lOG I :: - l.liSOft 
tl - tsORIIII,ll 
I2 • ISORIIII.Zl 
Jl - tsOlt I XII. Jl 
J2 • UORI tU, 41 
Kl- ISORIII%,51 
!1:2 • ISORIII%,&1 
DO lJOO I-Il. I% 
DO 1JOo J-Jt. ;2 
DO uoo ~t-n.x2 
C:CII,J.~I • CCII • .1,1tl + SORIIIII 

1300 COHTIKII!: 
i!:HD I!' 

I!" lltSTP .!Q.l l IIRI':'!: (5, 30061 
Il!'lltSTP.!Q.ll liRI~(lO,JOO&I 

lOO& ~ORIIAT IlK • "CI\eclu.nq Oboc:ac:ho") 
C••• • OBS'l'o\=S CHE<:ItED 
c 

c: 

I!" (HOBS .liE. O) THEN 
00 l~~ ltT•1 , MOI'IS 
Il- IOBIIII,ll 
I2 - IOBIIII , 21 
.11 - IOBIIII. ll 
J2- IOBIIII,41 
Kl - IOBIIII, 5) 
!tZ- IOBIIII,&l 
DO lOO t-n. IZ 
00 lOO J-Jl, J2 
00 lOO i':•!tl,!t2 
C:C:II.J,!I:I • O.o 
QQ(I,J,l(l - 0.0 
!EII,.1,Kl • 0.0 

lOO CONTIKII!: 
I!:ND IF 

C R!STRAill'l'ED BOI1NDo\RY C:OHDITIOHS CHECKED 
c 

I!'lltSTP.!Q.ll WIII'l'EI&,J0071 
II!'IKSTP.!Q.1l 91RITEilO,l007) 

3007 FORMAT 1 tK • "C:lleckinq aounllary eon«1tiono"l 
II!'INIII.liE.O) THEN 
DO llO III•L,liiii 
Il • tiliii!I.21 
I2- IIIIIIII.ll 



c 

Jl- =~(! .41 
.12- :lilt ,5) 
~l - ::1(: . 6) 
~2 • Ill !I • 7) 
!E' (I!!'fCI!:. ~) .s;Q.!O) !'MEN 
eo J20 .;-.. n . .:z 
DO J2a K•Kl.Z<2 
~EC!!.J.~l • 0.0 

J2a CCIITI~II£ 
~NO :r 
IF(I:!III::,ll .t'.Q.lll TI\Elf 
DO l2l I•ll, Il 
DO l2l !O:•Kl,lt2 
u:rr .. a,ltl - o.a 

321 CONT:NU!: 
~NO :1" 
t!' !I:N(I::.ll .t'.Q.l2l ~1\Elf 
DO 322 I•Il. :2 
DO 322 .I-.J'l, .;:z 
:::zc:.:.!Cll - o.o 

322 CONT:liUE 
!MD :? 

llO CONT'!NUE 
:;No :!" 

c•••••SAVE ':'!.MP!:RATUl'E IM S FOR 80t1YAHCY roRCE 
c 

CO !110 :•L..:. 
00 11la .I•t.l1 
~0 11la !(-t.11 

SII • .l'.!(J • C(I • .I,KJ 
lllO COHTIIIIIZ 

c 
c•••••UPDATE 01" Q,£,0 
c 

DO 1120 I-1,!. 
DO 1120 J-1.l1 
DO ll20 it-1, N 
Q(I,.I,XJ - Q(I • .I,KJ • DT • QQII.J,ltl 
!II.J,l!J • !II,.l',KJ • OT • !E!I,J,KJ 
C!I • .l'.ltl - C(I,.I,KJ • DT • CC(I,J,Kl 

ll2a CONTIIIIIZ 
c 

Il"IKSTP.EQ.1l ~IT!(6,JDDIJ 
Il"!KSTP.!Q.ll ~l'l'!!la.JOOII 

JOOI FORHAT!lH .-upaa~ea Q, t 4 c•) 
:•••••cHECK rOR POSI'l'!vt VA!.IIES Cl" Q 4 £ 

c 

DC UJO I-1, L 
DC UJO J-L.H 
DO 1130 !t-L.ll 

Il"IQII.J,ltl.I.Z.a.OJ TI\Elf 
QII.J.Kl - a.o 
!II • .:.ztJ • 0.0 
!!ID Il" 

Il!'IEII • .l'.Xl.IZ.a.aJ TH£!1 
an . .;.x, - a.o 
ZII • .:.K) • 0~0 
!MD :!" 

UJO CONTI~I/1: 
c 
C :A!.CIIIA'l'E AvtRAC:E CI\AKCZS Cl!' Q, !, 4 C 
c 

c 

c 

c 

QAvt - 0.0 
U.vt - 0.0 
CAvt • 0. 0 

DO 110 K-l,lf·1 
DO ua .z-l,l1·1 
DO 110 I•l. L-l 
QAvt • QAV£ • QQCI • .I.KJ••2 
aAVE • tAVE + ~(I.~.K)••% 
CAVE • CAVE • CC(I,J,ItJ••z 

11 a C:OMTINU!: 

c SOLVE ~KEMTIIM !QUATIONS 
!l!'(KST?.!Q.ll ~I'l'£(6,30091 
!FIKSTP.!Q.ll lfRI'l'!!lO,J0091 

3009 ~CRKA'l'llH ,"Averaqe• oC Q, ~ 'c =alcula~ea") 
e 

CALl. !!OH!:NTX 
!F!KSTP.<:Q.ll lfRITE(6,JOlOJ 
!F!KSTP.t!:Q.l) lfRIT!!lO.JOlOJ 

3010 :ORMATilK .~Momen~ua in X dire~ian Jalvedft) 
CALl. ~He:NTY 
IF!KSTP.!Q.ll IIAI'l'£(6.JOlll 
:FIKST?.EQ.ll ~I'l'EilO,JOlll 

lOll !CRHA'l'llH .·~~·n~ua in Y ~ireccian salvea"l 
C.M.;. ~He:NTZ 
!F(KSTP.!Q.ll lfRI'l'Eit.JOlZI 
!F(KS'l'P . EQ.ll lfRI'l'E(lO.J012l 

3012 i'CRHAT (Lit , "~oraen~un i.n Z airiiCUan salvea"l 
c 

~0 !.140 :-t . .r. 
CO ~ 140 J•L. M 
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c 

c 

c 

c 

DO 140 l':•t. :f 
Ull I , .;,l()•IIU(!. ,1':) •SXI I, .I,lO 
W( ,,;,l()•W(t, .Z<l"SY(!,.I , Z<l 
iM( ,.;,K)•WW(I, ,l()•Sl:(!,J.:<l 

!1"(9~CI,.I,ItJ.£Q.O.aJ THEN 

UIII! • .I.KJ • O. a 
vvcr • .:.ltJ • o.a 
WIII(!,J',KJ • 0.0 

Elm IF 

C UP DAft U. V 4 If 
c 

c 

U (I,J',ltJ • U(I • .I.ltl • OT • tltt(I,.l',l':l 
V I!.J.KJ • VII,J.Kl + OT VV!I • .I,Kl 
11 l! . .;,lt) • II(I,.I,l(J • OT WW(I • .I,Kl 

1140 CCNT:YUit 

ll"(!O:S~.~Q.ll ~IT!(6,J01JJ 
Il"!KSTP.EQ.ll ~I':'t(la.J01JJ 

JOlJ f"CiLW.AT ( lH ... VelQCl.':.~e• U'S)CSAC.ed .. 1 
c•••••~RESSURE ~ELAXAT:ON•••••••••••••••••••••••••••• 
c 

c 

c 

c 

MST!I' - 0 

12 CCNT:lii!E 

NST? • NSTP + l 
D.HAX - a.o 

c•••••CA1..-:1tA'l'IOif 01" OIV!IIC!H~ 
c 

c 

c 

DO 15 K-l,M·1 
DO 15 J-l.l1·1 
DO IS I•l.!.-1 

S !I.J,Itl • I U(I • .I,KJ - U!I•t..1.KJ 
1 • ( V(I • .I.Xl - V(I,.l'-1.KJ 
Z • ( lf(!,.I,Kl - lf(I,J,K·1l 

c•••••OORRE~ION OF U,V 6 P 
c 

c 

DP • 9EII,.l',ltl • S (I,.l'.Kl 
P (!,J.!I:J • ~ !I • .l'.Kl • ~p 

• !!XIII 
• HY(J') 

HZ!KJ 

U !I ,.l',:O:l • U (I • .I.Kl • DT • DP • lCDII l • SXII 
,J,KJ 

t1 t:•1,J,KJ 
SXII-1,.1,ll:l 

- <1 

V (l, .1.1tl • V 
SY!I. .1,1':1 

V II • .l'·1,KJ 
SY(I,.l'•l,ll:l 

W II • .1,X 
SZ!t,J.It l 

>1 t:,.I.K•ll 
SZ !I, .l'. K-ll 
c 

15 CCNT:NU!: 

oo :~so r-1.1. 
DO :lSO J-t,l1 
DO :lSO K•1,M 

• V 

-.. 
-.. 

II·1,J.Kl - D'r 

!I, .1,11:1 • DT 

I I • .l'-1.ltl - 0'1' 

(I,.I,K • D'\" 

(I.J.X·ll - DT 

Il"ISE!I.J.KJ .t!:Q.O.aJ SII • .1,!<J•O.a 
1150 CONT!~Ul!: 

c 
c•••••a~~IKE MAXIMUM OIV!~CEHCE 
e 

c 

DO 11 K-3.N·1 
DO 11 .I•l.ll-1 
DO 11 I-3,!.-1 

. DP . lCD(l-1) . 
• !lP . Y!ltJ l . . ,, . YDI.l'-11 . ,, ZDIK 

~· 
. ZD IK-11 . 

Il!'( A8S(S(I,.l',lt)).CT.DMAK ) OMAK • US( S(l,.I,Kl l 
c 

11 COHT:NU!: 
c 
c•••••cHtCX FOR CONvtRC&NC£ OR AAX IT!RAT!CHS OF PRESSURE 
R!IAXATIOH 
e 
c•••••OIVERCENCE TOR!LAMCZ ~IMI! 
c 

c 

e 

e 

Il" OMAK . !.!. !PS l CO TO 90 

Il" l!STP .!.!. :fSTH l CO TO U 

90 C:ONTIIIIIZ 

c•••••sz~ 30UHDARY CONDITION 
c 

CAt.:. 3COHSU8 
c 
e•••••CALCti~TE AV!RAC:E CI\AKC:ES 
c 

DAVE • 0. a 



U.V'! - 0.0 
Ell AV - J.O 

c 
CO lOO K•l,li·L 
CO LOO ;-J,M-L 
CO lOO I•l,L-L 

c 
OAV'! • CAV'! • \IU(I,J',K)••z•.5 • WII,J',K)••z•.S • 

.W(I,J',Kl .. z•.S 
PAV'! • ?AV'! • I I, J. Kl 
!:M AV' 

l 
• .:;HAV • ( U(I-t,.;,.!:) • U(I,J',Kl ) •• Z 

I VII.J'-1,Kl • V(I,J',Kl I •• Z 
2 

o.us 
• • I W(I,J',It•l) • W(I,J',KI I •• Z I 0 

c 

c 
c 
c 
c 
c 

c 
c 

c 

c 

lOO CONTIIIIIE 

CA V'! - QAV'! • VOT.lt 
~V'! - !AVZ • VOT.lt 
c.\ V'! • CAV'! • VOUt 
OAV'! • ~AV'! • VCt..'l 
CA V'! • SQRT ( CA V'! • vet.-. 
!.AV'! • SQRT ( EAV'! • VOUt 
CA V'! • SQRTI CAV'! . vet.-. 
CA V'! • SQRTI OAV'! . vot.-. 
PAV'! • ?AV'! VOT.lt 
El! AV • !NAV • VOUt 

IF ( UTP.~Q.l .OR. ~D(KST7.ZOI .:Q. 0 l lfRIT!:(I,ZOS) 
IF I KST? . ~Q.IKSTP . OR. KSTP .:Q. (IXST? > ZO) ,CR. 
lHOD(KSTP.ZOOl .:I:Q, 0 l '"'IT!:IlO.ZOSI 

IF (H00(KSTP,1001 ,£Q, 0) TH&K 
OP!.N IZ1,FII.Z•' UNIT21' ,FORM-' UN!'ORKATTE!l'l 
Nli.IT!: czu u. V,1f, P.a.:a:. c,ox.cY.or.,un 
CLCSl!:C 211 
!IlD u· 

ZOS FQIUVIT IlK 
1 

' • UTP .KSTP. XT'UI' 
, ' •••• QAV'! ••••••• UVE., ••• CAVE' 

z , ' ••••• OAV'! ..... PAVE ..... !IIAV ••••• OIIAX'l 

XTIM • IS!CYDI1l-J'TIM!l 
lOll IT!: ( 6, 2061 ICSTP, MSTP, XT'UI, QAVE,!AVE, CAVE, CA• 

Vl.PAV'!.!NAV,CIIAX 
IFIKSTP . ~. IIXSTP • Ul .011. HOOIUTP,101 .ltQ. 0) 

Tll£.''1 
lfRI~!IlO,Z06) KSTP,MSTP.XTIM,QAVE,!.AVE,CAVE,CA

VE,PAV'!.~NAV,OIIAX 

c 

tN!)IF 
20& FOIU1ATIU,Il, IS.I'9,5,Fll.5,5F9.5) 

I!' ( ZXAV .Cl'r. - l GO ~ ZOOO 

GO TO ZOO 

zaoa COHTI!IIIE 
c 

c 

c 

SU8ROUTIYI SOLV!X 

?ARAI4&T!R (I.-29,l!-Z7, .~•ZOI 

C IMPLIC:: OOUBLZ PR!Cts:oN IA·K,D-Zl 
C IliT!:G!R SX,SY.SZ 

c 

c 

CCMHON /CONTR/ 
1 ~!':L!IZOI 
Z,R! ,liRE ,?!: ,U!: ,PII ,All ,li&TA,!PS ,OT ,!.NKX 
3,KSTM,NSTM,IKIC.MAXT,VOLH,KSTP 
4.ZCO .ZC1 , ZC2 ,ZCl . ZSQ ,ZS! .ZSC , HZSQ,HZSit,HZSC 
S.DAilO. 50) 

CCHMOK /BCON I 
1 CX(L•1l , DY(M+l) .CZIN+11 

Z, CltR ( L,M, NI , NIN , UN (lOO, 7) , :IIN (lOO I ,KOIIS, IOB (lOO, 6) 
3, NSOR, ISOR 1100, 6), SOR 11001 

COIW«lll 
2 U (L,II,If), VIL,It.K),If(L,It, NI, IIIJ(L,II,If), WIL.M, Kl,1f 

II'IL,M,!O 

c 

c 

c 

c 

c 

3,2' (L,lt. NI. D IL,lt. NI, S IL.lt,.lO ,Af'X(L,lt,ll), DFX IL,lt, NI 
S, Q (L,M. NI . E (L, M. NI, C (L.:t.lll 
6, JX(L,lt, NI, SY IL,M, NI, U (L,lt,Nl,li&IL,It,Nl 
1,XI) (Ll.YD IMI,ZD (Ill 
l,ltX (Ll.ltY (MI.liZ (NI 
f . lCI2' ILl, 'tiP (M), UP IHI 

DIIQI:HstOH QQIL.ll. NI. tltiL,It, NI. CCI'I .. H,NI 

!QIJIVIUZ!IC!: IUU11,1,1) ,QQ[l,l.UI 

~QI/IVAU:IIC!: (Wil, 1. 1), .E!: 11,1,111 

!Qti!VAI.ENC! IW1fll, l, ll, CC (1,1,111 
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c•••••SCA~ VMIABL& '..~OAT'!•••• •••••••••• ••••••••• ••• 
eo !.Ooo =-t.L 
DO 1000 .1•1 •• '1 
CO LOOO ~-1,lf 
ASXIt • .;,Kl • 0.0 
DFXI!,.1,Kl • 0.0 

1 0 0 0 CONTI!IU! 
c 
coo•••EDDY DIFFUSIVIT'! ZKTERPOLAT!ON 
c 

c 

00 40 !Ot•Z,K-1 
DO 40 .;.z,K-1 
DO 40 I•Z.L-1 

CI'X(!,J.~l • D(!,J",~l ' XIPIII + DII>l,J',Kl • I 
1.0-XIPIIl l 
c 

40 CONTINUE 
c 
e•••••CA~JLAT!OH OF OQ 
c 

c 

c 

c: 

c 
c 

00 45 ~-1,N 
00 45 J'-l.K 
CO 45 :-t.L 

A!'X<t,.;,KI • I DFX(I,J,Kl • ~ZSQ • ~lilt l • XCIII 

45 CONT:lfU£ 

DO ~010 !•L!. 
CO 1010 J•l,lt 
DO 1010 K•l.N 
A!'X I I. J' ,Kl • A!'XI I,J' .Kl - 0. S • 11 (I, J' ,!0:1 

IFIA!'XII, J',lt) .Lit. 1-0'II, J', Kl) l AFXI!, J, X) • -IJII, .1, Kl 

I!'IA!'X(!,J,It).Lit.O.Ol AFXII.J',Xl-o.O 
1010 CO!ITI!IIIE 

c 
c•••••CA~LATION 0!' COIIV!C!ION-OIFTUS!Oif rLUX 
c 

c 

I 
c 

c 

00 50 K•Z.N•l 
CO SO J•Z,M-1 
DO 50 !•l. L-l 

AFXII,J",Kl • AFXI!,J",Itl • ( Q(I,J,ltl - QII+1,J",ltl 

50 CONTI:'IU£ 

DO 1020 I•l,L 
DO lOZO J'•l.K 
DO :ozo K•L.:t 
AFXI!.J".Kl • AFXII,J",Xl~(I,J',Xl•U(!,J',KI 

1020 CO!ITI!IU£ 
c 
c 

DO SS ~-l.~-1 
DO SS J•l,M-1 
CO 55 I•l, L-1 
QQII,.;,KI • QQ(!,:.ttl +( AFXII-1,J',K) - AFXII,.;,KI 

• HXIII 

" CONTIIIIIE 

CO 1030 !•1, L 
DO 1030 .1•1,11 
DO 1030 lt•1,N 
AFXII,.;.K) • 0.0 

lOJO CO!ITIIIIIE 
c 
c• • • • • CALCVW\Te u 
c 

c 

c 

c 

c 

c 

DO 145 !l:•l. N 
CO 145 J•l,K 
DO 145 I•1, r. 

AFXII.J",Kl • ( DI'X(!,J',lt) • HZSE • liRE l • lCDIIl 

145 CO!IT!!IIIE 

DO 1040 I•L, L 
DO 1040 J•1,M 
DO 1040 K•1,N 
AFlCII.J",Kl • AFXII,J',Xl - Q.S • IJ(I,J",K) 

IFIAFXII,J",Kl.Lit. 1-U(I,J",Itl l I AFXII.J",Xl • -IJII.J',ltl 

I!'IAFX(I,J,XI.~.O.Ol AFXII,J',lti-G.O 
1040 COIITI!IUS 

c 
c•••••~J"LAT!ON OF COHV!C:!Qif-OIFTUSION FLUX 
c 

DO LSD lt•Z, N-1 
DO !SO J'•Z,K-1 
DO 150 I•l,L-1 



c 
AFXc:..:.KI • AFX(I,J,l':l • I ~II.J.KI • !II•1,.l',KI 

I 
c 

c 
150 CONT:lfUE 

00 1050 I•1,I. 
eo 1050 .r-t.l1 
eo 1oso K•t.N 
AFXI:..;,KI • AFXII,J,l':l+!(I,J,!tl'U(I,J,Kl 

1050 CONT!!IU! 
c 
c:•••••SET !.!. 
c 

c 

DO 1SS !t•l,11•1 
CO 155 .1•3,.!1•1 
CO 155 I•l,l.·1 

!Eit,.;,Kl • !ECI,J,ltl + I AFXII•1,J,Kl • AIX(I,J,Xl 
I HXIII 
c 

1SS CONT:llll!: 
c 
C CAI.CULAT:ON 0~ CC 
c 

c 

~0 245 ~-t.lf 

CO 245 J•l.M 
CO 245 I•l.!. 

AFX(I.J.~l • ( DFX(I,J.Xl • KZSC + KPE I • XD(II 
c 

c 
245 CONT:lllll: 

CO 10&0 I•1, I. 
CO 10&0 .1•1.M 
CO 10&0 K•1.1f 
AFXII,.l'.Kl • AFXU.J.ltl • 0.5 • U(t,J,!tl 

c 

c 
I!'!.VXII,J,ltl.I.E. (·ll(t,.:,l':lll AFX(I,J,Xl • •U(I~J.!tl 

I!'IAFXII.J,ltl.I.E.O.OI .VX(I,J,.Kl-o.O 
10&0 COH'rtlllll: 

c 
::•••••CALCULATION OF COHVE~:OH·DIF!'USIOH rt.UX 
c 

c 

CO 250 !':•Z.lf-1 
eo Z50 .;.z.K-1 
eo zso :c-z. :.-1 

AFX!I • .:.KI • AFXCt,.:,ltl • I · C(I,J,Xl • C(I+l,J.!':I 
I 
c 

c 
250 CONY:lllll: 

CO 1070 I•1.I. 
CO 1070 J•l,M 
~0 1070 !':•1.1f 
AFXII.J,ltl • A!'X!I.J.lti+CCI,J,Xl•U(I,J,Kl 

1070 CONTI!IU! 
c 
C•••••SET CC 
c 

c 

~0 ZSS K•J.ll·1 
00 zss J•l.l1-1 
DO 255 I•l. :.-1 

CC(t,.:.!tl • CC!I.J,ltl • I AFXII•1,J,Kl • AIX!I,J,Xl 
) • HXCil 
c 

255 COHTillll!: 
c 

SUBROUTiliE SOI.VZY 
c 

c 
C IMPI.IC:~ COUBI.Z ~REC:SION (A·H,Q-Zl 
C !HT!CZR SX,SY.SZ 

c 

c 

CO!U<ON /CONTR/ 
1 !ITU: 1201 
2.~1!: .HRE .?E ,KPE .~R .AR ,B!TA.!PS ,DT ,&HKX 
3,KSTH.lfSTM.4liiC.l1AXT,VOLM,XSTP 
4.Z~ .ZCl .ZC2 ,ZCJ ,ZSQ ,ZSE ,ZSC ,HZSQ,KZS&,KZSC 
5,DAI10, 601 

CO!U<OH /BCOH/ 
1 ~XIL•ll ,DY(M+1l ,OZ.(H+11 

2. Cl1A IL,K.lfl .!I IN • IIH( 100, 71. UIH!1001 ,!lOllS, IOBUOO, &I 
l.NSOR,ISOR!100,ii,SOR!1001 

CO!U<ON 
2 U(!..K.lll,V(L,H,NI,~(I..H.NI,UU(I..M,Ifi,VVII.,H,NI.W 

lf(L,l1,lfl 
l,?(L,K.lfi.JII.,M,NI.SIL,K,lii,.VX!I.,K,lii.DFX!L.K.NI 
5,Q(!.,K.lii.~(I.,K,HI,C(!..K.111 
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c 

c 

c 

c 

c 

6,SXIL,H.lii,SYII.,H.lii,SZI~.K.111.BEIL.H,lll 
7,XD i!.l.Yll IMI.ZC 1Nl 
I.HX ll.I.HY !KI.HZ (NI 
'·XI? ILl, Yil' IMI. ZIP (NI 

DIMEliSIOH OQ(I.,K,lii,!!I~.H.NI.CC!L,l1.lll 

!QIIIVALZHCZ !UU(1,1,11,0Q(1,1,lll 

!QUIVAL!NCZ IVV(1,1.11,.:!11,1,111 

!QIIIVAL!HCZ (IIW(1, 1.11. CC 11,1.111 

c•• ••• UII':'IALIZZ FLUX ARRAY• •••••••• ••••••••• •• 
CO 1000 I•L. I. 
00 1000 J•l. K 
DO 1000 lt•l.ll 
AIXII,.l.KI • 0.0 
CFXII.J.:tl • 0.0 

1000 COliTiliU! 
c 
c•••••!DDY CIFFUSrvt~ INTERPOLATION 
c 

c 

DO 40 K•2.ll·1 
ea 40 J•Z.l1·1 
DO 40 r-z.:.-1 

DFXII,J.KI • DII • .:.KI • nl'IJI • ~II.J•l.KI • I 
1 . O·Yil' 1.:1 I 
c 

40 CONTiliU! 
c 
c•••••CAI.CUI.ATIOH or QQ 
c 

c 

c 

c 

c 

c 

00 45 1':•1,!1 
00 45 J•L,M 
00 45 I•1,I. 

A!'XII.J,!tl • I C!'X!I.J.XI • KZSQ + HRE I • YOIJI 

45 CONTilllll: 

DO 1010 I•1,I. 
CO 1010 J•l.K 
00 1010 K•1, !I 
AFXII. J.KI • AFXII,J, Kl - C.S • VII. J',Kl 

IF IA!'X(I, J.!tl. IJ!:. (•VII. J,l':lll AFXI:, J.l':l • -VCI. J,:o 

IF IAFXI I. J',ltl • L!. 0. 01 A!'X( I, J'.lti•O. 0 
1010 CONTiliU! 

c 
::•••••CALCULATION OF COHVZ~IOH•DI!'!'VSIOH FLUX 
c 

c 

I 
c 

c 

DO 50 !t•Z,ll-1 
DO 50 J•Z,It•1 
00 50 I•Z,I.-1 

AIXII.J,i:l • A!'XII • .:.KI • I Q(I.J,KI • Q(I,J+1,KI 

50 CONTiliU! 

DO 1020 I•l.L 
00 1020 J•l.M 
DO l020 !t•1,ll 
AIXI I. J. XI • AFX (I, J, Kl +Q I I, J, Kl •V( I, J, Kl 

1020 CONTIHU! 
c 
c 

c 

DO 55 lt•3,lf•1 
00 55 J•l,l1-1 
CO SS I•l.I.-1 

QQ(I,J,!tl • QQII,J.KI •I AFXII,J-1,KI - AIXII,J.i:l 
!\YIJI 

55 CONTINUE 

DO 1030 I•l. L 
00 1030 J•L.K 
00 1030 tt-1.!1 
AFX!I.J.KI • 0,0 

1030 CONTINUE 
c 
c••••• CA~JLATE eE 
c 

c 

c 

c 

DO l45 !1:•1,!1 
00 145 J•L.H 
CO 145 I•1,r. 

AFXII.J,KI • I DrxCI,J,KI • HZS! + KRE I • YDIJI 

145 CONT:liU! 

DO 1040 I•1.I. 
DO 1040 J•l.K 



eo 1040 lt•1.M 
Af"XII.J.KI • 1\EX(I • .Z.!tl - 0.3 • V(I,J,KI 

IFIAFXII • .1.KI .IZ. (•lf(I,.r.Xlll AFXII • .l,Kl • •V(I,.r.KI 

IFIAI"XII • .l,ltl .IZ.O.O) AFXII.J',K)-G.O 
1040 CONTIHU!: 

c: 
c;•••••C:AL~JLATION OF C:OWV!e:IOW•DIFFUSION FLUX 
c: 

CO lSO K•Z,lf·1 
CO 150 .r-z.M-1 
CO lSO I•Z, L·1 

1\EXCI,J,Kl • AFXII,.1,K) • I !.CI,.l,KI • !:II,.r+1,XI 
) 

c: 

c: 
1SO C:ONTI!IUl!l 

eo 1050 I•l.L 
CO 10SO J•L,lt 
CO 1050 K•1.lf 
Af"XII,.l'.Kl • MXII • .r,!ti+!II,.1,KI"V(I,.1,ltl 

10SO C:OHT:l!Ul!: 
c: 
c•••••s&T 5:!. 
c: 

c: 

DO 155 K•l.ll•1 
CO 1S5 J•l,K-1 
CO 155 I•l. L-1 

UII • .1,KI • UII • .r.KI • I AFXII,.r·l.:SI • AFXCI,.1,KI 
) • KYIJI 
c 

1SS C:ONTI!IUl!l 
c 
C CALCULATION OF CC 
c 

!)0 2-!5 !-!.~ 
CO 245 .r-1,!1 
CO 245 I•1, L 

c 

c 

c 

AIXIt • .r,K) • I CFX(I,.1,Kl • KZSC + KP!: I • 'lDI.ll 

245 COHTIII111!: 

co 1o6o r-1.r. 
CO 1060 J•l.lt 
eo 1060 K•1, N 
AFXII,.r,K) • AFXII,.1,Kl • O.S • V(t,.r,K) 

c 

c 
IFI.VXII,.1,1ti.I.Z. (•V(I,.I,ltlll MXU,J,KI • ·V(I,.t,ltl 

:rcArX:: . .:.::' .:.:.o .. oJ An:t: .. .:.::l~.c 
10 10 C:ONTIII111!: 

c 
C .. •··~TION OF c:oNVl!:CTION•CtrrDSIOK Ft.liX 
c 

CO HO If•'.. :1•1 
CO 250 .r•Z,M•1 
eo 250 r-z.r.-1 

c , 
c 

1\EXII,J,KI • AFX(I,.r,lt) • I CII • .1,KI - C(I,.r+l.KI 

c 
250 C:ONTI!IUl!l 

CO 1070 I•1,I. 
CO 1070 J•1,lt 
CO 1070 K•1.lf 
MXII,J,KI • AIXII,.1,KI+CII • .r,lti•VII,.r,KI 

1070 CONTI!IUl!l 
c 
c•••••s&T cc: 
c 

c 

CO 255 K•l.lf•1 
CO 255 J•l,lt•1 
co 255 r-1.r.-1 

CCII,.r,Kl • CCII,.1,KI • I Mlllt • .r•1,KI - AFX(I,.1,KI 
I • HY 1.r1 
c 

c 

c: 

c 
c 
c 

255 C:ONTIKU! 

SUlii'OUTIK! SOLV!Z 

PMAM!TBR lt.-zt,K-11.lf•Z0l 

IMPLICIT DOUBI.Z PRECISION IA•H,O·tl 
IlfT!C!R SX,SY. SZ 
COHMOH /C:ONTI\/ 

1 !!TU.I20l 
2.i0.! .HR! ,P! .HP! , PI' ,M ,S!TA,US .CT ,l!.lfMX 
l,KSTlt,!fSTlt,IKIC,ltAXT,VO~~.ItSTP 

88 

4,ZC:~ .ZC:l .ZC2 .ZC:J .ZSO .tS! .ZSC . HZSO,HZS!:,HZSC 
S,CAtlO, 60) 

COHMON I BCON I 
1 DXIL+ll .CYIK+l) .DtiH+t) 

2,CltRIL.lt.lfl,!IIN . I:lfl100,71 , aiN1100),lf0BS,IOBI100,6) 
l,HSOR. ISORUOO, 5) ,SORUOOI 

COMMON 
2 1/ II.,lt,Hl, V(L, M,HI ,lf(L,H.ll) , 1/VIt.,K.!II, W(!.,lt, lf) , ll 

lf!L,l1,!11 ' 

c 

3, P!L.lt.lll, D I I., M, lll, .S IL.M.lfl , AFX c:.,M,!Il, OFX IL, lt, lll 
S,Q(L.lt, lii,Z:(L,M.lfl . C IL,M. !I) 
6,SXIL.M.KI.SYIL,lt,!f) , SZIL.M,!f),3!1L,lt,lfl 
7,XD ILl, 'tD IKI,Zll (NI 
I,HX ILI.KY IKI,KZ (NI 
9,XIPILI,YIPIKI.ZIPIKI 

DIMENSION QO(L,lt,lfi.U IL,lt,lfl. CC(!.,lt,lfl 

!QUIVALltiiC!: IUU(1,1,ll .QQU , 1.ll I 

~QUIVALltiiC!: IWI1,1,1) ,1!:!.11.l.11) 

!QUIVAU:NC!: 1""11.1,11, CC:Il,1,l) I 

C••• •• !H't':":At.IZE ~LUX ARRAY••• ••• •••• •••• •••• ••• • 
llO 1000 I•l.l. 
00 ~000 .:-L.M 
DO IQOO K•l,lf 
1\EXII,.I,KI • 0.0 
DFXII • .r,KI • 0.0 

1000 COHTIIIU! 
c 
c••••·~ODY DIFFUSrvtTY IMTERPOLATION 
c 

CO 40 K•Z,ll•1 
llO 40 J•Z.~1 
oo •a r-2 , L-t 

CFX(t,.1.KI • DII,J,KI • IIPIKI + Dlt • .r,lC+ll • I 
1.0-tiPIII:I I 
c 

40 C:ONTI!IUZ 
c 
c:• • • • •CALCUI.\TION Of' OQ 
c 

c 

c 

c 

c 

c 

llO 45 !O:•l,M 
eo 45 J-L.M 
CO 45 I•1,!. 

AFXCI,J,ll:l 

co 1010 r-1.1. 
DO 1010 .l•L,:t 
CO 1010 lt•1.ll 

DFXII,.1.lU • l!ZSQ • IIRll: I • ZDIII:I 

AI'XII • .r.KI • AFXII • .1.KI - O.S • lflt • .r,KI 

IFIAFXII • .r,K) .u;. (·lf(I,.1,KII I AFXIt • .r.KI • -lf(I,.r.KI 

IFIAFXII.J.Z':I.L!.O.OI AFXI! • .r,Z':I•O.a 
1010 COKTIIIII! 

c: 
c•••••CA~.ILATtOK OF OOHV!CTION·OIF?US:CN rt.ax 
c 

) 

c 

c 

DO SO lt•Z,ll-1 
CO 50 J•Z,lt•1 
co 5o r-z.r.-1 

AFXII . J,KI • AFXII • .1,KI • I QII , J . ltl - Q(t,.I.K+1) 

50 CONTt!IUZ 

CO 1020 I•1,1.o 
CO 1020 .:1•1,lt 
CO 1020 K•l,lf 
.U'XII • .l,lCI • AFX!I,.1,KI+<III,.r,KI"If(t,.l,KI 

1020 C:OHT!!IUl!l 
c: 
c 
c•••••s&T aa 
c 

c: 

DO 55 K•l,H·l 
CO 55 J•l,M-1 
CO 55 I•l, L-1 

QOII,.r.KI • QQ(I,.r,ll:l +( .U'X(I,.Z,lt-1) - 1\EX(t,.r,K) 
• IIZIKI 



c: 

1030 
c 

00 l.OJC :-1.:. 
00 LOJO :•L.11 
~0 1030 K•L. :1 
AEX!I,.;.~) • 0.0 
CONTINUE 

c••••• CALC~LATZ ~E 
c 

c 

00 145 ~-L.N 
00 145 .:-1.11 
00 145 t-1.:.-

A!'X(I,.;",!tl • I D!"X(I,.l',~l • HZSI!: + HRI!: I • ZDIKl 
c 

c 
l45 CCNT!XUE 

DO 1040 i:•1,I. 
00 1040 :-L.11 
eo LD4D x-1.:1 
AEXII,.l',IO • AFXII,.:.Xl • 0.5 • lf(I,.l',Kl 

c 

c 
IFIAFXII.J,:!:I .U:. (•lf(I,.l',Xlll AFX!I,J,Xl • •11(!,.1,1':1 

!FIAEXII.J.P:l .:.E;.D.Ol AEX!I.J,Kl•O.O 
l040 COHTINI/1!: 

c 
c•••••CALCULATIOH OF CONV!C~IOH•OIFFVSIOK ~I.UX 
c 

c 

DO 150 ~-Z.N-1 
DO 150 J•Z,11•1 
00 lSO I•Z, 1.·1 

A!'X(I,.l',~l • AEX(I • .l',!U • ( !(I,J',Kl • I!:U,J',K+ll 
) 
c 

c 
150 CONTINUE 

DO 1050 I•1,I. 
DO 1050 J'•1,11 
DO 1050 ~-1,!1 
AFXII,J',Kl • Al"X(I,J'.Xl+I!:CI,J',KJ•WCI,J',Kl 

1050 COKTIIIUE 
c 
c•••••s&T !& 
c 

c 

DO 155 ~-J,N-1 
DO 155 .1•3,11·1 
DO 155 I•J.:.-1 

!E(I,J',Xl • !ECI,.l',Kl + I AFX(I,J',X•ll • AEX(I,J',Xl 
l • !IZ(Xl 
c 

155 CONTIII1/E 
c 
C ~JLATION OF CC 
c 

~o Z45 :!:•1.!1 
00 245 J•1.11 
DO 245 !•1, I. 

c 

c 

c 

AFX(I,.l',Xl • ( D!"X(I • .l'.P:l • HZSC: + HP!: l • ZD!Xl 

245 CONTINUI!: 

00 1060 !•1,1. 
DO 1060 J-1,M 
00 1060 !0:•1,:1 
A!'XCI.J',Kl • Al"X(I,.l',Kl - O.S • lf(I,J'.Kl 

c 

c 
IFIAFX(I,.l',Kl .LE. (-<fCI,.l'.Xl l l Al"XII,J',Xl • •lf(I,J',Kl 

IF!AFXII.J'.K) .LE.O.Ol AFXII.J',Xl•O.O 
10 60 CONTINU! 

c 
c•••••CALCULATION OF CONV!C:TION•DIFFUSION FLUX 
c 

DO 250 !t•Z, K-1 
DO 250 J'•Z.M-1 
eo 250 r-z.:.-1 

c 
) 

c 

AFXII,.l',!':l • AEX!I,.;,p;J • ( C(I,.l',Kl - CII.J',K+1l 

250 CONTINUI!: 
c 

1070 
c 

::lO 1070 !•1,1. 
00 1070 J•L,M 
DO 1070 !t•1.ll 
~~~~~!':! • AFXII • .l',Xl+C(I • .l',P:l•lf(I,J',Kl 

C•••••Si!:T CC 
c 

00 255 K•J,!I•1 
00 255 J•l,11•1 
00 255 !•J.:.-1 

89 

c 

) 

c 

c 

c 

c 

c 
c 
c 

c 

c 

Hi~~~I,J.Xl • CC!I,J,Kl • I AFXII.J,X-11 • AEXII,J.K) 

255 CCHTINUt 

ll£'l"UR.H 
END 

SUBROUTINI!: MOH!NTX 

PAIIAHETI!:R (1.-29.11-27 ,li•ZOl 

IHPLIC:~ 001/BLE ?RI!:CISION (A•H,O·Z) 
IHT!CER SX,SY,SZ 
CCKHON I CONTRI 

1 nTt.t: 1201 
2.~1!: .HR! .PI!: .HP!: .PR ,AR , 31!:TA.~P9 .~T ,ENHX 
l ,l(STM. :ISTM, INIC. MXT, '10!-'1. XSTP 
~·. ~~~ 

1
•
0 
:~~) • ZC2 • ZCJ • ZSQ , ZSE , UC , HZSQ, !IZSE. HZSC 

COl' .MOH I !ICON I 
1 ::lXI!,+l) .DY(H+ll ,DZ IH•Ll 

2, CliR I ~.11.!11 .NIN , UN (lOO, 7), UIN (lOO! ,NOBS, !CB (lOO, 61 
l,NSOR.ISOR!100,6),SOR(1001 

CCI'.MOK 
2 U(L,11,!11,V(L,M.lll,lf(I.,M,lii,UU(I.,M,!II,VV(I.,l1,:11,11 

lf(I.,M,:II 

c 

c 

c: 

c 

c 

3, P II..11.lll, D (L,M.lll ,S (I.,li.Nl,AFX (L, M, NI, DI"X(L.M,!II 
S,Q(L,M,MI,!(L,M.Nl,C:(L,M.K) 
6, SX (1.,11, :11. SY (L,H.lll, SZ (L,M,lll, !I! (l.,M,Nl 
7,XD ll.I,'!D Uti.ZD 1Nl 
I,HX (l.I,HY (HI,HZ (NI 
9, XIl' I 1.1 , 'til' (HI, ZIP !NI 

DIMENSION AF't(I.,M.Sl,AFZ!l.,M,NI.XY(L,M,Nl,ZX(l.,M.NI 
1, W (l.,M,lii,IIU(l.,M,Nl 

!QUIVAI.EliC!: (A!'X(l,1, .l),A!'Y(l,1,1l ,AFZ 11.1.111 

!QUIVALEliC!!: (D!"X(1,1.11.XY(1,1.1l .ZX!l, :.ll l 

!QUIVALENCl!: (5 11,1.11, W(l,1.ll. W 11,1.!1) 

c•• • • •MCH.ENT'JM VMIASLZ t1POA.Tt • • • • ••• • • • •• • • • •• • • • • 
c 
C•••••!NttiAL:ZATtOH OF ~AK ~RAYS ON X fACZS 
c 

DO 1000 I•l,r. 
DO 1000 .1•1,11 
DO 1000 !':•1,!1 
UUII,.1.!:1 • 0.0 
AEXII,J',l'O • 0.0 
DFX !I • .;, Kl • 0. 0 

1000 CONT:NU! 
c 

c 

c 

c 

c 

c 

c 

c 

c 

00 60 ~-Z.!I 
eo •o .;-z .. '1 
DO 60 I•Z.l. 

1/UII.J'.Kl • (1/(I,J.KI + U!I-1,J',Kll • O.S 

AFX(I.J,!':l • ( D!I.J'.Xl • ~1\t I • !!XIII 

60 COIITINUE 

DO 1010 I•1.r. 
DO 1010 J•l,M 
DO 1010 K•l,K 
AEX !I, J', Kl •AEX!I. J', KI•UU !I. J', KliClll\ (I, J, Kl 

I!" IAFX !I, J, !':1 .LE. (·Z. O•UU !I • .l', !:liCMR I I,.;, :!:1 l I 
1 AEXII,J,XI • •2.Q•UU(I,J.l<I/C:.'IRII.J.K) 

IF! AFX I I, J'. Kl • LE. 0 • 0 l A!'X (I, J', XI • 0 , 0 
1010 CCNTINUI!: 

DO 65 l':•Z,N 
DO 65 J•2, M 
DO 55 r-z. 1. 

DU • U!I-1,J',!':l - UII.J,Kl 
GRADU • ·DU"IIX!Il 

AFX I I. J ,Kl ooUlJ(I, J, Kl • (1/U(I, J', !':1 +OUIClll\ (I, .1, Kl) • 
A!'X(I,J,P:I•OU 

c 

c 

Z • GRADU• ( HR! • D!I,J,!':II 

65 COKTIIIUE 

DO 1020 I•1.I. 
DO 1020 J'•1,11 
DO 1020 !<•1,!1 
UUII,J.Kl • 0.0 

1020 COKTI!IUI!: 



c 

1 

CO 
CO 
CO 
DU 

66 ~-z.~-1 
" .;-z.M-1 
66 :-2.!.·1 
- IAE'XILJ.l<l • Al'XCI+1,.1.K)) • XD!Il 

·AA • (SII.J.Kl • XIPtil + SCI•l,J,l!l • Cl. 0 
• XI?!Ill) 

c 

UUII,J.!O • DU 
66 CONT:NUE 

eo LOJO :-L. 1. 
CO 1030 .;•L.M 
00 10l0 !t•l,lf 
Al'XCI,.;,l':) • 0.0 
cnct.J.Kl - o.o 
Sti.J.l':) • 0.0 

+CPCI , .;.K) • PCIH.J,K))•XDCI) 

10l0 CONTI:ru& 
c 
C•••••LA~~ rLUX ON Y rAC~ 
c 

c 

c 
c 

c 

c 

c 

e 

eo 7o !t•1.~-1 
00 70 .1•1,:4•1 
eo 10 I·L. :.-1 

Rl • CCI.J',!t) • YIPCJ) • Q(I,.;H,l!l ' (l.O•'tiP(J)) 
RZ•DCI+1,J.l<) •YIPIJ) +OU+l,J+l.KI • C1.0·'tiPCJ)) 

XYCI,J,Kl • Rl • XIPIIl + RZ • (1.0•XIl'III) + HIIE 

vucr • .:.:tl - cvcr • .:.!tl • vct•1.J.Xl 1 • a.s 
AFY(I,J,KI • XYCI,J,Kl • YDIJI 

70 CCHTI:ru& 

00 1040 I•1,I. 
DO 1040 J•1,M 
DO 1040 :0:•1,:1 
Art CI, J, Kl •ArC CI, J,KJ·VUII, J,KI/c:KII.CI, J,ltl 

Il' CAFY (I, J,ltl .I.&. C·Z.O•W(I, J,!tl/c:Kit(I, J,lt)ll 
1 AFYCI,J,Kl ·Z.O•WCI,J,lti/CIIRCI,J,ltl 

I!'CAFYCI,J,ltl . I.Z.O.O) AIYCI,J,ltl • 0 . 0 
1040 CONTI:ru& 

c 

c 

c 

e 

c 
c 

c 

DO 75 !t•1,:1•1 
CO 75 .1•1,:4•1 
00 7S l-l. !.·1 

IN • CUCI,.:,KI + UCI,J+1,Kil • 0.5 
GRADV • (VCI+1,J,KI • VCI,J,KII'XDCII 
DU • UCI,J,ltl • U(I,J+1.KI 
AFYCI,J.XI•WCI.J.!ti•CUV+OU/oat(I,J,KI) 

1 + AFY(I,J,KJ•OU • QUIDV•XYCI,J,lt) 

7 5 CONTI:ru& 

DO 10 lt•Z. :1·1 
DO 10 J•Z.-.!t-L 
DO 10 l•Z.I.-1 

DU • C AFYCI,J-1,1!:1 • AFYCI,J,ltl I • KYCJI 

UUCI,J , ltl • UU(I , J,lt) +DU 

80 CONTI:ru& 
DO 1050 I•l.!. 
00 1050 J•l.:t 
DO 1050 ll:•l . :t 
AFXCI,J,ICI • 0.0 
Df'l(CI • .1,!1:1 • 0.0 
Sti.J.ltl • 0.0 

1050 CONTIIIUE 
e 
c•••••LATERAL FLUX OH % rACZ 
c 

c 

c 

c 

e 

c 

c 

DO '0 lt•1,N·1 
DO '0 J'•l.M·1 
00 '0 I•l,:.·l 

R1 • DII,.:.:tJ • XIPIII + O!I+1,.1,K1 • (1.0·XIP t i11 
RZ • Dti • .: •. K+l) • XIl'(l) + DCI+l,J.lt+ll • (l.O•XIPCIII 

ZXII,J.KI • R1 • til'tltl + RZ • C1 . 0·tiPCKII +HR& 

W(t,J,!tl • ClfCI,J.ltl + WCI+1,.1.1!:11 • D.S 

AJ'Z CI,J,ICJ • lXCI,J,I!:J • tDI!tl 

'0 CONTI:ru& 

DO 1060 I•l,!. 
DO 1060 J•l,M 
DO 1060 !t•1.lf 
MZ Cl. J,l':J•III'Z (I. J .ll:l·>ni(I, .1 , XI/CM!l C I . J,ICI 

!!'CM% CI, J.lt) • U:. !·2. O•WU CI, .1, XJ/CIIR C I, J,ICI I I 
1 AFZII.J,Kl ·Z.D'WUC!,J.Kl/CIIRCI,J,I!:J 

90 

e 
!!'IAFZII.J',ltl .:.z.O.OI MZCL.: . ~tl • O. D 

1060 C:OliT:liUE 
c: 

c 

c 

c 
c 

c 
c 

c 

e 

c 

c 

c 

c: 
c 
c: 

c 

c 

CO i5 !t•l, !1•1 
DO '5 .;-l,M•l 
DO '5 l•l. !.·l 

Ulf • IU'(I.J.Kl • UII..:.X•lll • 0.5 
GliACN • !Nti+1,J,ll:l • lfti • .:,lt))•XDtil 
DU • 'lti.J,!tl • UCI.J,!t+lJ 
AFZII.J.Kl~II,J.Kl'!Uif+OU/CMRCI.J.Kll 

1 • AFZII,J,K)•!ltl • CRADII•ZXII , .;,ll:) 

95 CONT!!IVB 

DO tOO K•Z.~-1 
DO tOO J•Z,M•1 
DO !.00 t-2 ~ t..-1. 

DU • I AFZ I I • .1 , K·ll • AFZ I I. .; . ~~ I • ~t 1!0 

uuc: • .:,!t) • UUII.J.!tl • ~~~ 

100 CONT::ru& 

SUBROUTI!Ia HOM&NTY 

PAAAM&TZII II.-2,,1t-27,lf•Z01 

Il'.P!.:O:C:IT DCUBI.Z PRECISION CA•H, O·tl 
Ilf'!'!:GZII SX, SY , SZ 
CC."'t!!K iCONn/ 

1 T!'::.Z CZOJ 
Z,R! .HJU: .PI!: ,!lP! .?R ,AA . BETA,US .D'r .!liMX 
l,!S~.NSTM,INIC:.MAXT,VO~~.KSTP 
4,1C: . tCl ,ZC:Z .ZCl .tSQ .ZSE .tSC .KZSQ.KZSII:.KZSC: 
$,;)Ail0, 60) 

COHHON /ISCON/ 
l OXC:.•ll ,DYCM+l) .OZCN+li 

Z,OIIII~ . M.Nl,Nilf , 1:!11100, 7). UINClOOI.~OBS, IOBClDO . ol 
l,!ISOR.ISORI100 , 6),S0RC1001 

COKI!OII 
Z U(!.,M,Nl,VIL,H,NJ,lf(L,.M,Ml , llll(I.,.M, :11, VV(!.,.M.lll ,lf 

N(I.,M,MI 

c 

c 

c 

c: 
c: 

J . ~ tL..:i.:ti .U ii..~ ~ :;; ~ .i H •• .;;.~; .A.A cr..::;.~; . W:'Xlt..:-t. :n 
5,Q(!.,:4,NJ.~(I.,M.NI,CCI..M.:t1 
,,iXCI.,H,IIl, SY (I., M. NI. SZ (!.,:4 , NI, 3! (t.,M , I'll 
7,XD i~l.Yll IMJ.ZD C:ll 
I.KX I!.J,KY CMJ.KZ !NI 
,,XIt'II.l. 'tiP CHI , l.IP IN) 

DIHL~SION A!'YCI.,M,!IJ,AFZC!.,M.lfl.XYI!. • .M.!I),tZC!.,.M,Nl 
1, UVIt. • .M,Ml ,lflf(!.,M.IIl 

ltQUt'/AI.ZIIC! IAFXIl.l.ll .An"C1 , 1.11 .AFZ !1,1,11 I 

teur/AI.ZNC"! con 11. 1, 11 • XY c 1. 1. 11 • :rz 1 1. 1. 1 1 1 

!Otlt'IAI.ZNC! CS (1,1,11, UVC 1,1.11. lf\/!1.1.11 l 

C•••••Y MQM!KTUM VARIABLE OPDATE••••••••••••••••••••• 
c 
C•••••INI':IALIZATION 0!' ~RK ARRAYS FOR ~ FACES 
<: 

DO ~000 t•1,1. 
DO 1000 .1•1 , M 
DO : ooo !t•1,lf 
WII.J,ICI • 0.0 
Al'XII.J.ltl • 0.0 
D!'XILJ.KI • 0.0 

1000 C:ONT!:IU! 
c 

c: 
c: 
c 

c 

c 

DO 60 K•2,!1 
DO 60 J•l.M 
DO 60 I-2.:. 

WCI.J.lU • CV(t,J,ICJ + VII,.1·1.K11 'O.S 

AFYCI.J,ltl • ( DII.J.ltl + HR& 1 • KY(JJ 

60 COHT:!IVB 

DO 1n0 I•l,L 
DO !.010 .1•L. M 
DO :no K•1.lf 
AFt t! • .;,Kl•l\l'YI I. J , lr) ·VVII, J, !tl/CMR C I , J, !Cl 

I!' I AFt CI,.:.KJ • ~. (·2. 0 •VV( I • .;'. !tl/Clllt I I,.;, !tl) l 



AFYII • .J.K) ~ ·2. 0 •w! r. .:,~tl /Cl1RII, .1, !t) 

c 

:t!AFY!r..;.!t) .I.Z.O.Ol AF"!!I,.:,Itl • 0.0 
1010 <:ONT:liU£ 

~o 65 x-2.ll 
::10 SS .1•2,M 
~0 SS I•2, t. 

::IV • V!t • .:-L.Kl • V!I,J.Kl 
GRADV • ·OV•KY(J) 

AEY!I. J,!tl•W(I, .1,!1:) • !W(I,J, !t)+OV/CMR(I,J,ll:l) + 
AFX!I.J,!tl •ov 

2 • GRAQV•( KRZ + O!I • .1.ll:ll 

i5 COMTI!IIIE 

00 LOZO !•L,!. 
;)0 LOZO o•L,lt 
:0 LOZO !t•L, !f 
W!I.J.Kl • 0.0 

LOZO .:ONT:llll!: 
c 

:0 66 K•Z,!f·L 
:o " J•Z,l'l-1 
llO U I•Z.t.-L 
;)V • !AFY!I.J , Kl - Ar.'!I • .1+L,KII • "!!I!Jl 
W!I.J.Kl • DV +!P!I.J,:<) - P(t,J+L,Kll•"!!ICJI 

c 
66 .:ONTIMII!: 

00 1030 I•L.!. 
JO L030 J•1,lt 
DO 1030 K•L,ll 
AI'XII,J.!tl - o.a 
crxct,J,Kl - a.a 
S!I,J,KI • 0.0 

1030 CONTI!IIIE 
c 
c•••••~T£AAL rLUX ON X ~AC% 
c 

c 

00 70 K•1,ll•1 
CO 70 .1•l.lt•1 
00 70 I•1,!.-1 

~1 • O!I,J,ll:l • YIPIJI • O!I,J+1,!Cl • (1.0•YIPIJII 

c 

c 

c 

c 

c 

;12 • O!IH,J,KI • YIPIJI + ~II+L,J+1,KI • 11.0•YIP(J)) 

X'!II.J,Kl • tU • XI?!!I • ~z • 11.0-XIPIIII • HAll 

INII,J,!Cl • IUCI,J,KI - :Zit,.1+1,!tll • O.S 

AEXII,J,!tl • XYII,J,!tl • Xll!Il 

70 C:ONTIMUE 

JO 1040 I•1,!. 
ilO 1040 J•L,lt 
::10 L040 ll:•l. !( 

AI'X I I, .1,:0:1 •AFX I I, J, !Cl -WII, J, :0:1 /QUI It, J,ll:l 

!FIAFXII.J,Xl .I.Z. I·Z.O•UVII,J,Xl/C:.'1RCI,.1,KIIl 
: AI'XCI,J,Kl • -2.0•UVCI,J.!ti/QUI(I,J,!tl 

!F!AFXCI,J,KI .I.Z.O.OI A!'XCI,J,ll:l • 0.0 
1040 <:ONTINUE 

c 

c 

c 

c 

c 

c 

c 

c 

00 15 K•1,N•1 
DO 75 J•L,l1-L 
JO 15 I•L.t.-L 

'/U • IVII.J,KI + VCI+L,J,!t)) • O.S 
C:RADU • IU'II,J+1,!tl - '1CI,J,Kil""!!ICJI 
::IV • V(I,.:.K) - VII+1,J.Kl 
AI'X I I, J, Kl -uvct, .1 , !1:1 • CW+OV/QUI I I. J ,ll:) I 

1 + AEXII.J,ll:l"DV • C:RADU•XYII.J.Kl 

15 CONTINUE 

::10 10 li:•Z.!f-1 
oo 10 .;-2.M·L 
oo ao r-z.r.-L 

::IV • I AI'XII-1,J,Kl - AI"XCI,J,ll:l I • HXUI 

VVCI,J,KI • VVCI,J,Kl + DV 

10 <:ONTIMUE 

00 1050 I•l,!. 
J0 LOSO J•L,lt 
00 LOSO K•L.ll 
AI'X I I, .1,Kl • 0. 0 
ilFXII,J, Kl • 0. 0 
SCI,J,Kl • 0.0 

1050 <:ONTINUE 
c 
C•••••~TEAAL ?LUX ON Z FACE 
c 

91 

c 

eo 90 K•l.li-L 
eo 90 •-t.l1-L 
~0 90 I•L, t.-L 

R1 • OCI,J.tr:l "ZII'CKI • ~cr,.;.K+ll • ll.O·Ui"CKI) 
~2 • eci,.;+L.Kl • ZII'CKI • ect,J+l,K+11 • Cl.O-Hi"C!<l 1 

Y% II.J,tr:l • R1 • YIP 1.11 + RZ • Cl.O-nP (.11 I • HRt 

IOVCI,J.tr:l • !lfU,J,Kl + lfCI,J+L,Kil • O.S 

AEZII,.1,Kl • UCI,J,Kl • ZCCKI 

90 CONTINUE 

00 1060 I•L,!. 
00 L060 .1•l,l1 
00 1060 !t•l,ll 
AEZ CI, .1, Kl•AEZ !I,J, Kl •NVII, .1, tr:l /QUI CI, J,K) 

IFCAEZCI,J.Kl.I.Z. I•Z.O•NV(I,J,tr:l /O'JOII • .:,!tl 11 
L AEZ!I • .1.K) • -z.O•WCI,J.Kl/QUICI,.:,l() 

LO&O 
c 

IFIAFZ!I,J.!Cl .:z.O.Ol AEZ!I,J.KI • 0.0 
CONT:liUE 

c 

c 

c 
c 

c 
c 

c 

c 

c 

c 

c 

c 

00 95 !f•l.ll-1 
DO 95 .:-L.M-1 
eo 95 :-1.1:.-1 

Vlf • !VCI.J,Kl + V(I,J,K+ll I • O.S 
Gl'Aillf • IMCI,J+1,Kl - li!I.J,tr:l I •YOIJI 
DV • VCI.J.KI - VII,J,K+ll 
AEZ CI,J,!ti.WU,J,Kl • IW+DV/CMR !I,J,K) l 

1 + AEZII,J,Kl•OV- c:RADif•YZII,J,KI 

95 CONTillll!: 

00 LOO K•2,11-L 
CO LOO .1•2,l1•1 
DO lOO I•2, !.•L 

DV • I AEZCI,J.It•ll - AFZII,J,Kl I • KZIKI 

VVII.J.Kl • VV(I • .1,Kl +CV 

LOO CONTINV!: 

iiE~~'IIN 
tNC 

SUI!ROUT:liE ltOMI!:liTZ 

PAJIAK!T!ll CI.•Z9,.'t•27 .11•201 

c :~~:c:T OOU3t.e: ?~e:c:sroN cA-~.o-zl 
C IN~GER SX,SY,SZ 

c 

c 

COHHON /COMTR/ 
L TI":I.Z 1201 
2,111!: , KRE .I'!: , HP!: .PR ,AR , BETA, !i'S , CT , E!I!1X 
l, KSTlt, NSl'M, INtC,l11\XT, 'IOI..'t, KSTl' 
4,%CO ,%Cl ,ZC% ,%Cl ,ZSQ ,%SE ,ZSC ,HZSQ,KZSE.~ZSC 
~.OAlLO, 601 

COHHOII /fiCOlf/ 
1 DX!~+ll .DYUt+1) ,DZIN+11 

Z,QUIC!..l'l,!fl,!ftK .IINI100,7l,UIK110DI,li08S,I081100,61 
l, NSOR, ISOIIl100, 6) ,SOR!lOOI 

COHHOK 
2 \/(!.,l1,Nl, V!I.,lt,lll ,MC!.,M,N), UU(I.,lt, Ml, Wl!.,lt,lf), ll 

li(I.,lt. :11 

c 

c 

c 

c 

c 

l.1 !I., M,lll, C IL,l1,MI. S II..l1. !f), AEX l!.,lt.lll, OP'X l!.,l1. :n 
~.QII..l1,lll,tCI..l1,lll.CIL,l1.lfl 
6,SXI!..lt,lii , SYIL,l1.Ml , SZ!!.,l1,lll . BE!!.,M,NI 
7 , XC ILI,YC IKI,lC !NI 
I,HX I LI,HY !Kl,HZ !NI 
9,XIP I!.I,riPIMI,ZIPIMI 

DIMENSION ~(L,lt.III,AFZ!L.lt,!fl,rZ!t.,lt,!fl,ZXCL.M.!fl 
1, Vlf C·!.,K, Ml, Ulf II.,lt,lf) 

tQUIVAUNa! !AI"X(1.1, U ,AF'C(l, 1,11 ,AEZ I 1,l,ll I 

!QUIVAI.ZNGE !CP'lCCl,l,ll, rz (1, l. 11, ZX(l, 1, 1 I 1 

EQU'IVAI.tKGE 1311,1,11 , Vlf(l, 1,1 I , tl'lf I l.l, 1 I I 

C•••••MOM!YTUM VARIABLE U?OAtz•••••••••••••••••••••••• 
c 
C•••••INt~IA!.IZATIOK or WORK ARRAYS FOR % TACE 
c 

00 LDDO I•1,!. 
00 LOOO J•L.l1 
00 1000 K•L,!f 



WII.J.KI • a.a 
AFXII,.l'.~l • a.a 
O!'X (I,.;, Kl • 0. a 

10aa CONTINUE 
c 

c 

c 

c 

c 

c 

DO 6a K•Z, M 
DO 60 J•Z,H 
Do sa I-z.:. 

IIII(I,J,lll • Clf!I,J.KI + lf(I,J,lt-111 " 0.5 

AI'Z (I, J, Kl • ( D (I, J, Kl + IIIIB I • IIZ C 11:1 

50 CONT I!I11Z 

DO 1010 I•1,L 
DO 101a J•1,M 
DO 1a10 K•1,lf 
AI'Z C I, J, Kl•AI'Z (I, J, KI•IIII(I,.: ,lti/QIII(I,J,ltl 

I!' (AFZ (I. J, Kl. U:. c-z. O•Wct. J,lti/QIII( I, J, !I 11 
1 AI'Z(t,J,ltl • -Z.Q•IIWCI,J,lti/C411(I,.1,KI 

c 
I!' ( AI'Z ( I, J, Kl • LE. 0. 0 I AI'Z ( t, J, Kl • a. 0 

1010 CONTINUE 
c 

c 

DO 65 it•Z.:I 
DO 65 .l'•Z. M 
DO liS I•2,L 

ON • lf(t,.1,lt•11 - lf(t,.1,KI 
CIIAilN • •QN•!I% Cltl 

AI'Z (I, J,KI-(I,J,ll:l • (NN(t,J,li:I+DN/QIII(t,J,Jrll • 
AI'X(t,J,KI •oN 

c 

c 

Z - CIIAilN• I !lA& + DII,J,JIJJ 

U CONTI!I11Z 

r1e t o::.:a r-t. L 
DO 1020 J•1 ~ H 
DO 1020 K•1,N 
wcr • .:.zn - o.o 

1020 CONTIII11Z 
c 

c 

DO 66 K•Z,N•1 
DO 66 J•2,H•1 
DO 6i I•Z.L-1 
Dlf • (A!'ZCI,J,KI - AI'Zct,.l',K+11 I • Z:ICKI 
WCI,.1,KI • Olf +(P(t,J,KI - ?(I,J,K+LII"ZDCKI 

6i CONTIHIIE 

DO 1030 I•L, L 
DO 1030 .1•1,.!1 
!)0 1030 K•1.!! 
AI'X(I,J,Kl • 0.0 
orx cr • .: ,.KI - o. o 
S(I,J,.Kl • 0.0 

1030 CONTI!I11Z 
c 
c•••••LArERAL rLUX ON Y !'ACZ 
c 

c 

c 

c 

c 

DO 70 .K•L,N-1 
DO 70 .;-1,!4•1 
DO 70 I•l, L-1 

IU • DII,J,.KI • ZIPCICI + DCI,J',K+ll • (1.0-ZIPIICII 
II.Z•O(I,J+l,KI •ztPIKI•DII,J'+l,li+ll • (1.0•UPIKII 

YZCI • .l',KI • ~1 • YIPIJI + RZ • (1.0•YIPCJ'II + HRE 

VW(t,J',ICI • (V(I,J,.KI + V(I,J,K+lll • 0.5 

Al'l'(I,J,Kl • Y%(t,J,KI • YDCJI 

70 CONTI!I11Z 

c:••• ••NCAX .nJDCI.HEKT fOR C'YBD ZGS 
c 

c 

c 

c 

c 

DO 104a I•1,L 
DO 1a4a .1•1,11 
DO 1040 K•L,M 
Art CI, J, Kl•AI'Y (I, J' .ltl-'IIIII, J',KI/CIIIUt.J, Kl 

IF CArt C I. J',ltl .U:. (•Z. a•vwu, J ,11:1/QIIICt,J,Kill 
1 Al'l'CI,J,XI • -Z.O•Wct,J,ICI/OIRCI,.1,1CI 

IrCAFY(I,J',IU .LZ.O.OI AI'YCI.J,ICI • 0.0 
1040 CONTI!I11Z 

DO 75 K•1,N·1 
DO H J•L,ll-1 
DO 75 I•L. L-1 

lfV • CIICI • .1,1CI • lf(I • .1+1,Kil • 0.5 
CIIAilV • CVCI • .1,K+ll • V(t,J',ltll"ZDCKI 
Cif • lf(I,J,KI - lfCt • .1+1,Kl 
ArY (I,.; .l<I•VN( I. .1, Kl • ClfV+CII/Q411(I, .1, Kl I 

1 + AEYCI.J,KJ•CN- CIIAilV•nct,J',KI 

92 

c 

c 

c 

c 

c 

DO 10 K•2,ll•1 
DO ao J•Z,M-1 
DO 10 :-z.L-1 

ON • C Al'l'CI,.1-L,Kl - AI'YII,J',Itl I • HY(JI 

IIIIII..l',KI • W(I,J',KI + Dlf 

10 COIITINW 
DO 1050 I•1, L 
DO 1050 J•L.lt 
DO 1050 lt•L. H 
ArxCI • .1,XI • a.o 
Dl'XCI • .1.!CI • a.o 
sn . .;.KI - a.a 

1050 CONT:liTJE 
c 
c•••••~T~RAL FLUX ON X FAC! 
c 

c 

c 
c 

c 

c 

c 

c 

DO 9C !1:•1,!1•1 
DO iO .;-1. !i-l 
eo 90 :•Lt.-L 

R1 • ~Ct,.1,Kl • XIPIII • DII•L.J',l<l • !1.0-XI?CIII 
RZ • DCI,J,K•11 • XU'CII • DCI+L,J',K+11 • (l.O·ICIPCIII 

ZXCI,J',KI • R1 • ZIP!ltl + RZ • C1.a-ztP!KII +~RE 

UWCt.J.Kl • !ll!I.J.KI • II!I.J'.K+1ll • O.S 

A1'X I I. J. XI • ZX (I, J. Kl • XII !Il 

'0 CONTINW 

DO 1010 I•L. L 
DO 10'0 J•1,M 
DO 1060 it•l,;l 
Arx (I, J. itl•AI'X(I, J, KI•UWU, .1, KI/OIR (I, J', Kl 

Ir (AI'X (I. J', Kl .LZ. (•Z. O•l1N(I, J',ltl/CIIR (I, J'. Kill 
1 .vxct.J,XI -z.a•uwcr.J.KliCMR!I,J,KI 

t!'(Al'X(I,J',KI .U:.O.OI AI'XII,J',KI • a.a 
1010 CONTINUE 

c 

c 

c 

c: 
c 

c 
c 

c 

c 

c 

c 

c 
c 

c 
c 
~ 

c 

c 

DO 95 !t•L.ll-1 
DO 95 .l•1,M·L 
DO 95 t•l,L-1 

NV • (lf(I,J,KI + IIII+L,J.Jrll • a.5 
C1\Aill1 • (ll(I,J',Z+ll - Ufi,J',I(IJ•tDCKI 
ON • -ti.J',«l - ~ti•l.~.KI 
AI'X( I. J', !ti-IIWCI. J' ,KI • CWIHON/QUI et. J, Kll 

1 + AFZ(t,J,KI•CW- CRADU•1XCI,.l,ZI 

95 COMT:NW 

DO LOO !t•Z,ll•l 
DO lOO .1•2, H-1 
DO ~00 I•Z,L-l 

Dlf • c AI'XII-L,J',!:I - AI'X(t,J,KI I • ~III 

WIICI.J.ltl • WII(I.J,!tl • ON 

lOO COHTI!I11Z 

SUBROUTIKE BCONSUB 

PARAIIET!R IL-29,M-27,N•Zal 

IIIP~tc:T OOUBL! PRECISION IA•H,O-Zl 
IHTE~ SX,SY,SZ 
COIIMOH /COM'!'II./ 

1 -rr:u:cza1 
Z.R! ,HR! .lE .HPE .PR .AR ,S!TA,tPS ,DT ,!HKX 
l,KSTM.NSTM,!liiC,MAXT,VOL!I,.KSTP 
4.ZC:I ,ZC1 .ZC2 ,ZCJ .ZSQ ,ZSE ,ZSC .~ZSQ,HZSE.HZSC 
5,DACLa. 601 

CC11010N /!ICON/ 
l DXILHI ,O'l'IM+ll .DZIR+U 

Z,CMR(~.M.lfl.MIH .liHC100,71,UIN!1001,N08S.tOBil00,61 
l,NSOR,rSOR(l00,6l,SOR(laO) 

COMMON 
Z U(L.M.lfl. V(L,II.lll, lOCL,II.lll ,llU (L,lt, MI, W(L,M,lll ,If 

II(L,H,lll 



3.~(L,M.Ml.,I!.,M,~l . 31L,M.Nl,AIXIL,M,Nl.DFXIL,H,Kl 
S,Q(L,H.~l.~IL.H.~l.CIL.H.~l 
6 , SX(L,H,Ml,SYIL.H.~l.SZIL.H.~l.a!IL,H.~I 
7.XD ILl. ~0 I Ml.~O I~) 

I,KX l!.l.lt'! IHI.HZ l~l 
9.XI~ILl . ~I?IMJ,:I?IKl 

c 
COIII40~ ISCAI.I IC:::K<3l 

c 
c•••••st:T FREE St.:? lf.U.:. ~.2 
c 

CO 10 !I:•Z.lf-1 
CO 10 .:-z.:-c-1 

c 
V (Z,.Z,KI • V ( l ,.Z,KI 
V (!.,.; , !!:) • V (L·l . J . ltl 

c 

" (2,.1,1':1 -If (l ,.Z,KI .. (!., .Z .XI -" IL-l.J',ltl 
c 

Q 12 • .1.!':1 - Q (3 • .Z.XI 
Q IL,.Z,ltl - Q IL- L • .Z,KI 

c 
E (2 • .1,!1:1 - ! (J • .Z.ltl 
E I!.,J , Kl -! 11:.-1. J , KI 

c 
c 12,.;,x1 - c 13 • J , lt) 
c (!. • .Z • .!Oi) - c IL-L,J,!Il 

c 
!J ( l • .z ,l() - !J (2 ,J,lt) 

l • I V (Z,.Z,KI -V (Z,J•l,KI . KY(.ZI I !LXI21 
2 + (. If (2,J,KI - If (Z,.Z,K-11 . !IZ(KI I !LXIZI 

!J !L,.Z,KI - IJ li.-l,.Z,KI 
l - ( V n:.,.z.KI - V (I. • .Z-l,ltl . KY (.ZI !LX II.I 
2 - ( lf {!., .;,!!:) - If n : .. .z .x-11 . HZ Uti !LXII. I 

c 
10 CONTilllll!: 

c 
c•••••S&T rR&E SI.IP lfiU.I. 3. 4 
c 

eo 20 lt•Z,lf-1 
eo 20 r-z.x.-1 

c .. II,2 . !1:1 - lf I I . 3.ltl .. l i . M.KI -.. (I.H·l.Kl 
c 

!J (I.2,lt) - !J (I, 3.KI 
tl II,H,ltl - !J II,:t•l, Kl 

c 
Q II.2,KI •Q (I, l,X) 
Q II.H,ltl -a II.H•1,ltl 

c 
! !I. 2.!1:1 - !: (I, l,Xl 
! ( I,lt, Kl • E ! I.lt•l,KI 

c 
:: <I. 2,ltl - c (I. J,K) 
c (I, M, XI - c !I.M•l,XI 

c 
V II.l,KI • V !I. 2,KI 

l . ( lf II,Z,KI - lf !I.2.K•11 . lt%(11:) I !IYI21 
2 + ( tl II.Z,Itl - tl !I-l,Z.KI . !LXIII I !IYIZI 

V I I , .'t,ltl • V !I. H•1,ltl 
1 - ( lf !I.H,ltl - .. (I,H. K·ll . HZ!KI HYIHI 
2 - ( tl !I.H,IU - !J II·l,H,K) . I . ltXIIl HYIHI 

c 
20 CONTilllll!: 

c 
c•••••S!T !'11£!: SLIP I<AI.I. 5,6 
c 

CO 30 .z-z . H-L 
CO 30 r-z.t.-L 

c 
!J II • .Z.21 - !J (I, .z. l) 
!J II,.Z.KI - 11 I I • .;,K-ll 

c 
V 't . .z. 21 • V <I,J, 31 
V (( • .;,!f) • V !I,.;, !f•ll 

c 
Q n . .; . zl - Q !I • .;, 3) 
Q I I • .Z, lfl - Q (I , .Z.K-11 

c 
! <I • .1, 21 - ! I I • .;, ll 
! II.J.~I -E !I • .z. lf-11 

c 
c ( I • .Z. 21 - c (I • .Z, 3) 
c I I,.i . HI - c I I • .i,!f•l) 

c 
If I I • .Z , l I -If I I • .Z. 2) 

l + I !J II,.Z,ZI - 11 II-1,.1.21 l 
!!X I II I !IZIZI 

93 

2 . 
HYI:J I KZ 121 .. 1.t • .;. :n -.. I I. J . N·ll 

t -
!tXIIl KZ (NI 

z -. !t'ft.ZI liZ tlfl 
c 

30 C:OliT!:tUE 
c 
c•••••!IQU!fDAAY CONDITION SET 
c 

c 

c 

c 

00 lOO III•l.HIH 

Il • Uli(III. 2) 
IZ • IIHIIII.ll 
.11 • IIMIIII, 41 
.12 • IIHIIII,Sl 
Kl • :IliiUI.6l 
!tZ • ::liii!I,7) 

SEV • 11t!f I IIIl 

( 'I I I, J, 21 - V I I.J-1, 21 ) 

( !J II • .1. NI - 11 I I-t..;. NI ) 

( V I I • .; • NI - V (I,.Z-t. lfl l 

c:o ~0 
11~0.!20 , ~JO.l40,1SO. ~60, LJQ, LIO , ~90 , 200. ZlQ , 220 

1 .230.240 . 2SO.Z50.270 , 210.290 , JOO . Jl0,320 , J3 
O.J401 . ::K<I!:.1) 
c 
c•••••u VA.t.UE 
c 

c 

c 

c 

llO CO U1 K•Kl.KZ 
DO 111 J-.11, .12 
00 :11 I•tl. IZ 

111 !J (I,.Z,ltl • SEV 
c;o -:'0 100 

uo oo :n lt•n . xz 
CO :u .1-.11,.12 
00 lZl I•tl, IZ 

!.21 V (I • .:.X) • SEV 
CO 70 lOO 

130 CO :ll ~·Kl,l2 
CO : J 1 .;-.z1 • .12 
DO :.Jl :•tl.!l 

lll lf <t.~.KI • SEV 
eo :o 100 

c•••••Q vA.LUB 
c 

c 

c 

140 00 l4l !t•Kl, !I:Z 
CO :u .1-.11. JZ 
::o :u t-u. tz 

141 Q c:.~.!l:l • SEV 
CO -:'0 lOO 

lSO :o :51 !I:•Kl, KZ 
~o :n .:-.z1 • .;z 
CO :.Sl I•U, IZ 

1S1 ! II.J.ltl • SEV 
CO 70 lOO 

c•••••e '1111.:/E 
c 

c 

160 !lO :. Sl K•Kl, KZ 
DO :61 J-.11, .12 
CO a1 I-tl. :0:2 

1il C II.J,I() • SEV 
c;o -:'0 100 

c•••••~ VAL~ C X DIR!C:IOH 
c 

c 

170 00 l71 K•Kl.K2 
CO : 7l .1-.11, J% 

171 P c:~ . J.Kl • SEV 
CO 70 lOO 

c•••••p VALUE ( 'f OIREe:tOH 
c 

c 

110 00 :11 ~-~1.1(2 
oo a1 t-u. rz 

U1 ? I I • .:1.Kl • SEV 
CO ~ LOO 

C•••••p VAL~ I ' DIREC:tOH 
c ' 

c 

UO CO :.n J..Zl,.:Z 
CO :n :•U. IZ 

U1 P I!.J,Kll • SEV 
CO -:'0 lOO 



c: 
c•••••x DtRI!:C':'ION 
c: 

zoo 
c: 

ZD1 
c: 

202 
c: 
c 

COH'!'t:nl& 

DO 201 l<:•l'tl.:t2 
DO 201 .r-.. 11 . .:2-1 
V !tz • .Z,Kl • V (tl,J,Kl 

cc 202 tt•K1,K2·1 
cc zaz .::-,n • .zz 

" !12 • .1.11) -.. 
DD • DX(Ill 

DO 203 tt•!{l,ltZ 
00 203 .1-.11 • .12 

(Il,J.KI 

• ( l.0-2.0'SI!:V l 

• ( 1.0-Z.O•SI!:V I 

1!: !tl.J,KI • ZCl••.75 AIIS!Q!Il,J,Kil""l.5 • 2.0 

c: 
c: 

a.4•Da , 
e:. !t:Z • .Z,Kl • !:Ctl,J,KI 

203 C:ON'!':lfUI!: 

CO TO lOO 

c•••••Y OIR&C':'ION 
c 

c: 

c 

c: 

210 C:ON'!'IlfUI!: 

DO Zll K-«1 , KZ•l 
DO 211 I•Il. ::z 

211 lf (I,JZ.Kl • lf (I.J1,!CI • ( l.D•2.0'SEV I 

DO 212 K•Kl, K2 
DO 212 I•t1.IZ•1 

212 !1. !t,JZ,KI • !1 (t,Jl,KI • C 1.0-:Z.O•SEV l 

DD • DYCJ1l 

DO Zll K•IC1, KZ 
ea 213 t•tl. u 
2: !I.J1,J:l • zcc••.75 • ASSCQU.,1l.ltl1""1.5 • z.o 

Q.4•DD ) 

c 

c 

1!: II • .;:Z,Itl • I!:(I,.;1,KI 
213 CONTINil!: 

CO TO 100 

C• • •• •t. C IJU:C::'ION 
c 

c 

c 

c 

c 

220 CCIITilfUI!: 

DO 221 J-.11,.;2 
DO 221 t•I1.t2•1 

221 u cx • .;.n1 - u ct.J.Itll • c 1.o-2.o•si!:V 1 

DO 222 J-.11,.12·1 
DO 222 I•C1,U 

222 V Ct,J,.P::Zl • V (t,J,!UI • ( 1.0•Z.O"SEV l 

DD • DZ()Ul 

DO 223 J-.11, .12 
DO 223 I•Il, I2 
! !I.J,J:ll • ZCD 00 .15 • AIIS!Q(I,J,Kl))••1.5 • 2.0 

o . 4•DD l 

c: 
c: 

1: !t.J.ItZl • &Ct,J.Itll 
223 CONTIIIVZ 

CO ':'0 100 

C•••••KEAT rLUX Sfi!:CIFII!:D C X DIRI!:C:ION ) 
c 

c: 
230 00 231 K•K1,K2 

IJU lJl J~l.J2 

IFC !Cil,J • .P:l .IJ!.. 0.0 )'!'IIEH 
IIAM1 • HP!: 
I!:LSI!: 
RAH1 • ZCD • HZSC • QCI1,J.KJ••2 I I!:Ctl.J,KI • HP!: 
!!Ill IF 
liAK RAH1 • HXCill 
C!Iz • .;,K) • SEV I RAM • CCil,J,KI 

231 COIITilfUI!: 

CO TO lOO 
c: 
c•••••MJ!:AT rLUX Sti!:CIFI!D C Y CIREC':'ION I 
c 

c 

240 eo 241 K•K1 . K2 
oo 241 I-n.u 

IF I e: C I. J1. Kl . IJ!.. 0. 0 I '1'11!:11 
R.\!11 - 1\PI!: 
~LSE 
R.\!11 • ZCD • HZSC QII,J1 .. ~l••z I !CI.J1,KI • HP! 
!:MD tl" 
RAH RAMl • KY(J'l.) 
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c 

C I I. J:Z.Kl • SEV I RA!! • CC I. J1, Kl 

Z4l CONT:IIVZ 

CO -:'0 lOO 

c•••••Me:AT rLUX SPEC:::!":~ l Z DIR!C"I'ION ) 
c 

c 

c 

250 DO 251· J-.11. J2 
DO 251 I•U, IZ 

IFC !:(I,J,K1l .:J!. 0.0 )TH!N 
IIAI41 - liP! 
!LSI!: 
IIAI41 • ZCD " IU:SC • Qet,J,K1l ••z I l!:(t,J,Kll • HP! 
END IF 
IIAI4 • IIAI41 • HZ !Kll 
CCI,.;,:t:Zl • SI!:V I iiAII • CCI,.1,1Ul 

251 COIIT:IIVZ 

CO ":'0 lOO 

C"' ••• •!-tEAT nMSnR CC~!TICIZNT SPttC:l"!tD ( X :HREC':'IOH 
) 

c 
2&o eo zs1 K•!(1.KZ 

DO 261 .1-.11, JZ 

tTC ~U1 • .1.KI .:.z. 0.0 ITH!H 
RAM1 • liP! 
!LSE 
i\AIIl • ZCD " IU:SC • QIIl,J,Kl""Z I l!:Cil.J.Kl • liP!: 
lll1l :r 
RAM RAMl • HX(Il) 
CCIZ.J,Kl • SI!:V I RAM • l CCIZ.J.Kl • C!Il,.1,it) ) 

• CCI1,J,III 
c 

251 COIITilfV!: 

GC '1'0 lOO 
c 
C .... "H!A'I' -:lUIIISF!R CO!F!"IC:I!:IIT SP!C:IFIED ( Y DIUC':'ION 
) 

c 

c 

270 DO 271 !C•Kl, KZ 
CO 271 I•Il. I2 

IF! ~(t,.;-1,111 .::.z. 0.0 )TH!:N 
RAH1 • HP!: 
EU! , 
RAMl • ZCD • HZSC • QCI.Jl,lll••z I!:CI.J1,KI • HP! 
!ll1l :F 
IIAI4 !IAitl • !tY C J1 l 
cu . .:Z.lt) • S&V i M-Aft • i ~(i . .iZ.Ai - ~,I • .:t.A; ) 

• C:CI,J1,111 
c 

c: 

c 

271 CONTilfUZ 

00 '1'0 lOO 

C:•••••K!AT TRAHSFI!:R C:OErFICitHT SPECIFIED C Z Ot~!C::ON , 
c 

c: 

210 00 Zll .;-.11, JZ 
DO 211 I•Il, I2 

IFI l!:(I.J,!Ul .::.z. 0.0 )TIIEII 
IIAI41 • HP! 
!LSE 
RAMl • ZCD • IU:SC • OCI.J,K1l ••z I !Ct,J,Kll • HP! 
!!Ill ;F 
iiAII IIAI41 • HT ( J1) 
CCI.J,IIZl • i&V I Mlt • C Cli,J,IC~l • CCI,J.IC1) l 

• Cli,.1,K1) 
c 

c: 

c 
GO TO lOO 

C:•••••WALL T!HP!RATVRE SPEC>TII!:D C X DIRECTION I 
c 

c 

c: 

c 

2,0 00 2,1 !t•ICl.lt2 
eo a1 J-.zt. ;z 

Ul C!IZ.J,!tl • 2 . 0 • SI!:V- CCil.J.IIl 

CO ":'0 100 

C:•••••WALL ~-HP!RATUR! SP!C:IFI~ C Y DIRI!:C~ION l 
c 

c 

c 

c 

300 00 301 K-K1. KZ 
00 lOl I•Il. IZ 

301 C(I,.12.J:l • 2.0 • S!V - Cli.Jl.KI 

GO 70 100 



c• • • • •WALL 'r"'...HPEIIAT11111!: SPI!:C!FIED ( t DIII!c:-=tON 
c 

c 

JlO 00 llL J•JL,JZ 
00 JU I•tl. :z 

J1L CCI.J.KZI • Z.O • S!V • C!I,J,Xll 
c 

c 
~ TO lOO 

c•••••~ SLIP VALUZ 
c 

JZO 00 JZl K·~L.XZ 
00 JZL J•Jl,JZ 

X OIIIEC~!ON I 

c 

c: 
JZL O!Il.J.XI • O(Il,J,XI • C L.O·Z.O•S!V I 

~ ':'0 lOO 

c: 
C•••••Q SLIP' VALUE 
c 

c 

330 00 JJl K•KL.Kl 
00 JJL I•Il, IZ 

Y OIII!c:-=ION I 

c 
33L QCI.JZ.KI • QCI.J1.KI • C l.O•Z.O•S!V I 

~ TO lOO 
c 
c• ""0 St.;!' V-'1.11!: 
c 

' OIIII!:CTION I 

c 

c: 

c: 

340 00 34L J-JL.JZ 
oo J4l r-n. IZ 

341 QCI,J,XZI • QCI.J,Kll 

~TO LOO 

c••••• 
c: 

LOO C:ONTilfVZ 
c: 

eAU. BIEr 
c: 

ltErtllUI 
c: 

ltND 

c: 
C: Ot/HHY ~Ot/TINE 

c 

c: 
SC/BROtlrilfE BS!T 

ltErtllUI 
!KD 

• c L.o-z.o•sii:V 1 

c•••••OUTP~·•••••••••••••••••••••••~•·••••••••••••••• 

c 

c 

c: 
c: 

c 
c 

c 

c 

SC/BROt/TINE OUTPUT 

!MPL!C:!~ OOC/BLZ ?1\EC:StON (A·H.0-~1 
C:HAIIIIc:-=EI\•4 THEKA.?t.\ll,'l'ZIIH 

INTEGER SX,SY,SZ 
C:OHI'ION /CONTII/ 

1 !I!I.Z.IlOI 
Z,a£ ,KI\E ,PE ,HPE .PR .AR ,B&TA,ZPS ,DT ,!NKX 
3,KSTM,HSTM,INIC:.KAXT.VOLH,XSTP 
4.1~ .ZCL ,ZCZ ,ZC3 ,%SQ .ZSE ,ZSC ,HZSQ,HZSE,HZSC 
5,DAI10, 601 

C:OH!tON /BCCN/ 
l OXIL+ll ,OY(M+ll .DZCN+ll 

Z, Cl1ll I t..M. NI , HIN • :IN (100. 71 , IIIN C LOO I , MOllS, IOB ClOO, SI 
3.HSOR,ISORCLOO,&I,SORC1001 

COHMON 
l t1(L,It,HI, Vlt..M.HI,IfCL.M,NI, WCt.,lt,lll, WCL,It,lll,lf 

lf(L,M.HI 

c 

c 

3. 1' IL.M. HI. D IL.M.lll. S CL.It. HI,Al'XCL.It.HI. DFXCL.It.HI 
S.QIL,M.Nl,Eit..M.HI,C(t.,H,lll 
S,SX(L.It.lii,SY(L.M.HI,SZ(L,H.NI,B!Ct..M,NI 
7.XD ILI.YD IMI.ZD llll 
l.ax ILI.HY IMI.HZ CHI 
,,XIPILI.YIP(Ml,ZIPINI 

COHI'IOll /SCAJ./ ICONI31 

OIMEliSIOll ~Ct..lt.lll 

!Qt/IVAI.Z.NCE (AI'XIl.L,l) .AACl.l,l) I 
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c 

c: 

c 

c 

c 

c: 

c: 

c: 

c 

c: 

c: 

Wit • L 

CCHT!lfUZ 
~ -:o I 10.20.30. 40. 50. 60, 70),Nt/lt 

LO CONT!lftl!: 
DO L1 tt-1.11 
00 u J•L.It 
00 Ll I•L.t. 

u MII.J.lll - Cl Ct.J. XI 
TNL"'A •' 11' 
~ !0 zoo 

20 C:ONTI!fUE 
00 Z1 lt•L,ll 
00 Z1 J•l.lt 
00 21 I•l.t. 

Zl MII.J.KI • V CI.J.KI 
THEKA • ' v• 
~TO lOO 

30 C:OIIT!IfUE 
DO ll lt•l,ll 
00 lL J•L.H 
00 ll t•l. ~ 

31 Mlt . J,l':l -" lt.J,XI 
TI!EKA • ' ll' 
~TO ZOO 

40 :::llfT!!IVP.: 
00 4L K•l,H 
00 4L J•l,lt 
DOH t•l.!. 

4l ~II.J.XI - p CI.J,XI 
TK£11A • • p• 
~ :o zoo 

50 C:O!IT!!IVP.: 
00 51 X•l,N 
00 51 J•l.ll 
DOS! I•L,!. 

SL ~II.J.KI •Q (I,J.KI 
!HEHA • ' Q" 
~ !0 zoo 

so C:ONTilftl!: 
00 61 X•l.ll 
00 S1 J•l.H 
00 SL I-l.!. 

5l .V.ct • .;,KI - 1!: CI.J,XI 
TH!.'1A • ' e:• 
GO TO 200 

70 C:OIITI!fUE 
00 71 K•l.ll 
00 71 J•l.lt 
0071 t•l,;. 

11 .V.I!,J.KI -c II,J.Kl 
!H!.'1A • • c• 
~ !0 zoo 

ZOO C:OliT:l1111!: 

?t.\11 • • Y-~ • 
t"-'-!Ut • , I •' 
IC: • !CONCLl 
IliD~X • L 

c .... ·~-x Pt.\111!: 
c 

c: 

c 

c: 

c 

c: 

PUN - • z-x• 
t!RH • ' 3 •' 
IC: • !CON IZI 
IKD!X • Z 

CA!.~ ?RINTl CtH!MA.PLAN.TERM,IC:.IYDEXI 

PLAN - • x-r• 
:'!JUt • , X •' 
IC: • !C:ONIJI 
IKD!X • 3 

CAt.t. ?RilfTl ITK£11A, tt.\11, TEII!t. IC. tKDEXI 

!filM - Wit • l 
Il" C !filM .LE. 7 I ~ TO L 



·:· "' 

c 

c 

c 

c 
c 

c 
c 

c 

c 

SUBROU'riNII PRIN'rl('rHDIA,lt.\lf, ntiiK, IC, IND!.XI 

PARAKEntR 1~29,H-Z7,H•ZOI 

IMPLICIT OOUBLII PRECISION IA-11,0-ZI 
CHARAC~ZR'4 THDIA,Pt.\lf,t9~ 

IN'r~CZR SX,SY,SZ 
CO!II40N /CON'rR/ 

L T!TUIZOI 
z,;u: ,HR& .PII .HPS ,PR ,AA .BSTA,U'S ,DT ,ElfiOC 
l,KSTH,M&TK,INIC.XAXT,VCLH,KSTP 
4,ZC~ ,ZCl ,ZC% ,ZCl ,ZSQ ,ZSS ,ZSC ,RZSQ,HZS&,HlSC 
S.CAUO. 601 

COHIICN /BCON/ 
l OXIL+11 ,DYIH+1J .DZIN+1) 

Z, CMR IL.~. NI .liill • IIN I 100, 71. UtN (l00J, NOBS, IOIIUOO, 61 
J,NSOR,!SORi100,5J,SORil00) 

C0!1140M 
Z UIL.H,lll, VIL,H,lll ,lf(L,l4.ll), UlliL,H.HI, WU •• I'J.NJ. Of 

Of(!.,II.HJ 

c 

c 

c 

c 

c 

c 

c 

c 

J .l IL.H,lll. D 1!..:4, NI. S I!.,H,lll ,AFXIL,H, HI, DP'XIL.H.lll 
5,QIL,l4,Nl.ZIL,H,Nl,C(!..H,ll1 
5, SX I I.. H. NI, S"C (L,H, NI. SZIL.H. NI, B&IL.H, NI 
7,XI) i!.J.YD IHJ.ZD IN) 
I,!IX II.l.HY IHJ,IIZ 1Nl 
9,XIP ILl. 'tiP 1111 .UI' INI 

COHIIOII I SCAJ..I ICON ll I 

DIH&NSION AAI!.,H,NI 

IIQUtvlUZNa IAP'XIl,l.ll .MCl.l,lll 

~IT&Cl0,&00) TIT!.& 
WRintll0,60ll TK!IHA.PtAH.!ERH,IC,KSTP 
GO TO I lO,ZO,lO ),IIIO&X 

10 CONTIII11!: 
V. - l 

lOO CONTiliU!: 
Kit • 5 • I KA·l ) + 1 
U•S•Q 

IF IIZ-MI .cz. 0 I GO TO 103 

~Intl10.&021 IK.K•!Ot,DI 
WRI~Il0.101l 1.1. IMCIC,J.It),lt-«<t,K&J,.1•1,HI 
ni~Cl0.1021 
!CA--'!tA•l 
GO TO LOO 

103 COM'I'III11!: 
WRI~ZilO. &021 IK,K•ta:,HJ 
DO L04 J•1,H 
lfiiiiTZCL0,10ll .1, IMIIC,J,Kl,K•tal:,lll 

104 CCM'I'IliUB 

20 CCH'I'III11!: 
IA • 1 

ZOO CCHTUIUI!: 
II • S ' C IA-1 l + 1 
I!: • 5 • IA 

IF I (I!-C:.I .cz. 0 l GO TO 203 

NRI~Cl0,5021 II.I•U,:!l 
lfliiiT!(lO,lOll llt,IAACI,IC.Itl.I•It,I!I,It•1,NI 
lfRI~IlO.l0%1 
tA4IA•l. 
GO to 200 

ZOJ COH'I'Illll! 
~IT!il0,502) II.I•U,!.I 
DO 204 !t•1,1f 
~IT!Il0.10ll II:,IMCI.IC.KI.I•rt.LI 

204 COMTIII11!: 

RETURN 

lO CON'!'III11!: 
JA • 1 

lOO CONT!II11!: 
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c 

c 

c 

c 

c 

c 

J.1 • 5 • I JA-1 I + l 
J! • 5 • JA 

IF IJ!-HI .G!. 0 I GO ~0 JOJ 

NRIT! 110,6021 1.1,J•J.l',J!l 
WRI~ I LO, LOll !I. IMI I, J, ICl, .; • .;J, Jl!:l, I•l, L) 
NRI'Bil0,1021 
~A • JA + l 
GO TO 300 

3 OJ CCH'!'IlfV!! 
lfRIT!IlO, 5021 l.l',.:-J.l',I'JJ 
DO 304 I•l. L 
lfRIT! 110,101) I. IMCI.J, ICI • .:•J.l',Hl 

304 COHTI!IU& 

R!TIIlUf 

101 t"'RMAT ilH ,I5,5rl2.7J 
102 !'ORMAT llH 1/ I J 

600 FORMAT llH 1/ /lH • 20A4J 
601 FORMAT llH ,A4,' -OISTliiiJUTION ON' ,A4, • PtAH' .A4, I4 

1 KSTP•' • .l:lO///) 
602 fORMAT llH , SI12 I 

11110 

ruH~:OM ISSCIIO I I I 
SAW 
tJI.H&IIS%011 HIIA'tS 112 I 

DATA 
MDAYS/O,lt.~t.90,120,1Sl.lll,212,24J.273,J03,JJ4/ 

IF II.~Q.OI THEN 
CAJ.L CIT'!'IH IIHR.HIII.IS!C,IllOJ 
IS!OID • 0.0 
R!TUIUI 

!!.SI!: 
CAJ.L CZT'!':H IIH.Hilfl, IS, tlOI 
CAL:. CZT!IA'r C IY"'....NI. I110NTH. t;:JA'tl 

IS!OID • :s•60'1Milfl+60•IHJ•IIDA't+!4DAYSII
!«<HTHIJ•t4•JfOO 

IFIIS!:OID.Lt.O.OI ISCCIIO • !SC:CHD • 24•60•60 
R!~ 

ZIIOIF 
!MD 



A.6 Sampe Output 
An sample output is given below for the problem pressented in Chapter 5. The physical 
meaning of the terms are : ' 

KSTP time iteration step number 

pressure iteration step number 

CPU time in seconds 

NSTP 

KTIM 

QAVE 

EAVE 

CAVE 

DAVE 

PAVE 

volumetric root mean square residual of k-equation 

volumetric root mean square residual of E-equation 

volumetric root mean square residual of temperature-equation 

volumetric root mean square residual of momentum equation 

volumetric mean pressure 

ENA V volumetric mean energy 

DMA..tX maximum continuity error 

Convergence is judged by monitoring the temporal variation of these parmaeters 

After the convergent status listing, spatial variatin at the final time is given per the liting 
pointer. 

On a UNIX or DOS computer, the flow field is save every 100 iterations to UNIT21. The 
problem can be terminated ·by a Cncrl Break sequence and restarted by copying lJNIT21 to 
UNIT22. (Save U!'ITI22 before this copying if you have disk space to burn and need it for 
some reason). 

AIR DISTRIBUT:ON PER:C~~ANCZ FCR 4.0 C!M WITH 75 ' FREZ AREA DIFFUSER 

KS~M .....•. TIME ::z~T!ON ~X NO.~ 
NS~M ... PRESSURE ::z~TION ~~ NO.• 
MAXT ...•..... CPU -::!-!£ MAX (SEC. l • 
I~IC .... INI!!AL F!:Z DATA c:NTROL• 

RE ...••. LAMINAR ~YNOLDS ~UMBER• 
PR .•.•.. LAMINAR :RANDTL NUMBER• 
AR .•......•... ARCHIMEDES NUMBER• 
BE:A .. ACCZRATE RE~IZATICN CONST• 
EPS .•. DIVERGENCE -:OLZRANCZ LIMIT• 
CT ...•.......•.... !!~£ DIVISION• 
~NMX .... CONVERGENCE JUDG:NG CONST• 

ZC::l 
zc: 
ZC2 
ZC3 
zsc 
ZSE 
zsc 

.,.. ... ,.,DX 
• 063 
.125 
.172 

,.. ... ,..,.!JY 
.167 
. 625 

. 063 

.298 

.172 

.167 

. 625 

• 063 . :J63 • 063 . 063 
.298 . 298 .298 .298 
. 172 . 2C3 .208 .208 

.167 .!.57 .250 .250 
• 625 .625 .625 • 625 

1999000 
20 

288000 
1 

257710.0000000 
. 7100000 

-.0012350 
1.0000000 

.0010000 

.0100000 
10.0000000 

.063 

.298 

.185 

.417 
• 625 

.0900000 
l. 4400000 
l. 9200000 
1.0000000 
l. 0000000 
1.3000000 

.9000000 

.063 .063 

.172 .172 

.185 .185 

. 417 .500 
• 625 .417 
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.125 

.172 

.sa a 

.417 



.417 .250 .250 .250 .167 .167 .167 .......... oz 

.125 .125 .125 .125 .125 .125 .125 .125 .125 .1aa 

.1aB .292 .292 .292 .292 .167 .167 .125 .125 .125 

,..,. ...... DATA OUTPU! l?OINT .... .,. .. .,. 

6, 6, 6) 

,..,. ...... 90UNDARY CONDITION••••• 
.•. NOB •••. I1 •••. I2 .... .rt .... J2 •••. Kl •••• K2 ••••••••• SPV 

1 4 a 2 2 3 6 .00000 
2 5 8 2 2 3 6 1.00000 
3 5 . 8 2 2 2 6 .00000 
4 5 8 2 2 3 6 .21140 
5 5 8 2 2 3 6 .02219 
6 5 8 2 2 3 . 6 L 00000 
8 19 22 2 3 3 7 .00000 
1 18 22 2 2 3 7 .00000 
2 19 22 2 2 3 7 -.29090 
3 19 22 2 2 2 7 .oocoo 
6 19 22 2 2 3 7 .00000 

10 28 29 3 22 3 19 .14286 
10 20 21 23 24 3 8 .142a6 
10 28 29 23 24 9 19 .14286 
10 28 29 25 26 3 19 .14286 
10 3 2 3 26 3 19 .14286 
ll 3 4 3 2 3 l9 .14286 
1..1 5 g 3 .. 7 19 .14286 .. 
11 9 la 3 2 3 19 .14286 
ll 19 22 3 2 a 19 .14286 
ll 23 2a 3 2 3 19 .14296 
ll 3 2a 26 27 3 19 .14286 
11 21 28 22 23 3 a .14286 
11 21 28 25 24 3 8 .14286 
12 3 za 3 26 19 20 .14286 
12 21 28 23 24 . 9 8 .14286 
13 28 29 3 22 3 19 .00000 
13 20 21 23 24 3 8 .00000 
13 28 29 23 24 9 19 .00000 
13 28 29 25 26 3 19 .00000 
13 3 2 3 26 3 19 .00000 
14 3 4 3 2 3 19 .00000 
14 5 8 3 2 7 19 .00000 
14 9 1a 3 2 3 19 .00000 
14 19 22 3 2 8 19 .00000 
14 23 28 3 2 3 19 .00000 
14 3 28 26 27 3 19 .00000 
14 21 28 22 23 3 8 .00000 
14 21 28 25 24 3 8 .00000 
15 3 28 3 26 19 20 .00000 
15 21 28 23 24 9 8 .00000 

*""""OBSTACLE CONDITION"""""" 
•.•• I1 •••• I2 •.•• Jl ..•. J2 ••.. Kl ••. • K2 

21 28 23 24 3 8 

,..,. .. ,,.CRITICAL RE~OLOS NO.*''*"'*• 

•.•• I1 .••• I2 •••• Jl •..• J2 •••• K1 •••• K2 •••..•••• Qo!R 

1 29 1 27 1 20 2.00000 
Stareing Solueion of NAvier Stokes EquAeions 

See Inieial Soundary Conditions 
Initial Time is 22349639 seconds 
Startinq Solueion Loop 
The maerix S is formed 
The diffusivity has been calulated 
Finished Scalar X e1uxes 
Finished Scalar Y Fluxes 
Finished Scalar Z Fluxes 
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C~ecking Obs~acles 
C~ecking 3ounciary Co~di~icns 
::ocia~ed Q, =: & c 
~verages of Q, =: & C calc~lated 
Mo~en~um in X direc~ion solved 
Momentum in Y direc~:on solved 
~omentum in Z direc~ : on solved 
Velocities updated 

.~STP.~ST?.KT:~ .... QAVE •..•.•. ZAVE .••.. CAVE •.... ~AVE ••••. ?AVE •.... 2NAV ..... O~~X 
1 21 17205.03020··········· .26084 .12598 .00529 .00064 1.70416 
2 21 33 .11876 .01939 .24591 1.86575 .01448 .00092 .37954 
3 21 50 .12725 .01946 .23696 .83422 .01417 .00108 .47056 
4 21 66 .14544 .02261 .22541 .48167 .00989. .00115 .43783 
5 21 83 .16436 .03035 .21528 .30238 .00527 .00117 .33681 
6 21 lOO .17363 .03873 .20561 .21257 .00234 .00117 .23681 
7 21 116 .17402 .04529 .19629 .17335 .0014C .8C115 .15429 

s:~!tdR OUTPUT FOR ~EST OF ~UN 

.~STP.~STP.KTIM •••. QAVE .•••••• EAVE •••.. CAVE ..•.• OAVE ••••. PAVE •.•.. 2NAV •..•• OMAX 
95400 1 12 .003C4 .00291 .00035 .00005 .00102 .01106 .00000 
95401 1 22 .00040 .00025 .00035 .00007 .00102 .01106 .00065 
95402 l 32 .00034 .00022 .00035 .oooos .00102 . 01106 .00051 
95403 1 42 .00029 • 00019 .00035 .00005 .00102 .01106 .:J0030 
95404 1 52 .00025 .00018 .00035 .00005 .00102 .01106 .00041 
95405 1" 62 .00022 .00016 .00035 .00005 .00102 .01106 .00026 
95406 1 72 .00019 .00015 .00035 .00005 .00102 .01106 .00009 
95407 l 82 .00017 .00014 .00035 .00005 • 00102 .01106 .00007 
95408 1 92 .00015 • 00013 · .00035 .00005 .00102 .01106 .00005 
95409 1 102 .OCCl4 .00012 .00035 .00005 .00102 .01106 .00005 
95410 1 112 . 00Cl2 .00011 .00035 .00005 .00102 .01106 .00004 
95411 1 122 . OCCll .00010 .C0035 .00005 .00102 .01106 .OOC04 
95412 1 132 .OCClC .00010 .OOC35 .00005 .00102 .o:.:.o6 .00003 
95413 1 142 .00009 .00009 .00035 .00005 .00102 .01106 .00003 
95414 l 152 .cocoa .00008 .00035 .00005 .00102 .01106 .00003 
95415 l 162 .00008 .00008 .00035 .00005 .00102 .01106 .00003 
95416 l 172 .00007 .00007 .00035 .00005 .00102 .01106 .oooo2 
95417 1 182 .00006 .00007 .00035 .00005 .00102 . 01106 .00002 
95418 l 192 .oocc6 .00007 .00035 .cooos .OC102 .CllC6 .OOCC2 
95419 l 2C2 .ccccs .ccco6 .OC035 .cooo5 .00102 .CUC6 .00002 

. :<:S!'?. ~S':l?. KT:::~ •••. CAVE ••.•.•• !::AVE ••... CAVE ..•.. OAVE •..•. ?AVE ..•.. 2NAV ...•. OMAX 
9542C 1 212 .occcs .cooo6 .ooo3s .cooo5 .00102 .01106 .aooo2 
95430 1 312 .ooca3 .oooo4 .aoc35 .cooo5 .00102 .CllC6 .acoo1 

A:~ DISTRIBUTION ?ERFORMANCE FOR 4.0 c:~ l'i'I!S 75 ' FRE! AREA OI!E'USER 
U-OISTRI:aUTION ON Y-Z ?LAN I ~ 6 i<STP• 95436 

l 2 3 
1 .occoooo .oooooco .ooooooo 
2 .ococooo -.0377082 .ooooooo 

4 
.0000000 
.ooooooo 

3 .ooooooo -.0377082 -.0377082 -.0350278 
4 .ooooooo -.0465862 -.0465862 -.0439187 
5 .coooooo -.024895C -.0248950 -.0241430 
6 .aoooooo -. 0120372 -.0120372 -.0121700 
7 .oooooao -.0042385 -.0042385 -.0045329 
8 .coocoao -.0020490 -.002049C -.0022703 
9 .0000000 -.C016675 -. 0016675 -.0017640 

10 .oooooco -.OOC8836 -.0008836 -.0009005 
11. .ooooooo -.0008800 -.0008800 -.C007864 
12 .oooccoo -. :J00416iJ -.0004160 -.0002405 
13 .cooooco .0000699 .OOCC699 .0003121 
14 .ooocooo .0004613 .0004613 .0007533 
15 .oooocoo .0007440 .000744C .0010655 
16 .ooocooo .0009741 .0009741 . 0013044 
17 .ooccooo .0012447 .OC12447 .0015627 
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18 . OOCO CQQ .CCl6338 .0016338 .0019175 
19 .aocccco .0030029 .0030029 .0032152 
20 .oooccoo .0052749 .0052749 . 0053874 
21 . oococao .0097016 .0097016 .0096809 
22 .0000000 . 0161370 .0161370 .0159706 
23 .0000 000 . 0259591 .0259591 .0256499 
24 . 0000000 .0414892 .0414892 .0410592 
25 .0000000 . 0604879 .0604879 . os 99995 
26 .0000000 .0698387 .0698387 .0693406 
27 .0000000 .0698387 .0498844 .0495286 

6 7 8 9 
1 .ooooooo .ooooooo .ooooooo .ocooooo 
2 .ooooooo -.0393853 -.0637311 -.0401753 
3 - . 0245346 -.0551399 -.0892242 -. 0562459 
4 - . 0378026 -.0534110 - . 0625 486 -.0430626 
5 - . 0267209 -.0355210 -. 0367339 -.0252890 
6 -.Ol696a7 -.0225887 -.0224592 -.0153645 
7 -.0079478 -.0102730 -.0087487 -.0035122 a - . 0043679 -.0053353 -.0037~57 .0003382 
9 -.0026373 -.0026147 -.ooo8o5o .0027980 

10 - . 0010775 -.0005971 .0012312 . 0044513 
11 -.0002110 .0007682 .0028125 .0059031 
12 .0008196 .0020826 .0042299 .0071837 
13 • 0017258 .0031825 .0053962 . 0082142 
14 . • 0024030 .0039652 .0061684 .0087658 
15 .0028276 .0043950 .0064729 .0087156 
16 .0030626 .0045409 .0063854 .0081733 
17 . 0032064 .0045105 .0060361 .0073339 
18 .0033374 .0043904 .0055335 .0063495 
19 .0042511 .0049662 .0056770 .0060300 
20 .0059023 .0061839 .0063725 .0062132 
21 . 0095149 .0092611 • 0088313 .0081019 
22 .0150420 .0141936 .0130242 .0115443 
23 . 0239632 .0224984 .0205484 .0181153 
24 .0387190 .0367096 .0339944 .0307105 
25 . 0572293 • 0545944 .0511900 .0471226 
26 .0660153 .0631779 .0595933 .0553454 
27 .0471534 .0451267 .0425663 .0395321 

11 12 lJ 14 
1 .ooooooo .ooooooo .0000000 .0000000 
2 - . 0260435 -.0224750 -.0199974 -.0181848 
3 - . 0364612 -. 0314653 -.0279966 -.0254590 
4 - . 0297660 -.0262754 -.0238537 -.0222110 
5 - . 0211116 -.0189681 -. 0171322 -.0162099 
6 - . 0136742 -.0144790 - . 0134715 -.0129946 7 .0010562 -.0057046 -.0072731 -.0078250 a .0064331 -. 0002699 -.0034730 -.0048783 
9 . 0094734 .0038978 - . 0001369 -.0023128 

10 .0109130 .0061525 .0021521 •.00042::i8 
11 .0116471 .0073066 .0038951 .0012885 
12 . 011 7415 .0073349 .0046673 . 0023201 
13 . 0112110 .0066456 . 0048718 .0035413 
14 .0100956 .0057623 .0047162 .0042750 
15 .0085848 .0047427 .0038126 .0029637 
16 .0069381 . 0036193 .0024581 .0005392 
17 .0053817 .0025446 . 001l415 -.0012153 
18 . 0041085 .0016686 -.0000410 -.0021425 
19 .0035437 . 0015516 - . 0000116 -.0014717 
20 .0033549 .0016696 .0005814 -.ooo2:l18 
21 .0044061 .0023308 .0016724 .0015413 
22 .0060022 .0035121 .0028110 .0030482 
23 . 0107872 .0013510 .00.58224 .0055340 
24 .0214509 • 0167060 .0138116 .0125402 
25 . 035.5210 . 0291609 .0248333 -. 0220781 
26 . 0422746 .0341934 .0280216 .0236157 
27 .0301959 .0244237 .0200153 .0168682 
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:o 17 18 !.9 
1 .:::ooaoo .acaoooo .ooooooo .JCOCCOO 
2 -.0:65876 -.0167902 -.0174928 -.0125987 
3 -.0232228 -.0235064 -.0244901 -.0176383 
4 -.02!8904. -. 0230909 -.024.2375 -.0184035 
5 -.0:81522 -.0201583 -.0217025 -.017590::. 
6 -.0160853 -.0183273 -.0199082 -.0171033 
7 -.0123243 -.0145300 -.0162169 -. 0148544 
9 -.0100705 -.0121004 -.0137682 -. 0132023 
9 -.0078026 -. 0095516 -.0111212 -. 0110079 

10 -.0059177 -.0073731 -.0087869 -.0088463 
11 -. 0037183 -.0048389 -.0059967 -.0059878 
12 -.0018536 -.0028023 -.0039828 -.004365:. 
13 .0042161 .0059216 .0085380 . 01::.6575 
14 .0053066 .0054078 .0070759 .0099459 
15 -.00134.91 . 0001183 .0026906 .0052289 
16 -.0021::.99 .0004753 .0035959 .0058337 
17 -. 0007674 .0021602 .0052376 .0067883 
19 . 00055 66 .0037432 .0068490 . ::077464 
19 .0020534 .0053045 .0085868 .0089171 
20 . 0031630 .0065368 .0102890 .Ol03CCO 
21 . 0045949 .008164.3 .0126005 . Ol2Jl4l 
22 .00694.06 .0110353 .0160834 . :Jl53452 
23 .0097439 • 0135132 .0188705 .0181980 
24 • 0141439 .0177914 .0220195 . 0213177 
25 .0218979 .0237792 .0254927 .0241146 
26 .0221965 .0234468 .0246224 .0244043 
27 .0158545 .0167476 .0175873 .0174315 

AIR DIS~RIBUT!ON ?~RFORMANCE FOR 4.0 CFM WI!H 75 't !:!'tEE AREA DIF?'USC:R 
U-DISTRIBUTION ON z-x l'UN J • 6 KSTl'• 95436 

l 2 3 4 
1 .ocooooo .oooooao .ooooaoa .0000000 
2 .oaooooo .ooooooo -.0143519 -.0!.9941: 
3 .0143519 .0000000 -.0143519 -.Ol894ll 
4 • 0139656 .ooooooo -.0139657 -. 0185999 s .0141733 .oooooaa -.0141734 -.0191325 
6 .0169746 .0000000 -.0169747 -.0226847 
7 . 0172213 .oooocoo -.0172213 -.0246470 a .0095349 .aoooooa -.0095349 -. ::J:57507 
9 .0006130 .ooooooo -.0006130 -.0053793 

10 -.0013917 .ooooooo .0013917 -.0002593 
11 .0033576 .aoooooo ' -.0033576 -.0067365 
12 .0038059 .ooooooo -.0039058 -.0074607 
13 .0035006 .ooooooo -.0035006 -.0069066 
14 .0033552 .coooooo -.0033552 -. 0066313 
15 • 003 6080 .ooooooo -.0036080 -.0070847 
16 .0046765 .0000000 -.0046765 -.0097982 
17 .0056995 .0000000 -. oo5 6995 -. 0104180 
19 .0073451 .ooooooo -.0073451 -.0118308 
19 .0020610 .0000000 -. 0020 610 -.0071204 
20 .0000000 .ooooooo -.0014721 -.0050859 

6 7 8 9 
1 .coooooo .ooooooo .ooooooo .ooocooo 
2 -.0120372 -.0047630 .0023117 .0051375 
3 -. 0120372 -.0047630 • 0023117 .0051375 
4 -.0!.21700 -.0052!.84 .0015532 .0041970 s -.0133087 -.0067412 -.0003866 .0019947 
6 -.0159687 -.0105542 -.0046391 -.0027094 
7 -.0225887 -.0179371 -.0141078 -.0137871 a -.0224592 -.0223625 -.0222611 -.0239644 
9 -.0:33645 -.0191911 -.0227698 -.0269146 

10 -.0086966 -.0143135 -.0202919 -.0261743 
11 -.0:36742 -.0172778 -.0209608 -.0245391 
12 -.0:44790 -.0178476 -.0210509 -.0240471 
13 -. c:34715 -. 0166370 -.0196965 -.0226228 
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14 -.0129946 -. 0160980 -.0191293 -.0220636 
15 -.0137529 -.0163653 -.0200852 - . 0230994 
16 -.0160853 -.0194225 ·.02261C9 -.0256702 
17 -.0193273 -.0218525 -.0251715 -.0283179 
18 -.0199082 -.0236401 -.0271297 -.0303517 
19 -.0171033 -.0215231 -.0255427 -.0291806 
20 -.0122165 -.0153735 -.0182447 -.0208431 

11 12 l3 14 
1 .0000000 .0000000 .ooooooo .0000000 
2 -.0430232 -.0676554 -.0620071 -.0582557 
3 -.0430232 -.0676554 -.0620071 -.0582557 
4 -.0430970 -.0662431 -.0612462 -.0575353 
5 -. 0436360 -.0636396 -.0598391 -.0564032 
6 -.0452980 -. 06043 94 -.0579815 -.0549010 
7 -.0478742 -.0570141 -.0558599 -.0532921 
8 -.0493298 -.0534254 -.0536419 -.0517405 
9 -.0462343 -.0502044 -.0515229 -.0503724 

10 -.0406483 -.0467014 -.0491549 -. 0489710 
11 -.0359153 -.0436505 -.0471309 -.0480229 
12 -.0337169 -.0414247 -.0456781 -.0477307 
13 -.0326763 -.0407759 -.0456367 -.0485812 
14 -.0324829 -.0413402 -.0469901 -.0503614 
15 -.0337677 -.0430844 -.0495197 -.0535081 
16 -.0363246 -.0458313 -.0525078 -.0568586 
17 -.0389054 -.0487159 -.0556288 -.0601535 
18 -.0411802 -.0513815 -.0586059 -.0633899 
19 -.0412297 -.0521806 -.0599983 -.0653032 
20 -.0294495 -.03'72716 -.0428556 -.0466448 

16 17 18 19 
1 .ooooooo .oaooooo .ooooooo .ooooooo 
2 -.0493617 -.0468528 -.0506302 -.0586866 
3 -.0493617 -.0468528 -.0506302 -.0586866 
4 -.0483445 -.0452245 -.0483374 -.0555754 
3 -.0467916 -.0429649 -.0452591 -.051<1649 
6 -.0452741 -.0410919 -.0426844 -.0479619 
7 -.0441806 -.0400958 -.0412677 -.04~6113 
8 -.0436704 -.0400289 -.0409938 -.0444634 
9 -.0437303 -.0407694 -.0415434 -.0442163 

10 -.0443841 -.0423755 -.0429024 -.0446254 
ll -.0458282 -.0447681 -.0450112 -.0457849 
12 -.0480768 -.0477011 -.0475900 -.0474768 
13 -.0506147 -.0504006 -.0498635 -.0490515 
14 -.0530226 -.0525912 -.0516393 -.0502612 
15 -.0561365 -.0552556 -.0538500 -.0519352 
16 -.0598234 -.0586303 -.0568874 -.0545585 
17 -.0633443 -.0622321 -.0603653 -.0577506 
18 -.0670155 -.0660723 -.0643082 -.0617878 
19 -.0699569 -.0695920 -.0682784 -.0661509 
20 -.0499688 -.0497082 -.0487699 -.0472503 

21 22 23 
:; 

24 
1 .0000000 .ooooooo .0000000 .0000000 
2 -.0767805 -.0807695 -.0783228 -.0692598 
3 -.076780.5 -.0907695 -.0783228 -.0692598 
4 -.0723167 -.0758911 -.0732261 -.0641063 
5 -.0665526 -.061}7794 -.0671630 -.0584657 
6 -.0612425 -.0641043 -.0616782 -.0536591 
7 -.0568445 -.0591846 -.0569485 -.0496656 
8 -.0533945 -.05504~3 -.0.529241 -.0463195 
9 -.0508372 -.0517373 -.0495989 -.0435272 

10 -.0486759 -.0486998 -.0464117 -.0407859 
ll -. 04 71100 -.0462381 -.0436657 -.0392760 
12 -.0461025 -.0443560 -.0414491 -.0361796 
13 -.0457402 -.0431012 -.0397690 -.0344305 
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4 
5 
6 
7 
8 
9 
0 

1 
2 
3 
4 
5 
6 
7 
13 
9 

10 
ll 
1.2 
13 
14 
15 
16 
17 
113 
19 
20 

-.o4s-;:n 
-.~462220 
-.0478530 
-.05013136 
-.0539036 
-.0530533 
-.0421306 

26 
.oooocoo 

-. 03892l6 
-.0389216 
-.0344700 
-.0307137 
-. 0280947 
-.0261493 
-.0245384 
-.0233050 
-.0220860 
-.02013452 
-.0199020 
-.011390133 
-.0178994 
-.0167708 
-.0158262 
-. 0155819 
-.0159512 
-.0170482 
-.0121772 

-.04.24360 
-.0423204 
-.0434069 
-.0452078 
-.0484036 
-.0537877 
-.03134195 

27 
.0000000 

-.0211550 
-.0211550 
-.0179067 
-.0156498 
-.0143614 
-.0134493 
-.0127067 
-.0120862 
-.01156-10 
-.0109524 
-.0105461 
-.0101347 
-.0096108 
-.0089472 
-.0079965 . 
-.0078870 
-.0081197 
-. 0091029 
-.00650.20 

-.0385978 
-.0378543 
-.0383007 
-. 0394632 
-. 0419872 
-.0470343 
-.:J335957 

28 
.0000000 
.0000000 
.ooooooo 
.0000000 
.ooooooo 
.0000000 
.ooooooo 
.ooooooo 
.oocoooo 
.acooooo 
.0000000 
.0000000 
.0000000 
.0000000 
.ooooooo 
.0000000 
.ooooooo · 
.0000000 
.ooooooo 
.0000000 

AIR JISTRI3UT!ON ?~RFCRMANCZ FOR 4.0 CFM WITH 75 t FREE AREA DIFFUSER 
U-DISTRI3UT!ON ON X-Y ~LAN K • 6 KST?• 95436 

l " 
2 
3 
4 
5 
6 
7 
9 
9 

10 
ll 
1.2 
l3 
14 
15 
16 
17 
113 
l9 
20 
21 
2.2 
23 
24 
25 
26 
27 
29 
29 

1" 
.oooocoa 
.ooooooo 
.ocoooco 
.oooooao 
.oooocoo 
.ooooooo 
.oooocao 
.aooooco 
-. 0000000 
.0000000 
.ooooooo 
.ooooooo 
.0000000 
.ooooooo 
.ooooooo 
.ooooooo 
.ooooooo 
.ooooooo 
.oooocoo 
.oooooca 
.oaoooac 
.occoooo 
.oaoooao 
.aoaoaao 
.ooooaao 
.ooooaoa 
.acaocao 
.ooaaaoo 
.ooaoaao 

2 
. .2623130 
.0000000 

-.0295275 
.0000000 
.0000000 
.0000000 
.ooooooo 
.ooooooo 

-.0351019 
-.090474.2 
-.0800154 
-.0637690 
-.0569287 
-.0517023 
-.0451473 
-.0330946 
-.0011071 

.aoooaaa 

.ooooooo 

.aocoaoo 

.aoooooo 

.oaooooa 
-.0999543 
-.0674200 
-. 04 716.38 
-.0300123 
-.0149410 

.ooooooo 
-.003030.2 
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3 
.0413388 
.ooooooo 

-.041338-9 
-.1863700 
-.0893838 
-.0.245346 

. 0365729 

.1.219318 
-.0491430 
-.1266649 
-.1::.20225 
-.0892773 
-.0797009 
-.0723838 
-.0632068 
-.0463328 
-.0015500 

.0884159 
-.0051592 
-.0634966 
-.1231590 
-.2201474 
-.1399371 
-.0943888 
-. 0660326 
-.0420175 
-. 0209175 

.ooooooo 

.0209175 

-. 0330392 
-. 0318723 
-.03:!..5731 
-.0319304 
-.0334129 
-.0371:!.21 
-.026.3084 

29 
.ooooooo 
. 0:.6:i.963 
.021:550 
.0:79067 
.a:56498 
.01436!.4 
.Cl34493 
.Cl2706i 
.0120862 
.01:36:!.0 
.0:.09524 . 
. 010546:i. 
.0101347 
.0096108 
.0089472 
.0079965 
.0078870 
.0081197 
.0091029 
.ooooooo 
.... . 

4 
.0682832 
.0000000 

-.0682832 
-.0923136 
-.0675452 
-.0378026 
-.0086253 

.0:52867 
-.0044251 
-.0768795 
-.0926885 
-.0814.231 
-.0737525 
-.0666816 
-.0573831 
-.0420997 
-. 0154425 
-.0023577 
-.0279787 
-.0609481 
-.0950417 
-.1250677 
-.1090776 
-.0839412 
-.0612670 
-.0399037 
-.0203981 

.ooooooo 

.0203981 



6 7 a 9 1 .0169746 . 0062654 . 00.34033 .0018757 2 .0000000 .ooooooo .oooooco .oocoaoo 3 -.0169747 -.0062655 -.0034033 -.00l9757 4 -.0226a47 -.0088192 -.0048191 -. 0027221 5 -.0216966 -.0091154 -.0050037 -.0029045 6 -.0169687 -.0079478 -.0043679 -. 0026373 7 -.0105542 -.0060373 -.0033300 -.0021535 8 -. 0046391 -.0042321 -.0023977 -.0017228 9 -.0027094 -.0036557 -.0021552 -.0016235 10 -.0188261 -.0090256 -.0050731 -.0030244 11 -.0452980 -. 0212!i 90 -.0122917 -.0067926 12 -.0604394 -.047-9988 -.0325932 -.0199239 13 -.0579815 -.0484130 -.0382537 -.0299496 14 -.0549010 -.0479031 -.0396634 -.0324758 15 -.0506275 -.0466791 -.0405060 -.0340801 16 -.0452741 -.0454214 -. 0411546 -.0354510 17 -.0410919 -.0451599 -.0418553 -.0364824 
18 -.0426844 -.::464080 -.0423121 -.0368234 
19 -.0479619 -.0484474 -.0427712 -.0369257 . 
20 -.0550212 -.0505755 -.0428940 -.036a279 
21 -.0612425 -. 0518395 -.0423601 -.0357740 
22 -.0641043 -.0513618 -.0408655 -.0342133 
23 -.0616782 -.0485998 -.0381776 -.0318219 
24 -.0536591 -.0425034 -.0332716 -.0276421 
25 -.0420129 -.0336599 -.0264224 -.0219452 
26 -.0280947 -.0226892 -.0178863 -.0148572 
27 -.0143614 -.0116528 -.0092759 -.0077782 
28 .ooooooo .0000000 .ooooooo .ooooooo 
29 .0143614 .0116.528 .0092759 .0077782 

11 12 13 14 
1 .0005358 • 0001328 -.0001890 -.0004303 
2 .ooooooo .ooooooo .oocoooo .oocoooo 
3 -.0005358 -.0001328 .0001990 .0004303 
4 -.0006596 .0000330 .0006053 .0010341 
5 -.0005185 .0003770 . 0011407 . 0017123 
6 -.0002110 .0008196 • 0017258 .0024030 
7 .0001620 .0012859 .0023010 .0030570 a .0004986 .0017060 .0028151 .0036361 
9 .0007073 .0020204 .0032276 . 0041118 

10 .0005619 .0022320 .0036889 .0047176 
11 -.0005798 .0016971 .0035362 .0047891 
12 -.0061647 -. 0017631 .0013698 .0033456 
l3 -. 0132152 -. 0066.573 -.0020812 .0006973 
14 -.0195706 -.0114144 -.0057099 -.0023842 
15 -.0214553 -.0147495 -.0091768 -.0058515 
16 -.0234342 -.0173847 -.0123001 -.0094541 
17 -.0250438 -.0195999 -.0154380 -. 0131359 
18 -.0257588 -.0207091 -.0170536 -.0151127 
19 -.0262188 -.0216071 -.0184264 -.0167961 
20 -.0263573 -.0222080 -.0194502 -.0180155 2l -.0260775 -.0224065 -.0200201 -.0107112 
22 -.0252682 -.0220928 -.0200493 -.0188541 
23 -.0238060 -. 0211240 -.0194022 -.0183308 
24 -.0209676 -.01886.50 -.0174932 -.016.5722 
25 -.0168522 -.0152915 -.0142214 -.0134619 
26 -.0114865 -.0104264 -.0096257 -.0090030 
27 -.0059559 -.0053345 -.0048330 -.0044243 
28 .ooooooo .0000000 .ooooooo .oocoooo 
29 .0059559 .0053345 .0048330 .0044243 

16 17 18 19 
1 -.0007094 -.0007936 -.0008691 -.00!.1439 
2 .ooooooo .0000000 .ooooooo .ooooooo 
3 .0007094 .0007936 .0008691 .0011439 
4 .0015009 .0016258 .0017307 .0022378 
5 .0023007 .0024423 .0025618 .0032796 
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6 .OC3C526 .OOJ20G4 .0033374 .0042511 
7 .0037539 .0038927 .oc.;.:J395 .COSi37l 
a .0043530 .0044852 .OC~6566 .0059271 
9 .0048466 .0049752 .0051924 .O:J66i44 

10 .oo5.:.::s1 .0056418 . 0059619 .0077023 
ll .0057255 .0059043 .0063787 .0083638 
12 .0047960 .0051502 .0061737 .oca82ao 
l3 .0026867 .0031820 .0046870 .0078003 
14 -.0001864 .0003219 .0021.556 .OOS.S847 
15 -.0037302 -.0032715 -.0012088 .0025256 
16 -.0077625 -.0072525 -.0050203 -.0007740 
l7 -.01::.7589 -.0110287 -.0088254 -.0035618 
18 -. 0135814 -.0126120 -.0108199 -.0048595 
19 -. 0149137 -.0135688 -.0124143 -.005911.2 
20 -.0156320 -.0139415 -.0133302 -.:JC63630 
21 -.0160745 -.0139083 -. 012:489 -.0043359 
22 -.0160672 -.0135093 -.o::.:::8362 -.0029365 
23 -.0156388 -.0130527 -. oo 97324 -.0021.038 
24 -.01436:9 -.0122953 -.0099689 -.0017612 
25 -. 01::.9398 -.0105478 -.oc8::.a94 -.CC24978 
26 -.0078844 -.0071213 -.0054106 -.0005081 
27 -.0038974 -.0036419 -.0028785 -.00032'.1 
28 .oocoooo .ooooooo .ooaoooo .ooooooo 
29 .0038974 .0036419 .0028785 .0003211 

21 22 23 24 
1 -.0025895 -.0040887 -.0065256 -.0107627 
2 .oooocoo .0000000 .0000000 .0000000 
3 .0025895 .0040887 .0065256 . 0107627 
4 .0050083 .0079448 .0127086 .0208133 
5 • 0073153 .0115873 .0195025 .:::301114 
6 .0095149 .0150420 .0239632 . 0387190 
7 .01:5972 .0183004 .0290885 .0467963 
8 .0135495 .02!.3436 .0338561 .0543211 
9 .0153580 .0241436 .0382224 .0612376 

10 .0186195 .0292075 .0460637 . 0737017 
ll • 02:!.1 797 .0330090 .0519222 .0840029 
12 .0263722 .0415949 .0652931 .1.033870 
13 .0288792 .0462282 .0722531 .11.63251 
14 .0289096 .0473097 .0753003 .1230175 
15 .0268660 .0460967 .0762747 .::.239657 
16 .0238451 .0446482 .0742648 .1194536 
17 .0233297 • 0422ll9 .06al820 .:053225 
18 .0250556 .0410944 .0563059 .08i6882 
l9 .0306541 .0457375 .0282287 .0643205 
20 .0354897 .0519016 .0000000 .0000000 
21 .0327376 .0295313 .0203936 .0650249 
22 .0264564 .0144236 .0103025 .0518695 
23 .0188i09 .0071698 .00512!.3 .0402276 
24 .0108533 .0044634 .0031881 . 0268177 
25 .0070673 .0046229 .0033021 .0143454 
26 .007:276 .0047500 . 0033929 .0040101 
27 .0051603 • 0031460 .0022471 -.0009860 
28 .0000000 .0000000 .0000000 .0000000 
29 -.0051603 -.0031460 .0023519 -. 0::.11387 

26 27 
1 -.0125194 .0000000 
2 .0000000 .0000000 
3 .0125:.94 .0089423 
4 .029481!. .0210578 
5 .0477565 . 0341115 
6 .0660l53 .0471534 
7 .0837382 . os 98125 
a .1008150 .0720101 
9 .ll74C10 . 0838572 

10 .1459392 .1042414 
ll .1.729971 .1235683 
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*KSTM maximum time iteration steps 
If accumulated time iteration counter KSTP exceeds KSTM, time iteration is 
tenninated and subroutine OUTPUT is processed. 

*MA..XT ma.."'<imum CPU time in seconds. 

Accumulated CPU time is measured once each time iteration and if it exceeds MA.XT, time 
iteration is terminated and subroutine OUTPUT is processed. 

Job termination is, therefore, controlled by either KSTM or MAXT except divergence occurs. 

*INIC Input/output unfonnatted me controller. 

For INIC ~ 2, initial flow field is assumed to be stored as an unformatted permanent 
me on Cyber 855, otherwise, calculation is staned from 0 flow field which is generated 
internally by the subroutine ARAIN. 

For INIC S 2, final flow field is stored as a new unformatted permanent me on Cyber 
855, other-Hise, it is lost as soon as the job is terminated. 

Recommended value 
1 to generate initial flow field using small MAXT or KSTM value. 
2 to resu~e inteiiUpted calculation 

NPRINT Print control parameter. Data will be printed to file every NPRINT iterations. 
This is used to keep the output file size low. 

3Thru:~ 

DT non-dimensional time step 
DT is chosen from the stabillity criteria for both convection and diffusion 
terms. 

stored at: DT 
format: free 
example: 

0.010 

4 calculation condition 2 

stored at: HPE, ZSC 
format: free 
example: 

0.7 l.OE-5 

*HPE 

•zsc 
Non-dimensional diffusion coefficinent 

constant C3 used in equation (2-47) 

5 image listing pointer 
stored at array: ICON 
format: free 
example: 

6, 6, 6 
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*Spatial variations of all dependent variables is given as a LP image listing for Y-Z Z-X, X-Y 
plane at locations where this pointer specifies. 
For instance, (14, 2, 2) means that LP listing is given for Y-Z plane at I=14, Z-X plane at 
J=3 and X-Y plane at K=3. 

6 number of obstacles 
stored at: Nli"f 
format: free 
example: 

l 

*NIN is the number of given boundary conditions following this line. 

7 obstacle data 
stored at arrays: trn' 
format: free 

20 23 17 25 3 6 

8 number of boundary conditons 
stored at: NIN' 
format: free 
example: 

17 

*NIN is the number of given boundary conditions following this line. 

9 boundardy condition .dam 
stored at arrays: IJN', SER V 
format: free 

3 3 11 3 2 3 18 0. 0 
3 16 23 3 2 3 18 0.0 
3 12 15 3 2 6 18 o. a 
2 3 2 3 25 3 18 o. a 
3 3 19 25 26 3 18 0. 0 
3 20 23 25 26 7 18 0.0 
3 3 11 3 2 3 18 o. a 
3 12 15 3 2 6 18 0. 0 
3 16 23 3 2 3 18 0.0 
4 3 4 3 25 18 19 0. 0 
4 5 8 3 20 18 19 o. a 
4 5 8 21 23 18 19 0. 0 
4 9 23 3 25 18 19 0. 0 
2 19 20 17 25 3 6 a.o 
4 20 23 17 25 7 6 0.0 
3 2 0 23 16 17 3 6 0. 0 

*Default boundary condition emploved jn the "CONIAM3" code is the symmetric wall 
condition described in the next subsection. 

*Since boundary condition data are referenced in regular sequence, earlier conditions 
including default boundary condition may be overwritten by the latter one. 
*Boundary condition data consist of boundary condition number, boundary location and 
boundary parameter. 
General format of boundary condition data is given as follows. 
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Where III is the boundary condition number Il, !2, Jl, J2, K1, K2 are the boundary location 
in X, Y and Z-direction in cell number, SEV is the boundary parameter. 

"'Boundary condition data for III= 1 to 6 are used to impose discret boundary condition to 
each depe~dent variable with the location I=Il to 12, J=Jl to J2, K=K1 to K2 in cell number 

m function ~ 

1 

2 

3 

4 

specify concenrration 

specify wall boundary 
normal to X axis 

specify wall boundary 
normal to Y axis 

specify wall boundary 
normal to Z axis 

C(IJ,K) = SERV 
I=Il to 12, J 11 to J2, K= Kl to K2 

between I=Il and I2 
for J= J1 to J2, K= K1 to K2 
I1 is a terminal real cell and I2 is an 
adjacent dummy cell numbn 

between J =Il and J2 
for I= I1 to 12, K= K1 to K2 
J1 is a terminal real cell and J2 is an 
adjacent dummy cell number 

between K=Kl and K2 
for I= I1 to 12, 1= J1 to 12 
Il is a terminal real cell and !2 is an 
adjacent dummy cell number 

"'Boundary conditions for III= 5 to 7 are prepared to set contaminant flux across the wall 
boundary appearing in equation 3-47. Thermal flux, SEV, takes positive value when its 
direction is from dummy cell to real cell. 

m function QQ!JDlla.t:::: l~atiQn 

5 specify wall boundary same as III = 2 
normal to X axis 

6 specify wall boundary same as III = 3 
normal to Y axis 

7 specify wall boundary same as III = 4 
normal to Z axis 

"'Boundary conditions for III= 8 to 10 are used to set local flux transfer coefficients defined 
in equation 3-48. 
Concentration rnyst be specifieg usini ID=l boungazy condition at the wall adjacent dummv 
cell before tbjs lioe appears. 
Non-dimensional flux transfer coefficient is stored at SEV. 

m function bQ!Jn!l~ lc~aticn 

8 specify wall boundary same as III= 2 
normal to X axis 

9 specify wall boundary same as III= 3 
normal to Y axis 

10 specify wall boundary same as III= 4 
normal to Z axis 

110 



10 number of g-eneration~ sources 
stored at: NSOURCES 
format: free 
example: 

1 

*NSOURCES is the number of given generation rates following this line. 

11 i:enerarion ~ source .da.ta 
stored at arrays: IIN, S 
format: free 

20 23 17 25 3 6 

The each generation source rate is set: 
H(I,J,K) = SERV for I= I1 to 12, J= J1 to J2 and K= Kl to K2 

B.3 Listing of Contaminant Dispersal Code 

c: 
c: 
c: •••••••••··············•·•·•·······•·• 

• C:ONTNtl 3D C:ONTAKIHAHT DISPERSAl. 

c: ........•...............•..•.......... 
c:--,----·---------------------------
C: !XPLIC:IT TIM&•MARc:HIHG ARCORITHK FOR 
C: 3 DIK&NSIONAl. C:ONTAKIHAHT DISP!.RSA!. 
c: 
C: ------TII!:ORY SY T .KIIRA8UTI,l917 
C CODE ~EVIS&O BY ~. C~OT 1981 ~0 REDUCE STORAGE 
li.ECUI~E.!i&HTS c-------------------------------------
C: Ilii'UT OATA I!'OIIHAT 
c:------t---------2--------J--------•--------5---
--s----7-
C TI':'I.Z 
C !Utlt !tAXT INIC: 
C: OT 
c: HPE se 
c Il .11 !tl 
C: liilf 
C: III I1 I:Z .:11 .Z:Z 
Kl KZ SEV 
C !lOBS 
C Il IZ 31 JZ Kl 
KZ 
C: !ISOI/'RC:U 
C t1 IZ Jl J'Z Kl 
KZ 3 
c--------l---------2---------l---------•-------5----
----s---------7--c: 
c: 
c•••••!'tA.Ilf 
c 

PROGIIAK HAIH 
c 
e•••••O&CLARATIOH OF COMMON 
c 
c: 
c 

c: 

PAAAK&TER CL-Z4,M-25.H•l91 

CO!itiON /CO!ITR/ 
1 ~I:'I.I!: (:ZOl 
2.!11'!. .CT 
l.KSTM,IHIC:.MAXT.VOLH.KSTP 
4.ZCC .ZSC: ,KZSC 

CCIIMO!I /BC:CH I 
1 DXCL•ll ,DYCM+l) .DZ(N+li,HOBS,IOBClOG,&I 

Z. HIH • IIH (lOO, 71, UIHUGGJ .HSQURCU, ISOUR• 
C!:UGG. &I,SUOGI 
c 

C:OMMON 
2 U (L,H,lfl. V (L,M.lfl, if CL.H,lfl 
l,:) o:.,H.lii.Cl!'XCL,H.lfl 
S,C: (L,H.lii,CC(L,H.Hl 
7, XD CLI,YD CHI.ZD CNI 

111 

c 
c: 
c 
c: 
c: 

l,!llC CLJ.HY CMI,HZ (HI 
9,XI?CLl.riPIMI.ZIPINI 

~~H /SeAL/ IC:OHili,!IPRIHT 

c•••••ARAAY INITIALIZATION 
c 

c ~ 
c•••••eAtA tNIT:A~IZAT:ON 
c: 
c: 
c: 

c 

c: 

C.U.::. :)ATAIH 

:r· C IlfiC . LE. 1 I C:O TO lOG 

OP~lf CZ4.Fttz-'UMI~%4',rORH-'UWP'DRHATT9-D'I 
UAOlZ41 C,XSTP 
C:.OS&IZ41 

lOG ~OHTiliii! 

c•••••SOLVE CONTAMIHAHT OISP~RSAL tQUATIOHS 
c 
c: 

c 

c: 

C:At.:. SOLVEC 

tl!' ( IHIC .tQ. 0 ) GO ~0 ZOO 
!1!' C IlftC .tQ. l l GO ~0 2GG 

OP!M CZl.FtLt•'UMI~Zl'.~ORH-'UNFORHATT!.D'l 
~I~IZll C.KSTP 
C:.OS!. C ZJI 

ZOO COHTtliii! 
c: 
c•••••308 ~ERHtKATIOM 
c 

c 

c 

c:A1.f. OUTPUT 

STOP 
!Ill) 
SUB~OUTIY! OATAIN 

c•••••!ltOAI.\TIOH OF COMMON 
c: 
c 
c 

c: 

c 

COMMON /C:OHTR/ 
l ~!~I.I!:l:ZGl 
Z • .!tP~ .DT 
J,KSTM,IHIC:.MAXT,VOLM,KSTP 
4.Z~ .ZSC: .HZSC 

COIIMDN /Bc:oH/ 
JXCL•ll .~Y(M+ll .OZ(N+l).!IOBS.!OBI10G,&l 

2.NIH .IIHll00,7),~IN(lOGI,NSOURC!3,ISOUR-



et 1100. 61. s 11001 
c 

c 
c 

c 
c: 

COHHOH 
Z U !L,M.~I.V IL.M.~).~ IL,M.~I 
J.~ (L,M.NI,Cl!'XIL.M,NI 
S,C IL.M.~I.CCIL.M,NI 
7,XD !LI.'!D !HI.ZD !NI 
l,l\X ILI.M'I' !HI,MZ 1Nl 
9,XIPILI,IIP!HI.ZIP!NI 

CCHHOK /SeAL/ tCOK!J),HPAIHT 

RZADI,,1001 TI~LZ 
~~~(6,6001 TITL& 
ifRI~!10.600) U~L& 
AEADIS,•) KSTM,MAXT,IKIC,YPAINT 
tl!'INPAINT.LZ.OI YPAINT • 0 
ifRITl; (6, 0101 l<STM.MAXT. I~IC ,YPIIIHT 
~~~tl10. 6101 IO:STM,MAXT, IHIC .IIPAINT 
READ IS. •) OT 
ifRI,!:(6,6201 OT 
~IT!:IlO, 6201 OT 
READC'. •) HP!:, ZSC 
ifRI!!:I6,6l01 MP!:.ZSC 
~IT!:I10, 6301 MP!:.ZSC 
RI!.Aili5.•) IICONitl.I•l.Jl 
~I!ti6,6501 IICONII),I•l.ll 
~IT!:i10, i501 IICOKCil, I•l,Jl 

c:•••••BOUKDARY CONDITION INPUT 
c: 

c: 
c 

RZADf',•) NtH 
DO 10 I•l.HIN 

10 RZAD!5. •) IIIKII.J'l,J'•1, 71,UIHCU 

~rn:cs. 6601 
~ITZC10, &601 
DO 40 I•l.lltH 
IIIIIT!:I&, 6611 IIIH!t,J'I .J'•1,71,11IHIII 
IIIIIT!:C10, &611 IU/ICI,J'I,J'•1, 7) ,11IHIII 

40 CONTINU!: 

c:•••••OBSTACLZ BOUNDARY CONDI':ION 
c 

c 

c: 

c 

aEAD 15, • l ~OBS 

tl!' I NOU . HS. 0 I Tll&lf 

DO ZO III•1.li0SS 
RZAD 15, •1 CIOI!ICIII,J'I,J'•1. 51 

za c::INTtlltiE 
!:ND Il!' 
U' I NOSS .zQ. 0 I GO TO 55 
'ofRI~ 16,6701 
lflii':ZI10, 6701 
DO 50 I•l, !lOSS 
li11I,!:(6,67ll !IOBII,J'I..;•l.51 
~I':ZI10.i11) IIOI!ICI,J'),.;-1,51 

'0 CONTIII\1Z 
U CONTtNIIll: 

C COHTAKIKAIIT SOUIIC:ZS 
c 

c:· 
c 

RZAD I 5, • I liSOUIIC:U 
Il!' I NSOUIIC:Z:S .If!:, 0 I '!:HEll 
DO Z5 I•l, NSOUIIC:ZS 

Z~ ilL'C(5,•) IISOUIIC:ZII,J'l.J'•1,51.SCil 
ZND IF 

c•••••tHITIAL CAL~JLATION 1 
c 

c: 

c: 

VOUI • IL-ll • llt-ll • IN•ll 
VOI.'t • l. 0 I VOUI 

HZSC: • 1.0 I ZSC: 

c:•• •••OUTPUT OF tHI'l'IAL CATA 
c: 
c 
c: 

c 

c 

~IT!:(6,6101 
~~~(10,5101 

Il!'INSOUIICZS.NE.Ol TNZK 

DO 60 I•1.liSOUIIC:ZS 
11111':!: 110, U 11 I ISOUIIC:Z II,.11, .1•1. i1 • .I I II 

60 lflii':tC6,U11 IISOUIIC:Zit,J'I,J'•1,5l..SCII 
!ND Il!' 

C•••••!"ORMAT STAT!:MZKT 
c 

112 

C"""""AEAD 
c 

c: 

c: 

100 l"Oll.'IAT 120A4 
110 l"Oll.'IAT I 4Il0 l 
130 rO!l.'IAT I 6U,!lO.OI 
1ZO l"Clii'.AT I 7!'10. 0 1 
140 l"ORAAT I JUO I 
1'0 FCRAAT I IlO I 
160 l"ORAAT I 7t S ,1"10.0 I 
170 l"Cll.'IAT I SilO I 
110 !'ORAAT I 5Il0 .l'lO. 0 

600 l"'RAAT 1111 /!/IlK , ZOX, 20A4, 10X/I/I) 

610 l"'RAAT 
1 111 ,10X, ''!:STMt ....... tilt& IT!:RATIOH HAlC 

NO.•', U5/ 
J , lK , l OX. 'MAXT: ......... CPU '!'tit& HAlC 

ISitC .I•' . :l5/ 
4 ,lK ,lOX, 'IHIC: .... !HtTIAL r!LZ OATA 

CONTROL•', :U/ 
S ,111 , 10X. '!!PRINT: ..••• ••• ... •. PRI~T C::ll'rnOL 

-·.Ill , 
c 

620 l'ORAAT I 
6 lH .lOX. '0'1' : ................ Tilt& 

IUVUION•'. :!'15. 7/1 
630 l"ORAAT ( 

1 111 .tax. • MP!!: 
',f'U.71 

',l!'U.7/ 
c: 

,111 .tox.·zsc 

c: 

11 
c: 

c: 

c 

c: 

c: 

c: 

&50 rO!l.".AT 1111 .lOX,' •••••DATA OIITPUT POIHT•••••• I 
1 .tax.· l'.uo.·.·.uo.·.·.uo,•)• 

1 • ... NOI!I ... . u .... :z .... J1' 
2 • ' .... JZ .... !U .... xz . ........ SPV' I 

"1 L"'IIMAT IlK ,7t6,!'1Z.51 

570 ro.-... .. .A-r l lK • :r.ox. • •••••oasTACLE eoHDI't'IOH••• • •• 1 
l ' .... Il .... IZ .... .:1• 
2 • • .... .rz .... n .... u· 1 

671 l'Oll.'IAT 1111 , 6161 

,.o roJUCAt (lH .lax.· •••••souaas•••••• 1 
1 • .... u .... u ..... n .... JZ' 
2 .• .... u .... n ......... s• 1 

611 rOIIMAT llH ,U5.l2'!:1Z.SI 

UT'."ll!l 

c•• •• •O!C~1'!0N OP e":MMON 
c 
c 

c 

c 

PAitAHE'l'EII !L-24,!1-l&,lf•l!) 

COMMON /CONTR/ 
l TI':'~C20) 
Z.IU'! ,DT 
l, KS":M, IIIIC, MAXT, 'JOUI. ia'l'l' 

' 4,ZO ,ZSC: ,IIZSC: 

COMMON /BCO!f/ 
l JX I t.•11 , llY IH+1) , DZ (lf+1l.liCIIIS, IOD 1100, G) 

Z .lltlf , I:lf 1100, 7) , 1/Ill I 100 I ,!ISOURCtS, I SOUR· 
C:Z:IlOO,Iil .S 11001 
c 

c 
c: 

c 

c: 

COMMON 
Z U IL.K.KI,V <:: .. .!1,11),11 IL,M,lll 
l,D lt..M.KI.C!'lCit .. M.lll 
S,C IL.l1.~1.CC!L,.!1.lll 
7,XC ILI,'!D IHI.~:l 1Nl 
I, HX ILl , KY I HI. iiZ. 1111 
!, XI2' (L), liP !HI, z.:p INI 

CCMHON /SeAL/ ICOII!li,NPRINT 

OP!M IZ2,Fttz•'~!ow . 4a~·.~RH-'UNFORHAT~'l 
RZAD IZZ I U, V ,11, C::.O. CC. C!'lC, DX, llY, ~Z.ltK 
ClDUIZZI 

c•••••ARRAY IHITIALIZAT:ON 
c 

c 

DO 00 K•1.ll 
DO 00 J•1 • .!1 
DO oa t•1.t. 



c 

c 
c 

c 

c 

C~XCI.~.Kl • a.a 
ccr,.r.Kl - a.a 
!FCCCCI,J,!() .1<!:.0.0) ':'H!!I 
D(!,J,Kl • ZSC • O(I,J,!()''Z/C~CI,J,Kl 
!I.S! 
on . .r.l':l - a.o 
~KO !F 
CC(I,J,I':l • a.O 

100 COHTiliU! 
00 110 I-L.L 
!!XCII • l.O/OXCII 
XD ( Il•Z. 0/ COX C Il +CXC I+L) I 
XIPCII•DXCI+11/(CXCII+OX(I+1)) 

ll 0 COHTiliU! 
CO 120 ~-L.ll 
HYCJ) • !.0/CYCJI 
YDCJI•Z.O/(CYC~l+DYCJ+Lll 
Y!PCJI•DYC~+Ll/(CY(J)+OYCJ+L)) 

120 CONT!liU! 
00 LJa K•L. !I 
HZ!I':l•l.O/OZCKI 
ZDCKI•Z.O/!DZIKI+OZCK+tll 
Z!P!Kl•DZ(l':)/COZCKI+DZ!K+l)) 

130 CONTINUE 

R!TUIUI 

c•••••ROOM AIR CONTAMINANT DI3P!RS~ SOLVEC 
c 

c 
c 

c 

c 

c 

SUBROUTINE SOLV!C 

PAAAHBT!R (L-Z4,lt-2&,N•Ul 

IlfT!CJ:R TIME 
DIMENSION OFX(L,li,N), DFYCL,M,lfl,DFZ(L,M,lfl 

COI1KOH /COHTR/ 
1 'l'ITLEC201 
2,:\PI!: ,DT, 
3,KSTM,IHIC,liAXT,VOLM,KSTP 
4,ZCD ,ZSC ,HZSC 

CCM.'iOH /BC:CN I 
1 OXCL+1) .OY(M+1) ,DZ(H+l),IIOBS,IOB(100,'l 

Z,liiH ,IINClOO, 71.~IlfC100) ,JISOtlliCES,ISOUR• 
Cl!: (100. 51. s (100) 
c 

c 
c 

c 
c 
c 

c 

c 

COI1KON 
2 U (L,M,Nl,V (L,M,JI),W (L,M,Nl 
3,D (L,M,Ifl,cn:CL,M,Nl 
S.C (L,H,Nl,CC(L,li,N) 
7, XD !Ll , Yll !ltl, ZD CHI 
l,:iX (Ll,HY !Hl,aZ CHI 
9, X!P !LI, Yil' CMI, ZIP CHI 

COMMON /SeAL/ ICON(3l,liPRINT 

C~ liCOHSUB 

IF C INIC .I!:Q. 1 I KSTP • 1 
IKSTP • !tSTP 
I':STP • KSTP 
liSTP • 0 
KT!M • 0 
CAV! • 0.0 
ENAV • 0.0 

3TIME1 • TIME() 
lfRI!:E (6, 3000) JT!ME1 
lf!II'l:I!:C10,30001 ~IME1 

3000 roRMATC1H ."In:a.~::~..al Tinl• i.o •,us.• second.o"l 
c 
c•••··~RK V!~OR INIT~IZATION 
c 

DO LOOO !•L,L 
CO 10 00 .1•1,ll 
CO 10 00 !1:•1,!1 
OFX( I ,J,Kl • a.O 
CFYC I .J',KI • 0.0 
DFZC [. ~,Kl • 0.0 
c::ci.J.KI - o.o 

1000 CONTINUE 
c 
C•••••!DCY DIFFUSIVITY INTERPOLATION 
c 

c 

00 40 K•Z.H·L 
DO 40 .1•2,11-L 
DO 40 I•2,L-1 

~FXCI,J.Kl • DCI,J,Kl • XIl'III • DCI+1,.1,Kl '! 

113 

l. O·XIP C I I I 
OP'"! (!. J'. Kl • 0 (!. J,K) 

l. O·YIP !~I I 
OFZ!I.~.Kl • ~!!.J.KI 

1.0-ZIPU:J l 

Y!?(J) • D!I.~+l.Kl 

ZI?!Kl + OCI.J'.K+LI 

c 

c 

c 

c 

c 

40 CONT!lfUI!: 

DO 4S 11:•1,!1 
DO 45 J•l,H 
00 45 I•l. L 

DP"X(!,J',Kl • 
DP"YC!.J',KJ • 
DFZ.CI,J'.Kl • 

45 C::lNT!lfUI!: 

DO 1045 I•l.L 
CO !045 J•L,I1 
~0 !045 !(•1,11 

CFXC I, J,ltl • HZ.SC + HP! 
:lr!(I.J',!U • HZSC .., HR!! 
::lFZ(I,J',K) • HZSC • HP& 

DP"XCI.~.!() • DFXCI.J,K) - a.S • ~(I,J',K) 

XD C II 
• yt)(J') 
• ZDCKI 

c 

c 

c 

c 
c 

IF!DFXI:,J'.itl .I.E. !•11(I,J',it) 11 OFX(I.J,l<:l • ·11CI,J'.K) 

IF C lli"X C I. J'. Kl • LE. 0 • 0 I OI"X C I, J', !<:I -a. 0 

DFYCI,J'.l<:) • DFYC!.J.K) - O.S • V(I,J',Kl 

IFCDF'!!!.J,it) .LE. (•VCI,J',K) I I Df''!(I,J,KI • ·VCI,J',Kl 

IF CDFY CI, J', Kl .LE. 0.01 DFY CI, 3, Kl -a. 0 

DFZCI.J',Kl • DFZCI.J',Kl - O.S • W(I,J',Kl 
c 

c 
c 

IFCDFZ!I,J',Kl .I.E. C-IICI,J',Klll DFZCI,J',Kl 

IF CDFZ !I, J'.Kl • :.z. 0. 01 DFZ (I, J, Kl •0. 0 

•WII,J'.Kl 

c 
1045 C::lNT:lfUI!: 

lfRI!!:C6.30011 
3001 :!'OJU4AT ( 1H , "StAr:.:.nq .Solu~1an t.oop .. l 

c 

c 
c 

200 COIIT:lfUI!: 

C•••••!!RMI~~T:OH CRI7~RIA 

c 
[l!' C !KSTP.:O'l'.KS!!il .CR. CKT:I1.GT.liAXTI l CO TO 2000 

c 
c 

00 1DSO I•1, L 
00 1050 ~-1.M 
00 t OSO !t•1.ll 
cn: r :.J,Kl • o.a 
c::c : • .:.x1 • a.a 

1050 CONT:liUE 
c 
c•••••CALC~LATION OF COHV!C::OM-OI~USION ~LUX 
c 

c 

00 50 K-2,li•L 
CO SO J•2,M-l 
DO 50 :•2,!.-1 

cn:c:.J',Kl • DFXCI.J',I:l • ( CII.J'.Kl - C(IH,J'.K) 
) 

c 

c 
50 CONT!Nll& 

eo 1055 I•L.L 
00 1055 J•l,l!. 
CO LOSS K•1.ll 
CFXCI.J'.Kl • cn:ci,J',Kl+CCI.J'.Kl •U(I,J',il:) 

1055 CONTilfUI!: 
c 
c•••••s&T : 
c 

c 

DO SS :t-l.N-1 
00 SS ~-l.M-1 
:lO 55 I•l,L-1 

c:ci.J.Kl • CC(I.J.Kl + ( cn:(I-1,J,Kl • cn:CI,J'.K) 
I • !!XCII 
c 

55 C::lNT:lfUI!: 
c 
c•••••CA~;~T!ON 

r-CIRE~!OH 

c 
c 

00 llSO I•1, I. 
DO 11SO J'•1,l!. 
00 llSO !•1. H 

OF 

CFXII. J', Kl • 0. a 
11SO C::lHT!~UE 

00 LSD K•2.ll•l 
oo :so .:-z.M-1 
DO 150 :•2.:.-1 

CONV!~ION·DIFFUSION I!' LUX 



c 

I 
c 

Cl:XII,J.KI - DFYII.J.KI • I CII.J',P:I - CII,J'+1,KI 

c 
lSO CONTINUE 

DO 1155 I•l, L 
DO 1155 .:•l. !o! 
CO 1155 K•l.ll 
Cl:X I I. J'. P:l • Cl:X I I, J', Kl +Cl I, J', K) •VII. J',K) 

1155 CONTINU!: 
c 
c•••••sz't' c 
c 

c 

00 155 K-3.N•1 
00 lSS J'-J,It-1 
DO 155 I•l,L-1 

CCit.J",P:I • CCII,J'.K) • I Cl:XII,J'-l.P:I - CFXII,J',KI 
I • HYIJ'I 
c 

lSS CONTINUE 
c 
c•••••CAL~JLATION 
~-DIR!CTION 

c 
DO 2150 t•l, L 
DO 2150 .J'•l,!ol 
DO 2150 x-t.ll 

or 

CP'XII,J'.KI • 0.0 
2150 CONTINUE 

c 

c 

DO 250 1':•2,11•1 
DO Z50 .:r-Z.M-1 
DO 250 I•2, L•l 

CONV!~!ON·DIFFUSION FLUX 

CP'XII,J',KI - DP'ZII,J',KI • I CII,J'.KI • CII.J'.K+ll 
I 
c 

c 
250 CONTINU! 

DO 1250 r-1. I. 
DO 1250 .:r-t.!-1 
DO 1%50 K-1.11 
CP'XII.J'.P:I • Cl:XII.J',P:I<-CII.J'.KI•If(I,J',KI 

1250 CONTINII!: 
c 
c•••••sr;r c 
c 

DO 255 K•J,ll-1 
DO 255 .J'•J,!ol-1 
DO 255 I•l.I.-1 

CCII,J,KI • CCII,J,KI • I CFXCI,J,K•ll • crlCII,J'.KI 
I • HZiltl 
c 

ZSS CONTINII!: 

c•••• OBSTACTLZS CHSC!t!D 
c 

c 

IP'INSOUR~S.li!.OI THEM 
DO 400 III•1,NSOURC!S 
I1 • ISOURC~IIII,11 
I2 • ISOURC!IIII,ZI 
.11 • ISOURCZIIII.31 
.12 • ISOURCZIIII,41 
lU • ISOURCZIIII.51 
KZ • ISOURC!IIII.6) 
DO 400 I•Il.I2 
DO 400 .1-Jl,JZ 
DO 400 l'I:•IU,KZ 
CCII,J.KI • CC(I,J,KI • SCIIII 

400 CONTINII!: 
llfD Ir 

IP'INOBS.l/E.O) TH!:H 
DO 300 III•l,NOBS 
I1 • IOBIII ! .11 
I2 • !OB I I O:I, 21 
Jl • IOBII U. 31 
JZ • IOI!III; : ,41 
!U- IOI!III:I.SI 
1!2 • !OI!IIIII,6) 
CO lOO I•tl, !2 
DO 300 J'-J1, J'2 
DO 300 K•!U,K2 
CCII,.l'.P:I - 0.0 

300 COHTINU! 
!.IlD IP' 

114 

c 
CO tJOO :-1.!.. 
eo uoo .:•l.:-1 
DO 1300 K•l. :1 
CII..l'.K) • CII,J.KI • JT • CCILJ",KI 

1300 CONTINU!: 
c 
c 
C CALCULAT& AVERAG!: CHAIIGES ~P' C 
c 

c 

c 

c 

c 

DCAVE • 0. 0 
CAVE • 0. 0 
CliAX- 0.0 
DCIAX • 0.0 
IIIAX • 3 
JIIAX - 3 
lllfAX - 3 
tDIIAX • 3 
J'DIIAX - l 
KDHAX • 3 

!JO llO it•J.ll·l 
:lO llO J'-l.M-l 
DO :to r-1.:.-1 
CAV!:- CAV!: - ccr . .:.:tl 
OCAV!- OC~VE ~ C:(I.:.Kl••2 
IP'ICit • .:.KI .~T.~~~ 7H!N 
IHAX - I 
.;!lAX - .;r 
lllfAX • K 
CliAX • CII • .:.tt) 
!.NO IP' 
I!IABSICCII,J.KII .GT.~CIAXI THEN 
IDIIAX • I 
J'DIIAX - J 
KDIIAX • K 
~ • ABSICCII.J,!tll 
!.NDIP' 

UO CCIII"riNUE 

CALL 3CONSW 

c• ••••CALC"JUTE AVERAGE CKAHGIS 
c 

CAVE • CAVE • VOt.'t 
OCAVE • SQRT IDCAVE • VOt.'tl 

c 
KTI!o! • TI!ol& 11 - JT!!ol&l 

U"IKSTP .!Q. !XSTl!' .OR.l10D IKSTP. 201 • .;:Q. 01 >IRI~ (6, 205) 
>IRIT!1&,2061 P:STP,KT!!o!.CAV!:,OCAVE.•-

IIAX. JIIAX.lllfAX. CliAX. 

c 
c 

liDIIAX • .:CIIAX. !tDIIAX, DC!!AX 
IP'IKSTP .tQ. :KSTP .OR.!o!OD IKSTP .l!PRIHTI .!Q. 01 TIIEll 

IP'IWSTP.!Q.IKSTP.OR.!o!ODIKSTP.ZO•liPRIHTI .!Q.O) 
IIRITZC10,2051 
c 

lfiii":"!!lO,ZOII 
!lAX, .;Mill(. D'.AX. CliAX. 

c 

c 
c 

c 

c 

l IDIIAX • .:CHAX. :<DMAX, DCltAX 
!.ND :r 

205 i!"OIIItiiT IlK ' •• XSTP •• KT:~· 
l 
2 
3 

• ' ...... CAVE' 
• ' .• .... :lCAV'! •.. :6: ••• J ... lt •• .•• • CMI-X'. 

' ... I. . . J •• • P: ••••• OCIAX' I 
206 :CRMAT IlK ZI&.lP2!lO.l,3I4.lP!l0.3,3I4,l~!l0.3) 

IP'IHCDIKSTP.~OOI .EQ.OI ~H 
OP!H 123. !"I !.I:•' UHIT%3' , !"OM-' UliP'ORMATT!D' I 
HIIITZI~ll <:.an 
CLOS!I231 
!'-'fD rF 
DTP • KSTP • 1 

ClO TO ZOO 

2000 COHTINII!: 
c 

c 

c 
c 
c 

c 

li.U"Uli.H 
!.IlD 

SllliRCUTill! !!CONSUB 

PIIIIAM!:T!R II.-24, !o!-26,ll•l91 

COflltON /CONTR/ 
1 TITLZC201 
2,HP! .DT 
l,KSTM.;NIC.~T.VOt.'t.P:STP 
4,ZQ ,ZSC .liZSC 

CCMIOCN /BCOM I 



l CXILHl ,DYIM+ll ,CZIN+ll.liOBS,IOB(lOO.il 
2.l1Ill , IIN I lOO, 7), UIN I lOO! ,NSOURCU, ISOUR• 

C~ll00,6),Sil00l 
c 

c 
c 

c 

COMMON 
2 U (L.~.li),V IL.M.lll,~ (L,M,lll 
J.D (L.~.li),CFJC(L,It.!ll 
S,C IL,K.lll ,CCIL.~.lll 
7,XD iLl.~ IKJ,ZD (HI 
I,HX ILl.!IY IMJ,HZ 1111 
9,XI~ILl.YI~IMl,ZI~INl 

COMMON ISCAL/ ICON(3),~RIMT 

c•••••SET FREE SLIP WALL 1,2 
c 

c 

c 
10 

c 

DO 10 K•Z,ll•l 
DO 10 .;-z.~-1 

c IZ.J.Xl - c 
c IL,J.Kl - c 

CONTilll/1!: 

13 ,J',Kl 
IL·l,J.Kl 

c•••••stT FRtE SLI~ IIALL 3,4 
c 

00 20 K•Z,ll•l 
DO 20 I•Z,L-1 

c 
c I I, 2.Kl - c I I, 3.Kl 
c II,M.Kl - c (I,M•l,Kl 

c 
c 

20 COHTilll/1!: 
c 
c:•••••S&T ~E SLI~ wAIJ. s.s 
c 

DO 30 J•Z,K•l 
DO 30 I•Z,I.-1 

c 
c (I,.l',2l - c II • .l'. 3) 
c II • .l',lll - c II,.l',H•ll 

c 
30 COHTilll/1!: 

c 
c:•••••90UNDARY COIIOI':'IOH SET 
c 

c 

c 

c 

eo LOO II:•L,liiN 

I1 • II!IIIII,2l 
r:z • II!IUII,ll 
J1 • IIliUII.4l 
.l':Z • IIN IIII. SI 
!tl • IINIIII,&l 
KZ • IINIIII. 7) 

SEV • tiiNIIIIl 

GO TO 
lll0,120,130,140,150,160.170,110,190,200J,IINIIII,ll 
c 
c•••••e vA.Luz 
c 

c 

110 CO 161 K•~l.K2 
CO 161 .:-.J1,J2 
DO 151 I•Il. I2 

151 C II • .:.Kl • SEV 
GO TO 100 

c•••••MEAT FLUX SPECIFIED I X DIRECTION I 
c 

c 

c 

c 

c 

120 DO 231 K•K1,K:Z 
DO 231 .l'-.11, .12 

RAM1 • CII1 • .l',Kl +KPE 
RAM RNII • HXIIll 
C IIZ • .l', Kl • SEV I RAM + CIU,.l',Kl 

231 COHTilll/1!: 

GO 1."0 lOO 

c•••••HJ!:AT rL~~ SPECIFIED I Y DIRECTION 
c 

c 

c 

c 

c 

130 00 241 K•K1,K2 
DO 241 I•tl, I:Z 

RAM1 • DII • .l'l.Kl + KPE 
RAM RAM1 • HYIJ'tl 
CII • .l'Z.Kl • SEV I RAM + C(I,J1.K·I 

241 COHTilll/1!: 

GO 1."0 lOO 

c•••••MEAT rLtiX S~ECIFIED I % DIR!C':'ION l 
c 

115 

c 

c 

c 

c 

140 DO 251 J•.l'1,J2 
00 251 I•ll. I2 

RAM1 • C I I. J .Kt l + HP! 
RAM RAM1 ' HZIKll 
C(I,J.K:Zl • SEV I RAM + CII,J,K1l 

251 CONTilll/1!: 

GO TO lOO 

c•••••HJ!:AT TRNISF!R COEFFICIENT S~ECIFIED ( X DIRECTION 
) 

c 

c 

150 DO 261 K•Kl,K2 
DO 261 J'-.Jl, J:Z 

RAM1 • KPE + Dltl,J,Kl 
RAM RAMI • HXIIll 
C(t:z,.l'.Kl • SEV I RAM • I CII2.J.Kl - CIIl • .l',Kl ) 

" C(Il,J,Kl 
c 

c 

c 

261 COHTilll/1!: 

GO TO lOO 

c•••••HEAT TRANSFER COEFFICIENT SPECIFIED I Y CIREC':':Oll 
) 

c 

c 

160 CO 271 K•K1,K:Z 
DO 271 I•Il, I2 

RNI1 • DII,.l'l,Kl'+ KPE 
RAM RAMI • NYIJ1l 
CII.JZ.Kl • SEV I RAM • 

+ CII,J1,Kl 
C(I,JZ,Kl ~ C(I,.l'1,Kl 

c 

c 

c 

271 CONTI!IVS 

GO TO 100 

c•••••MEAT TRNISF!R CO!FFICILVT SPECIFIED I Z DIRECTION 
l 
c 

c 

170 DO 211 J'•.l'1, J'2 
DO 281 I•Il, I:Z 

RA!11 • MP!"· DII.J'.K1l 
RAM RAMI • HY(J1l 
CCI.J,K:Z) • SEV I RAM • I CII,.l',K2l - C(I,.l',K1l ) 

+ C(I,J.Kll 
c 

211 COHTilll/1!: 
c 

GO TO 100 
c 
c•••••WALI. TEMPERATURE SP!CIFI~D I X DIRECTION ) 
c 

c 

c 

c 

180 DO 291 K•Kl. K2 
00 291 J'•J1,J:Z 

U1 CII2,.l',itl • 2.0 • SEV - C(Il,.l'.Kl 

00 TO lOO 

c•••••WAI.I. TEMPERATURE SPECIFIED I Y DIRECTION ) 
c 

c 

c 

c 

190 DO lOt K•K1.1t2 
DO 301 I•Il, I2 

301 CII,J'2,KI • 2.0 • S!V- CII.J1.Kl 

GO TO 100 

c•••••WAI.I. T!MPERATURE SPECIFI!D I % DIRECTION ) 
c 

c 

c 

c 

200 DO 311 J'-J1,.2 
DO lll I•Il, I2 

311 CCI,.l',K:Zl - 2.0 

CO ro 100 

c••••• 
c 

lOO CONTINUE 
c 

CALL BSET 
c 

RI!: TURN 
c 

END 
c 
c Clll1MY ROUTIHE 
c 

SIIBROUTIH!: i!SET 
c 

RI!: TURN 

' SEV- CII,J',P:1l 



c••••·~~?ut••••••••••••••••••••••••••••••••••••••••••• 
············•·••··•·• 
c 

c 

c 

c 

c 

SUBROUTINE OUTPUT 

C!WAC':'ER•4 TIIEI!A,PLAH.n:RM 

PNIAM!:T!R (J:.-Z4. K-Z6.N•l" 

COI4HOH /CONTlt/ 
1 TITLE!201 
l.III'E .DT 
J,KSTM,IKIC,HAXT,VOLK,XSTP 
4,ZCD ,ZSC .IIZSC 

COI1JION /BCON/ 
1 OlC!L+11 ,OT!K+1l ,OZIN+11.KOU,I08(100,5) 

2, MIK , IIK(lOQ, 7), 1/IMilOOI, NSOUIICZS, t.S01111· 
C!:(lOO." ,3(100) 
c 

c 
c 

c 

c 

c 

c 

c 

c 

c 
c 
c 
c 
c 

COI1JION 
2 U !L,K,Kl.V (L,K,KI.lf !L.K,NI 
l.D (L,lt,NI,Cr'X!L,lt,lll 
S.C (L,lt,NI,CC!L,lt.NI 
7,XO !LJ,YD UII.ZC !NI 
l,lllC !LI,HY IKI.HZ !NI 
,,XIPIL),YIPIH),ZIP!Kl 

COI4HON I SCAJ.I ICON Ill , KPIUKT 

Tlt.EM • ' c:• 
200 CON'I'IIIUE 

P~ •' Y-Z' 
tERM • ' I -' 
te • teoMil! 
IKC!:X • 1 

CALL PRIKTl (THEliA, Pt.U, TOll, IC, IKCIXI 

Pt.U - • z-x· 
t!RM • ' J •' 
IC • ICON 121 
IKCI!:X • Z 

CALL ?RIKTl ITH&HA,?t.U,TERK,IC,IKDEXI 

Pt.AH • ' X-Y' 
ttJitM • , I •' 
IC • ICONill 
INDI!:X • l 

CALL PRIKTl (TH&HA,Pt.U,TERK.IC,IKDEXI 

U'I'URK 
!ND 

c•••••PRI~T•••••••••••••••••••••••••••••••••••••••••••• ............................. 
c 

c 

c 

c 

c 

$uaROUTIKB PRINTl(TREHA,PLAH.TERK,IC,IKCIXI 

el!AIIA~:n!R•4 l'!IEKA,Pt.U, TERM 

PMAM!:TER (I:.-Z4,K-Z6,ll•1" 

COI1JION I CONTlt/ 
1 TITLE !201 
Z,HPE ,CT 
J.~STM,IKIC,HAXT,VOLH,KSTP 
4.ZCO ,ZSC .IIZSC 

COI4HOK I BCOK I 
1 OXII.>11 ,OT!M+11 ,0Z:(K+1) ,NOU, IOB(l00, 51 

2,liiK , IIK 1100,7), UIN (lOO), NSOURCZS, ISOUII• 
CZC100.6J,Sil001 
c 

COI4HOK 
2 1/ (L,ll.lfl.V (I.,K,NI.ll (I.,K,N) 
J,l) !L,M.lll, CPX(L,ll,lll 
S,C (L,K.ll) .CCII..ll,lll 
7,XD II.l.YD IKJ,ZC 1111 
I,IIX (L),NT IKJ,HZ !NI 
'· XIP ILl, TIP !M I, ZIP (NI 

116 

c 
c 

c 
COKKDN /SCAL/ ICOM!3J,liPRINT 

c•••• •OUTPU'!' ':'!7:..! 
c 

c 

c 

c 

c 

c 
c 

c 

c 

c 

c 

c 

c 

c: 

NIU':'E 110, 600 l TITLE 
NRIT!!l0.6011 TMEKA.?LAH,TERM.IC,KSTP 
COW ( 10.20,30 I.IKDEX 

10 COHTIIIUE 
10\ - 1 

100 CONTINIIE 
m - s • 1 101-1 1 • 1 
11&•6•10\ 

IP 1 !KE·!fl 4 GE. 0 I GO TO 103 

NRIT!(l0,60l) !K.~·KK.KEI 
liRIT!(l0,l011 !J. !CIIC.J,KI.K•KK,KEI.J•l.lll 
liRIT!!10.1021 
!tA-!ICA• 
COW 100 

10l COHTtlltiE 
liRIT!(lO, 6021 IK, K•KK,lll 
110 104 .1•l.ll 
NRIT!IlO.lOll J, !C(IC,J,Itl,K•KK,lll 

104 CONTIIItiE 

IIII'I'URN 

20 COHTINliPl 
IA • 1 

ZOO COHTINliPl 
II -. I • ( L'-1 ) t- l 
Ill: • 6 • IA 

IP I IIE-LI .c:r;. 0 I GO TO ZOl 

NRITE(lO, 6021 (1, I•U, U:l 
liRITEilO,lOl) (11:, !CII.IC.XI,I•II,I!:),K•1,HI 
liRITE 110, 1021 
IA•IA+l 
co ro 200 

203 COHTINIIE 
IIIIIT£110, iOZl (1, I•II, Ll 
00 204 K•1.H 
IIIIITEilO.lOll K, IC:II,IC,Kl.I•U,l.) 

204 COIITt~ 

UTVR• 

l D COHTINliPl 
JA • 1 

300 :ONTI!IUE 
JJ • 6 • ( JA•1 l • l 
,;z.,.~A 

IF I CJE-MI .a&. 0 ) GO TO l03 

liRIT!Il0,5021 CJ,J-JJ,JEI 
liRITE (10, 101 l (I, CC I I, J. IC) , J-JJ, JEI , I•L, I. I 
liRITEUD.lOZl 
;A - .JA + 1 
CO TO lOO 

303 CONTINIIE 
NRIT!110, 602) (J,J•JJ,M) 
00 JC-t I-L. I. 
QI':'EClO,lDll t, IC:II,J,ICl.J-JJ,ltl 

l04 CONTINIIE 

R&'I'URN 

c•• • • •!'ORMAT STA':U1!NT 
c 

101 !"CIU4AT 11H .U,&&l2.Sl 
102 !'OIU4AT C1H Ill ) 

c 
600 !'CIU4AT llH /1/lH , %0A4) 

&Ol !'ORIIAT 1111 ,A4, '-OISTRIBIITION ON ',A4,' PLAH' .A4, I4 
1 UTP•' , HO///) 

602 FOIU4AT (lH • 6Il% l 
c 
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?t'essure, te~?erature and heat flux boundary condi:ions including prescribed inflowsr outf~ows ! 

oy eit:her \)t'escribirtg t:he flow Ot' pressure, •..1all boundar:r conditions together ·..;ich heac flu:~ 

and :em?eracure and/or heat transfer coefficients S?ecified on the boundary. Volume:~ic 
heat sources can also be included. Tne model has the abilit:r of handling an arJitrar:; number 
of obs:acles in the flor..r :egion. This penics c::he modeling of the effec: of fu::nit'..J.re and 
?ar:i:ions on the flow field and also pr~~ides a means for modeling ~ul:i-room air flows. 
?redic:ed a.;- flows can be used in a companion computer :nodel for ?reC.ic::ing the th-::e·e 
di~ension dis?ersion of contaminants in a building. Tne com?u:er code for :his model exis:s 
ooch in a 'Jec:orized version for the C:rber 205 su?ercom?uter and in a non-'rec:orized version 
~hich has been successfully run on a Sun 3/250 ~orks:ation a floati~g ?Oint ?rocessor boari 1 

('Ja.sed on a ~-iei:ek l.l6i) ·.mder a l.~I:< ooe::-ati~ 'Z s·:s:e::-. on a Comoao 38/i/2.5 como ute~ ""' -:!Ui:Joeci • 
12. I<'EV "NOR OS (5 TO 12 ENTRIES : .loi.PHA8ETIC~I.. ORDER; C.loPITAUZE ONLY PI'IOPER HAMES; AHO SEPARATE I<'EV WORDS BY SEMICOLONS) See at: :ac::.s::, 

cont:l.nuac:.:: 
~oom ai:: movement, concaminanc dis?e~sal, tur~ulenc flow, numerical si~ulacion, 
indoor air quali~y. bouyancy dri~en flows. 
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Continued f~om abst~act 

•..;i:;, either an !::.t:el 30387 or a ~.:ait:ak 3167 co~rocessor under an e:<:t::ro.d~d 
QOS o~erac:i=tg syst:e:!l. T:"'le t:':lac::ve ~Jerf:~r.-::ar.c: of c:hese 3yst::rns for i:~e 
exam~les considered in thi~ re~orc: are 1 second per it:erac:ion ~or c:;,e Cyber 
205,9 sec~nd.s eor t:he Co:1paq 386/23 'Jit:h a ~{ei:ak 3167 co~ressor, 30 sec::mcis 
for ::he Com~aq 386 •Jith. a 387 copressor and 90 seconds for the Sun 3/260 
under L~rrx. Isoc:he~l si~ulac:ions see~ r:o converge in ap~roximataly 
10,000 iterations and non-isoc:her-_al si~ulations in approximately 30,000 it:erations. 
Se•reral ideal and practical applications of the ~odel are presented and the 
result:s of the si~ulations are compared ~it:h existing experiaental dac:a contai~ed 
in the literature. 


