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The program CAFE has been prepared for application to engineering 
problems involving fluid flow and heat transfer. 8ased on a 
finite-difference method, its main advantage over other 
programs is its generality, which enables problems requiring 
a variety of different boundary conditions to be studied. 
A description is given of the mather.~tical formulation of the 
program, its major features and several examples of its appl i cati on 
for the study of internal and external flows. The prediccions 
of the program appear qualitatively reasonable and can be 
up to an order of magnitude cheaper than corresponding experi­
Mental studies. 

INTRODUCTION 

Research into the mathematical modelling of industrial processes involving fluid 
flow and heat transfer has advanced to such an extent over recent years that many 
computer programs have been developed for specific applications. However, the 
ultimate goal of universal applicability, high precision, cheapness and ease of use 
of such programs is still remote. Over the past few years, the authors have been 
engaged in the development of a suite of computer programs under the generic name 
CAFE (Computational Atkins Flow Evaluation) which can be used on behalf of clients 
to study fluid flow either within or around buildings or industrial equipment, 
taking into account the effects of heat transfer. 

The purp03e of the present paper is to describe the current status of these prDgr~m5, 
to indicate their range of applicability and to describe the future de'leloP~le:ltswhic~ 
are envisaged. Several examples of the application of the CAFE suite are given, 
'including the solution of the follovling flo,"1 problems: 

(a) Ventilation of a building to reduce concentrations of dangerous g&ses; 

(b) Discharge of an efflue:lt in an estuary; 

(c) Transport of particles in a du.:t; 

(cl) Dispersion of hot exhaust gases from turbo-generators on an offshore 
platform. 

The rnatheftliltical description of the flovl phenomena is consid~red first. The 
governing differential equations and some of the auxiliary algebraic equations 
ar~ also d~scribed. Then the numerical pro~edure for the soluticn of the 
differential and a1gebraic equations is briefly pre~entcd. Some of the user­
oriented features of the progrp<1! are described, t09e.ther \'/i th iln ."e,.i.icatiOtl of 
the ~"EI'op",ents wnich are turrelltly bein9 ut1dertal<en. 

For s' ... pl ie: ty of c!isCI.6ss:on, only t"JC di",eltsi""al si tl!"'tiOI'l$ .,re com;idet'ed "" t-IIe. 
prilse .. t papef'. /t,',"(ever, tt.e. e><te,.sion ro th,.ee ,Ulllerlsiu",s i'" stn;SN- FO"f'\.4la..-d 
11'101> It, 1979>. 



The terms involving the velocity divergence div v in the source terms of the 
momentum equations have been ignored. For constant density flows div v is identic­
ally zero. For most other flows handled by the present procedure, div v is 
expected to be small compared to other terms and is omitted for simplicity. 

For turbulent flo.-/s, the viscosity U and thePrandtlor Schmidt numbers, 0, appear­
ing in the table must be replaced by their effective values ueff and aeff,~' 

The turbulence model 

The turbulence model incorporated in the present procedure is the high Reynolds 
number (k,e:l two-equation model of Harlow and Ilakayama (1968) as modelled by 
launder and Spalding (1974). This model requires the soLution of two differential 
equations, for two turbulence characteristics, the kinetic energy of turbulence k, 
amd its dissipation rate, €. 

The governing differential equations are presented in the Table, where G
k 

is the 
generation terms for the kinetic energy of turbulence and is given by 

Gk == 2uT { (;~) 2 +[~;) 2 + (~~ + ;~) 2} (2) 

In this model the turbulent viscosity, UT' is related to k and ~ via 
\ 

UT = COpk2/e: (J) 

and the effective viscosity is given by 

The local effective exchange coefficient, reff.~ for the transport of the scalar 
property 9, is calculated from 

( 4) 

ul UT ueff 
reff,"'=-+-- (5) 

~ al.~ °T,~ aeff,~ 

where III and a 0 are the molecular viscosity and the laminar Prandtl or Schmidt 
number, respec~!vely, and UT and aT 0 are their turbulent counterparts, to take 
account of the effect of turbulence'on mixing. This turbulence model includes 
four constants, their recommended values being: Cn = 0.09, Cl = 1.43, C2 = 1.92, 
a k ff == 0.9. The value of a. ff is calculated from the relation ,,2/(C2-C,)C01, 
wneFe " is the Von Karman con~t~nt (= 0.4). 

THE flu/',ERI CJl.l SOlUTIOt! PROCEDURE 

The governing equations (1) are solved numerically subject to the appropriate 
initial and boundary conditions. The grid layout used is the 'staggered' grid 
system suggested by Patankar and Spalding (1972) for parabolic flows. It is 
formed by planes running parallel to the coordinate axes. ~here the two sets 
of plane intersect are the 'main nodes' at which all flow properties, except 
velocities, are evaluated. The velocities are stored at locations 'staggered' 
with respect to the main nodes, in the corresponding direction, as shown in 
Figure 1. Finite-difference equations for a grid node are obtained by integrating 
the differential equations over a control volume surrounding the grid node. For 
this int.egration, information on the variation of the flO'v1 properties between two 
neighbouring nodes is needed. The diffusion fluxes through a control-volume face 
are evaluated by assuming a linear variation.of the flow properties in the· direction 
normal to the face. The evaluation of the convection fluxes through a control­
volume face is performed using the upwind value of the convected property (r-osman 
et aI, 1969). The above integration yields a five-node finite-difference relation 
at each node, P, of the form: 
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where ~. is the value to the property in the solid. Substitution of these 
express~b~~ninto equation (6) results in the value of the property ~ at the point 
? be i ng fixed as ~. . given. 

(iii) lIext to a wall or obstacle the boundary of the flow domain cuts the links 
joining a node P to its neighbours. The nodes that lie outside the boundary have 
no real significance and are modified so that they do not influence the node under 
consideration. This modification involves setting the neighbour node coefficient 
(either A ,Ax-' A + or A "")to zero. In addition, the presence of a boundary 
brings inxinfluen.c.eX_1 ike ~hear stresses, heat fluxes, etc. These effects must be 
expressed as additional source terms for the control volume that is affected. 

(iv) and (v) Mass and momentum sources are treated 
source terms in equation (6), so that they become 

by modifying the appropriate 

Su(new) Su(old) • 
+ m - ~inj 

Sp(new) Sp(old) _ m 

where 'm' is the mass source and o~Lni is the value of the property injected into 
the control volume. In the case T a source of mass but not momentum then ~ .. 
is zero. InJ 

(b) Presentation of the results 

Vhenever possible, the policy is to provide pictorial output rather than lengthy 
tables of numbers. Typically plots of temperature contours, streamlines and 
velocity vectors are obtained, which enable rapid dissemination of results and 
comparison with the predictions of other methods. 

APPLI CAT I or~s 

(a) A venti lation problem 

The geometry of the problem analysed is shown in Figure 2, and consists of a 
stack of warm coal (KLI1) enclosed in a bui Iding Jl.EJ. liethane is given off 

(7) 

from the surface of the coal stack and disperses in the building. There are two 
inlets, AB and fU, to the bui lding through which outside air is entrained, and two 
outlets (CD and FG) from which the mixture of air and methane escapes. 

The problem is to determine the steady state concentration of methane in the 
bui lding, bearing in mind that r/hen a concentration of greater than 5% occurs 
then explosions are possible. 

The two equations for u and v, the continuity equation, the equations for k and (, 
the enthalpy equation and an equation for the mass concentration of methane, 
mmeth' in the building are solved. 

The problem \~as solved using a non-uniform 36 x 19 grid with the greater number of 
grid lines being laid in the x-direction. 150 iterations were required to reach a 
converged solution. 

Results. Figures 2 (a) and (b) show the velocity vectors and methane concentration 
contours predicted by the solution procedure. The velocity field consists of two 
closed circuits, one on each side of the coal stack. The methane isdistributed in 
layers, without the presence of any potentially dangerous pockets of methane. 

(b) P.n effluent problem 

Figure 3 shows a plan view of the sea in the region of a coastal pvwer station. 
The problem is to calculate the temperature distribution in the neighbourhood of 
the power station outfall resulting from the warm r/ater discharge. Equations are 
solved for u, v, pressure correction, k, £ and temperature T. A non-uniform 



equations are solved in this model, one for the fuel mass fraction, mfu ' and the 
other for the composite mass fraction, f, defined to be 

where mox is the mass fraction of oxygen. 

(9) 

Expressions for the rate of generation of 
in the literature, e.g. Spalding (1976). 
be derived, provided that the assumption 
of fuel and oxidanL in the equation for 
The inclusion of chemical reaction means 
be redefi ned as 

fuel by chemical reaction can be found 
An equation of the form of (6) can thus 

is made that the exchange coefficients 
f are equal at each point in the flow. 
that the stagnation enthalpy h needs to 

(IQ 

where ho is the specific enthalpy, given by: 

ho = CpT + mfu Hfu 
( 11) 

where H
fu 

is the heat of combustion and Cp is the specific heat at constant presSure. 

1 
. The radiation model 

The model which is to be incorporated into the program is of the four-flux variety 
deriving from the works of Schuster (1905) and Hamaker (1947). This model accounts 
for the effects of radiation by reference to the four fluxes I, J, K and L in the 
positive and negative x and y directions. (Uote that in three dimensions ~ six-flux 
model can be similarly defined.) 

(c) Two-phase flows 

A two-phase flow algorithn isbeing developed which will allow flows to be studied 
in which the phases move with unequal velocities. The technique is based on the 
solution of two sets of momentum equations, one for the liquid and the other for the 
vapour. The continuity equation is replaced by an equation relating the mass 
fractions of liquid and vapour. 

CO:ICLUS I OUS 

The examples given in the paper indicate that a general purpose computer program 
can be developed for the study of a wide range of problems involving fluid flow 
and heat transfer. P,lthough the examplesgiven have all been two-dimensional,. 
three-dimensional situations have also been studied successfully. The developr.p-nts 
to the program currently being undertaken w·ill considerably extend its possible 
applications. However, these developments will be made within the frame work of the 
original program specification, namely that the program should be user-oriented, i.e. 
simple to modify for a variety of different boundaries and yield solutions in forms 
that are easily assimilated. 

Although the predictions of the program have been verified for simple test problems 
such as pipe and jet flows for which experimental measurements exist, there is a 
need for detailed full-scale measurements with which the programs can be compared. 
In this way the various constants appearing in the governing equations can be more 
finely tuned. 
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Fig. 2(b) Concentration of methane % 
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Fig. 3 Temperature contours (% of outlet value) 
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Fig. 6 Velocity vectors and temperature contours 
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