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ABSTRACT -

The purpose of the study was to demonst;éte the capability of predicting
two-dimensional, compressible and reacting flow in the combustion chamber and
nozzle of the Space Shuttle Main Engine (SSME). CHAM's general purpose
Computational Fluid Dyanmics (CFD) code, PHOENICS, has been used. A non-
orthogonal body fitted coordinate system has been used to represent the nozzle
geometry. The Navier-Stokes equations are solved for the entire nozzle with
the kve turbulence model. The>wa11 boundary conditions have been calculated
based on the wall functions which account for pressure gradients.

Results of the demonstration test case reveal all expected features of the

transonic nozzle flows.

Of particular interest is the location of an internal shock, and regions of
highest temperature gradients. Calculated performance (global) parameters
such- as thrust chamber flow rate, thrust and specific impulse are also in
reasonable agreement with available data. |

Recommendations are made for further improvements in the physical models, as
well as for the use of numerical model at NASA MSFC,
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Section 1

INTRODUCTION

1.1 Thrust Chamber Simulation Status

The thrust chamber of the Space Shuttle Main Engine (SSME) consists of main
combustion chamber with the injector plate assembly and the attached nozzle
expansion section. "Figure 1.1. presents the SSME combustion chamber and the
transonic flow nozzle. Figure 1.2 presents the SSME main injector assembly.
The reactants: preburner combustion products, liquid oxygen and some liquid
hydrogen,-are injected to the thrust chamber through a main injector plate
with 525 "concentric orifice" injectors (diffusive type burners) and 75
"baffle elements" (premixed type burners). Propellants injected to the chamber
are atomized, vaporized, mixed and combusted within the combustor volume. The
reaction products are expanded through a subsonic/supersonic nozzle. The
chemical kinetics of combustion reactions extends from the flame front to the
expansion region. ' '

Proper design of a thrust chamber requires detailed knowlédge of the flow

pattern, temperature, concentration and pressure profiles as well as global
parameters such as specific impulse, thrust, and wall heat flux.

A mathematical model can provide such information in a cost effective manner
and can aid in analyzing several designs and operational problems, for
example:

1. prevention of hot spots along the chamber wall and 1njéctor§

2. prediction of pressure distribution and flow pattern (shock waves,
boundary layer buildup and/or blowdown and/or creation of recirculation

or stagnation zones);

3. transient flow simulation {for start-up, shut-down and throttling
sjtuations); and

4. influence of injection nonuniformities on the fluid flow, heat
transfer and combustion within the chamber.

Currently existing mathematical models for predicting the performance, propellant
flow and combustion processes in rocket engines are identified in the "JANNAF

1-1
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Rigorous Analytical Procedure” (Reference 1). In this procedure the
performance of the thrust chamber is based on the application of the following

two computer codes:

TDK - "Two Dimensional Kinetics" (Referencé 1) program for
predicting the inviscid flow field using the method of
characteristics wfth finite rate chemical kinetics, and

BLIMP - Boundary Layer Integral Matrix Procedure (Reference 2)
for predicting viscous effects in the boundary layer zone
near the chamber walls. The program solves parabolic
equations for momentum, and energy equations, with an
algebraic turbulence model, It assumes chemical equilibrium

of combustion reactions.

The rigorous approach requires iterative calculations between these two programs
in order to predict correct momentum and energy losses due to the interactions

of inviscid flow and viscous boundary layer.

Recent progress in Computational Fluid Dynamics (CFD) has lead to more advanced
procedures and computer codes which are capable of simulating flows with above
mentioned features, These codes solve Navier-Stokes equations by iterative solution
algorithms. Since these equations represent fluid flow fields in general, solutions
may be obtained for many conditions that exceed the existing TDK/BLIMP capability which
considers only axisymmetric thrust chambers with cone or common bell shaped nozzles.

Some future benefits from the advanced codes are:

e Calculation of the subsonic, transonic and supersonic flow field
with the same analytical concept for viscous and inviscid conditions.

e Simulation of shock waves,

@ Flow separation at the wall,

] Other'than axisymmetric nozzies.

e Dual throat thrust chambers,

o Thrust chambers operating in wind tunnels or with ejector systems.
o Flow over gaps or around protrusions in the nozzfe wall.

o Transient flow simulation for start-up, shut-down and throttling
situations.
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One such procedure has recently been applied to a three-dimensional, elliptic,
two-phase flow problem to study the effects of rocket injector anomalies on
wall heat transfer (Reference 3). Another example of new codes is CHAM's
general purpose CFD code PHOENICS (Reference‘4). PHOENICS has been applied

to numerous diversified problems including several for NASA (References 5 to 8).
Because of the flexibility of PHOENICS, and its current use at NASA MSFC for
other projects, PHOENICS has been selected for the present study.

1.2 Project ObjectiVes

The objective of this project was to demonstrate the suitability of PHOENICS
(an existing general purpose multidimensional, elliptic, viscous flow and

heat transfer computer code; Reference 9), for predicting flow with combustion
in SSME thrust chamber.

Another important objective was to describe advantages and shortcomings of
the proposed approach so as to assist NASA personnel in making comparisons
between the CFD approach and the JANNAF procedure. Some of the pertinent
questions are:

1. How much time is necessary to prepare the input data to the code?

2. What type of computer will execute the program eff1c1ent1y?
(Identify core requirement.)

3. What is the computer program execution time?
4. What is the accuracy of the analytical results?
5. What is the status of the existing code and what problems pose

significant difficulties?

1.3 Qutline of the Report

The next section (Section 2) provides a brief .description.of .the.salient .
features of PHOENICS. Details of the specified SSME nozzle test case, selected
computational grid distribution and boundary conditions are specified in
Section 3. Implementation of this case in PHOENICS is described in detail in
Section 4.

1-5




Computed results and their discussion are presented in Section 5. Specific
answers to the above mentioned questions are provided in Section 6.
Conclusions and Recommendations are provided in Section 7. A1l references

are listed in Section 8.
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Section 2
DESCRIPTION OF THE PHOENICS CODE

2.1 General Information on PHOENICS

PHOENICS is a general purpose CFD code capable of solving transport equations
in arbitary geometrical configurations. The name PHOENICS is an acronym: it
stands for Parabolic, Hyperbolic Or Elliptic Numerical-Integration Code Series.

The code cbnsists of three modules:
SATELLITE - for problem specifications;
GROUND - for incorporation of new physical models; and

EARTH - for solving the basic equations of fluid flow, heat and
mass transfer,

The SATELLITE program prepares data files, and acts in accordance with the
information provided. Figure 2.1 presents the flow chart of the operation of
the PHOENICS. It can be seen that there is only one-way interaction between
SATELLITE and EARTH, and a continous interaction between EARTH and GROUND. For a
more detailed description of EARTH, SATELLITE and GROUND the "PHOENICS Users
Manual" (Reference 9) is recommended.

Other salient features of the code are.summarized below.

e GEOMETRY
The code provides great flexibility in geometry and grid selection including:

a) Body Fitted Coordinates (BFC) for representing complex domains with
general nonorthogonal grid; and

b) Porosity-Résistivity concept for representing blocked volumes,
flow obstacles, perforated plates, etc.

Both cartesian and cylindrical polar coordinates can be used. The available
geometrical options offer versatility of Finite-Element }Methods (FEM) and
simplicity of Finite Difference Methods (FDM). PHOENICS uses a Contro]l

Volume Method for discretization of the differentia1'equationé which, for
regular geometries, is equivalent to FDM, and is briefly outlined in Section 2.3

2-1
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It should be pointed out that the solution task in PHOENICS is similar to that
in FDM as the coefficient matrices are positively defined and regularly
diagonally dominant (in-FEM they are sparse and not always diagonally dominant).
Both storage and computational effort are significantly greater in Finite
Element Method (FEM).

e PHYSICS

!
PHOENICS can solve up to 25 dependent variables. The specified dependent

variables are:
- velocity components for each of two phases;

- enthalpies, temperatures and pressures for both phases;
- two-turbulence QUantities;

- four concentrations;

- the volume fractions of the interpenetrating media;

- three eqUationé for radiation flux components; and

- few user specified variables.

o NUMERICS

Fully conservative and implicit formulations are used. As a result,
there are no stability constraints, as commonly experienced in explicit
and semi-explicit time marching methods. Equations are solved in
"fully conservative" form ensuring both local (grid cell) and overall
conservativion of all properties. This is difficult to accomplish in
Finite Element Method or high order numerical methods.
(] PORTABIQIIY . _ ‘ o L
The code -is written in ANSI standard FORTRAN operational-on a‘large
variety of computers; from mainffames as CRAY to mini computers as
Perkin-Elmer, VAX, etc. Efficient storage management ensures that the
computer space is only used for those variables which are solved for,
or reserved by the user, at locations equal to the grid cell number.
No change in COMMON or DIMENSION is required. The code dynamically

2-3



reserves the storage from one run to another. PHOENICS is user-
oriented, well documented and verified for several problems. There
are several "PHOENICS Demonstration Reports" (PDR's), from which
potential users can benefit by adding more complex physics or geometry. |

2.2 Basic Equations

PHOENICS solves the discretized versions of the basic differential equations which
express the physical laws of "conservation" of mass, momentum and energy, The
code has provisions of simulating both single and two-phase flows. In the two-
phase flow mode, for a general conserved property, ¢, the transport equation is:

3

T (rpp) + div (rpV@ - rF¢grad ¢) =h + rS (2.1)

®

where é stands for ahy of the dependent variables, r is the volume fraction of
selected phases, p and F¢ are density and exchange coefficient; V is the velocity
vector, m is the interphase mass transfer rate (e.g. evaporation rate) and S¢
represents the source term. Equations for the various quantities differ primarly
in the way in which the source terms and transport (éxchange) coefficients are

calculated.

The above equation takes the special (simplified) form for the continuity equation:

=2 (rp) + div (ro¥) = (2.2)

The momentum equations are solved in each coordinate direction for each phase,

For a single phase flow, in equation 2.1 and 2.2, r becomes unity and m becomes

Zero.

A two equation kve turbulence model is employed to calcuiate the turbulent

exchange coefficients.

Details of the kve model can be found in References 10 and 11.
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2.3 Qutiine of Solution Procedure

In Body Fitted Coordinates (BFC) the general finite difference equations are
devised without any restrictions on the type of coordinate transformations,
through the integration over a control volume. The resulting finite difference
expressions are in conservative forms based on the staggered grid systems.

The details of discretization in BFC are tedious and would require extenvae
vector algebra introduction and will not be derived here. However, most of the
fundamental ideas stem from the procedure based on Cartesian coordinates in

the original work by Patankar and Spalding (Reference 12, see also Reference 13).

The resulting algebraic equations obtained from integration of differential

equations over the control volume are of the form:

a b = zap, +S | d=E, W, N, S, Hand L 2.3
where subscripts P, N, W, W etc. denote the'grfd point P and its neighbors N-
north, E-east, etc. All coefficients are positive and the coefficient matrix

is diagonally dominant i.e.:
a_ > ta d=N,S, E, N, Hand L (2.4)

In the above formulae, a's represent the influences of convection and diffusion

processes across the control volume faces.

EARTH assembles all a's and efficiently solves the system of the algebraic -
equations (2.3) for all grid points and for-all dependent variables.

The solution procedure employed is based on the SIMPLE algorithm developed:
by Patankar and Spaiding (Reference 12) in which the continuity equation is
“solved 'in terms of préssure corrections. The latest form of SIMPLE has been
incorporated into PHOENICS. Another factor which influences the ability

of PHOENICS to handle fine-grid problems, is fhe order of visitation which
is selected when variables at cell-center are updated.
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The order chosen involves what is called "repeated z-direction sweeps" through

the integration domain (except for parabolic flows, for which only z-direction
sweep is required). The whole set of cells is regarded as consisting of one-cell-
thick "slabs", extending in the x and y directions, and piled one on top of the

other in the z-direction,

A single sweep therefore starts with attention being paid to the bottom (low-z)
slab of cells, The finite-domain equations are solved for all the cells in
this slab, the values of 's obtained at the next higher slab being regarded

as known. Attention then passes to the second slab, the ¢-values there being
adjusted by reference to those in the slabs both above and below. Then the
next higher slab is attended to; and so on, until the adjustment sweep has

been completed. For the solution of pressure corrections, two options viz:

a) slabwise solution, and b) the whole field solution, are providgd.

Depending on the number of grid cells and problem nonlinearity up to a few

hundred sweeps may be required before a converged solution is obtained.

2-6



Section 3
DESCRIPTION OF THE TEST CASE AND NUMERICAL MODEL

For demonstration of the computer code capability NASA MSFC specified the
SSME geometry and operating conditions pertinent to the 100% power level.
This section presents test case specifications, selected grid distribution,

boundary conditions and assumptions of the mathematical model.

This section presents a discussion of geometrical aspects of the calculation

domain and assumptions of the mathematical model.

3.1 Geometry of the SSME Thrust Chamber and Computational Grid

Figure 3.1 presents details of the thrust chamber geometry with dimensions.
The wall coordinates of the expansion part of the thrust chamber have been
provided in Reference 2 and in data specified by NASA.

A two-dimensional, axisymmetric, nonorthogonal body—%itted computational grid
of NZ : NY = 41:20 control volumes has been selected for the computations.
Figure 3.2 presents the computational grid. Figure 3.3 shows details of the
grid distribution within the throat region.-

A nonuniform grid distribution has been used with finer grid spacings in the
regions of steep gradients viz: 1in the throat region, and near the chamber
wall.

The grid has been generated by empioying the power law, which in the radial
direction, is as follows:

N-j = - .\j_a i = | -
AyTNTL 1- @) i=1,2, .. .N-1 BRERY
with y(N) = 1 and o = 1.5. |

Similar grid spacing variation has been obtained in the axial direction to
concentrate the grid in the throat region.

3-1



1x3

Allowoad saquieyn 1Snayl JWSS ayl o w\.\mwmQ '} g a4nbiy

18004 | J0123lUy

$31eULPI00Y B O uUDNBIUASEITDY 2131051(

BELE'S L£ L8iv°SL
saasba( | ssasbag | saasbeQ
3¢ Qg g
sajbuy

5L/

Z6E°0

o't

LZ6EL°L

Ly/3y

Ly/Qy

Ly/Ny

Lusy

1y/0y

(..£Z51°S = Ly} upey

3-2



GRID DISTRIBUTION NZ:NY (41:29)
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Figure 3.3 Enlarged View of the Grid Distribution Within the Throat Region
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An extra column of grid cells IZ = 41 has been placed downstream of the nozzle

exit to accomodate fixed pressure exit boundary conditions. This practice will

permit for more accurate calculation of the radial pressure gradients at the exit

of the nozzle. It should be pointed out however that for better resolution near
the exit a few extra slabs would be required.

3.2 Physical Models and Assumptions

The fluid flow, heat and mass transfer processes are described in terms of
first principles for the entire computational domain. These are briefly
discussed below.

HYDRODYNAMICS

The Navier-Stokes equation considered here in its full elliptic steady two-
dimensional form is:

V.pV=0 . ' (3.2)
V. (oVV-png)=- 9 (3.3)
=, ui, dujy 2 aud g -

where L = -u (axj + axi) + 3 M 3%] §1J ijs the stress tensor.

The momentum eqdations are transformed to general nonorthogonal form, similar
to that of equation 2.3, and integrated within each control volume.

The mixture density is'ca1cu1ated from the equation of state:

= P_M . -
PERTT (3.4)
where + = (M i =H,, 0,, H,0 : (3.5)
moo J 7 M B 2 :

¥

and where R is the gas constant, M is the mixture mo

mass fraction and Mj is the molecular weight of specie j.

The effective viscosity in the momentum equations u is calculated as a sum of

Taminar, p, and turbulent, Heo viscosity.

2
M=y oy (3.6)
3-4



TURBULENCE )

The Cebeci - Smith turbulence model (Reference 37) used in the past thrust chamber
calculations is a "two-zone" model which accounts for the pressure gradients

in the viscous sublayer and employs a Prandtl model in the outer boundary

layer zone. For the purpose of this calculation, however, a more general,

high Reynolds number ke turbulence model of Launder and Spalding (Reference 10)
has been used. The assumptions of Cebeci - Smith models for the viscous

sublayer have been used to derive new wall functions used in ke model; which ..
account for the pressure gradients. Details of the derivation and analysis

are provided in Appendix B.

The turbulent viscosity is calculated as:
k2
Ut =CDpE— (3/)

where CD = 0.09 is an empirical constant.

HEAT TRANSFER

For heat transfer calculations, the total energy (ﬁ) is used as the dependent
variable in energy conservation equation.

For a premixed fuel and oxidizer composition, total energy is defined as the-
sum of enthalpy and kinetic energy:

2
a, W )
= . ot =
h § hy + 3 | (3.8)
T 0
where hj =my prde + h £2983 (3.9)

In the above relations summation is taken over all species, w is the local
‘ve10c1ty, ij is the spec1f1c heat and h £298j is the enthalpy of formation.

The specific heat ij is calculated as a function of temperature as.fo1lows:

“p . a. +aT+aTleatd+att (3.10)
R-- 8 YTt ag 4 5 | '

where a; - . . 3gare constant coefficients given for each mixture component for
two temperature ranges 300 - 1000K and 1000 - 5000K.
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For an adiabatic flow, i is constant throughout the calculation domain and
therefore the energy equation does not have to be solved for. Temperatures
can be calculated from algebraic relations (Equations 3.8 and 3.9). For a
non-adiabatic flow, the wall heat transfer rate is determined from the Chilton-

Colburn form of the Reynolds éna]ogy:

e
g = st.oolul (ﬁp - h) (3.11)

where K is the total enthalpy at the grid node in question;
ﬁQ is the enthalpy corresponding to the prescribed wall temperature;
p 1is the mixture density;

St = C; pr ~2/3 is the Stanton number related to the friction

coefficient Cf;

Tw .
C, = —= ; and (3.12)
f 2
pW
T, is the wall shear stress calculated from the wall functions (see

Reference 10; see also Appendix B).

The energy equation is solved in the following form:

div (oVR - rgrad R) = s

(3.13)

= °

where T = ueff/Pr is the transport coefficients and Sﬁ is the source term which,
in general, should include the radiation energy transfer term and dissipation
function ¢.

6=-v.((E.0 | (3.14)

which represents the rate of viscous forces energy transfer to thermal energy
i.e. mechanical to interal energy transfer (for details, see Bird, Steward and
Lightfoot, "Transport Phenomena", page 313).

In this study, however, both radiation and viscous dissipation terms are
neglected. '

Rigorous combustion calculations would require a full chemical kinetics model

with transport equations for all species (Hl’ Hys OH, 0y, O H,0, HO

1° "2 2° )
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At high temperatures and pressures, the reaction rates are so fast in both directions
that the chemical equilibrium is reached. In this case local composition can be
determined from the prevailing pressure and temperature based on the Gibbs function

minimization principle.

In the present demonstration project, however, the simple approach of a one
step reaction:

1 .
Hy + 5 05 > Hy0 . (3.15)

has been applied with global reaction rate equal to slowest 1imiting chain

propagation reaction viz:

- R

M+H+O0, < Hy0 + M (R1)
This reaction, is of primary importance for fuel-rich flames in the main flame
zone (Reference 14). Downstream of the flame front, within the throat and
nozzle regions, recombination reactions become dominant. The reaction rate
expression employed in present calculations is: _

Re = 2 . (Hy) (0,) * 1.2 107 exp (-800/T) | (3.16)
The terms in brackets are molar fractions with units in kg. mo]es/m3 giving

rates in moles/sec.

Thé fuel mass fraction mH js calculated by solving the transport equation:
2 .
- I'grad my ) = R, . ) (3.17)
2 Hpt  f

div (\7mH

The calculations of the remaining stable species concentrations my and mH 0

are obtained from stoichiometric relations. 2 2

- By . :
m, =8 . (mH? - mHZ) ; and : . (3.18)

where mgz is the Mo concentration at "fully burned stage" (in current case

when Moy = 0.), defined as:
B _ 0 1 0 :
M2 = M2 - 8 Mo2 ' | (3.20)
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where superscript "0" indicates condition at the inlet (prior to combustion).

Alternative, more adequate, combustion models for thrust chamber calculations
are discussed in Section 5 as recommended for future study.

3.3 Boundary Conditions

For the two-dimensional computational domain, the boundary conditions should be
specified at: inlet, exit, nozzle wall and symmetry plane, for all dependent

variables, including:

axial velocity

¢ =W -
v - radial velocity
k - kinetic energy of turbulence
€ - dissipation rate
§ - total enthalpy
Myo = fuel mass fraction

In the present calculations the boundary conditions are specified as follows.

3.3-1 Inlet

At the inlet to the combustion chamber uniform profiles for all dependent
variables have been assumed. These are specified as follows:

- total pressure Pr = 2935.7 psi = 202.4 . 105 N/m2
- radial velocity v=20 '
- axial velocity w is calculated by the code based on the

specified fixed inlet pressure

N 0
- enthalpy h=13 (Cp T + hf)
- species composition m, s m, ,» M, ~ are calculated from given
HZ 02 H2U ‘
inlet mixture ratio f = 6.054851 and
given inlet enthalpies hH = 1837.660 cal |
2 mol
6 J
- 3.84695 . 10 g
- cal _ 54
h02 = - 2884 .385 i 3.77386 . 10 19



Details of the calculation for the inlet

properties (mH , M and T)

0> ™H.,0

2 2 inlet
are provided 1% Appendix~A.

- k and € Initial values for k and e are estimated on the
basis of inlet turbulence intensity of 10%
and, length scale of 0.01 times the inlet
‘chamber diameter. For the high-Reynolds .
number flow in question, results are not
expected to be sensitive to the inlet k and
e values.

3.3-2 Synmetry Plane (Axis)

At the symmetry plane the radial velocity v is set to zero while for all other
dependent variables a zero normal gradient has been imposed.

3.3-3 Exit

For hyperbolic or parabolic equations (solved by TDK and BLIMP code respectively)
no exit boundary conditions are required. For fully elliptic calculations,
however, a downstream boundary condition is necessary. A fixed exit pressure,
uniform across the flow direction, has been imposéd at the last slab (just
downstream of exit plane). Although an approximate static pressure gradient

for the SSME exit b]ane has been provided, it was decided not to use it. For
the present project it would have increased the accuracy of the results in the
exit plane domain. However, in a prediction mode for other thrust chambers

this information is normally not available. Furthermore, the assumption of a
constant pressure as a downstream boundary condition would yield results
jndicating, how far upstream this assumption would influence the calculated data.
For the remaining dependent variables "locally parabolic" assumption at the exit
plane has been employed which.permits to calculate h-values.at the last.slab

from upstream ¢-values.
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Figure 3.4 Exit Boundary Condition Specification

3.3-4 Solid Wall

At the solid wall "no slip" boundary conditions are imposed.

Special attention is required for calculating "near wall" shear stresses and
heat fluxes where transport properties as well as dependent variables often
vary steeply in the neighborhood of a wall. - For this purpose semi-ana]ytica]..
solutions, called "Wall Functions" are used.

Appendix B presents the basic principles of the wall funct1ons for compress1b1e
flows with s1gn1f1cant pressure gradients.

3.4 Flow Field Initialization

The starting conditions for steady state calculations are arbitrary. A "good"

guess, however, can .significantly improve the convergence rate. For the purpose
y

4y

of this study the initial flow fields have been generated from the isentropic -
flow relation for the nozzle (Reference 15).

B2 =L (2, xly?y 1l : ‘ (3.21)
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For a giveny = 1.3 and local area to throat area ratio one can calculate local
Mach number MO and then the local velocity, total temperature, total pressure

dnd density. At the throat where A/A* = A/Athroat = 1 the flow is assumed to

be choked. A uniform total enthalpy equal to the inlet enthalpy and a uniform

m o mass fraction equal to the "fully burned" equilibrium value in the combustion
chamber have been assumed throughout the domain.

—— e e amsea e s e w e ecagaec A

3.5 Under-Relaxation

In the steady state calculations the sweep-to-sweep solution variation is
controlled by the under-relaxation of dependent variables. The solution control
is exercised by relaxing the pressure, velocity and density. Pressure and
density are relaxed by the direct relation i.e.

o = o* o ¥ o1 (l-ao) (3.22)
n n-1 '

P =P tp'a (3.23)

where:

o - relaxation parameter;

p* - currently calculated density;
pn—l , pn'l - previous iteration values;

p' - pressure correction.

The axial and radial velocities are relaxed by adding an inertia term to the
relevant finite difference transport equation:

oVOL
Za1¢1* + AtF
ct’p T Ta. ¥ pVOL i=E, W,N,S,HandlL, | (3.24)
! Bt

. where ¢ stands for any_dependent var1ab1e,‘a is the link.coefficient
(representing convect1ve and diffusive. fluxes through the. control. volume faces);
VOL is the volume of the grid cell; and AtF is the "false time" step used to
control under-relaxation. Note that a smaller AtF value implies heavier
under-relaxation.
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In the present study the relaxation factors were modified during the calculations.
For example the false time step AtF for velocity components were set to:

Atp = .01 . ropioat for iteration 1 to 100;
AtF = .1. M Throat for‘TteratTon 100 - 300;
AtF = 1000 "hroat for iteration 300 and up.

Pressure relaxation has'been gradya11y varied from ap = 0.3 to ap =.0.6.
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Section 4

INPUT DATA PREPARATION

Input data preparation for the PHOENICS run requires user's input via the
SATELLITE program and the GROUND subroutine. The input data are supplied in
the form of FORTRAN statements. Both SATELLITE and GROUND are user oriented
self-explanatory subroutines with divisions into specific-purpose.sections. and..
comment statements. In this chapter the description of the input data for the
SSME NOZZLE test case is discussed. For general information about data ’
preparation, the PHOENICS. Instruction Manual (Reference 5) is recommended.
Listings of the adapted SATELLITE and GROUND are provided in Appendix E.

It is suggested that the reader who is not directly interested in the code
execution procedure or in the studying of the coding implemented in SATELLITE
and GROUND can skip the following two sections and continue onward from Section 5.

4.1 Information Supplied Via Satellite

The SATELLITE Program is divided into 43 Chapters of which Chapters 3 to 33 Qere
used in the present demonstration case. Each chapter has the COMMENT heading
and commented default variable specifications in <> brackets. A user may

override the relevant variables.

Grid and geometry are specified in Chapters 3 to 7 (see Figures 3.1 and 3.2).

For the present two-dimensional case, in y-z (radial-axial coordinates) frame,
XFRAC - nondimensional distance in circumferential coordinate is set to 1 in
Chapter 3. In Chapter 4 Toop DO 400 is used to specify the nondimensional

grid distribution in radial direction. NY=20 is a number of grids, POWER is

the nonuniformity factor (POWER=1 provides uniform grid) and THROAT = 0.13099

is the throat region. The geometric shape of the nozzle is also specified in
Chapter 5. In this case a "NOZZLE.DTA" file is read-in, containing (Z-Zthmat')/rT
and ywa”/rT data. Current geometry data reflect the wall contour and is exactly
the same as used in the BLIMP program.. NTAB = 393 is the total number of wall
coordinates and NTABT = 31 is the throat coordinate location in the table.

Array 0ZZLE (393, 2) contains these wall coordinates. 1In loops DO 500 and DO 501
nondimensional ZFRAC-axial grid line coordinates are specified. Note that the
zero location in the z-axis is at the inlet to the nozzle, not at the throat.
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At the end of Chapter 5 an extra grid cell slab is added after the real nozzle
exit and total number of grids is incremented by 1.

In Chapter 6 the BFC = .TRUE. statement is set for nonorthogonal body fitted
coordinate system. In DO 601 loop the arrays YN (NX, NZ, 1) and YS (NX, NZ, 1)
are specified to north and south (wall and axis) y-coordinates of the nozzle.

YN, used for nozzle wall coordinates, is interpolated from OZZLE array for

each IZ, and YS is set to zero at each IZ since the south boundary is the axis of
the nozzle. In double Toop DO 605, DO 604 circumferential direction boundaries
are specified as one hundred of a radian. In DO 605, DO 606 high ZH and low ZL
arrays are arranged.such that ZL (1Z)=0 at the inlet and ZH(IZ)=ZFRAC (NZ)*
THROAT is equal to the total nozzle length (including the extra grid cell).

DEPENDENT VARIABLES - to be solved and stored are specified in Chapter 8. The
indices of the SOLVAR and STOVAR indicate selected variables i.e. Pl - pressure,
PP - pressure correétion, V1l - radial velocity resolute, W1 - axial velocity
resolute, Cl1 - first concentration used for mH2 mass fraction, KE and EP for

kve turbulence parameters, Hl for enthalpy, H2 is used for temperature storage,
U2, v2, W2 arrays will be used for storing the cartesian velocity components and
storage 16 and 21 for nonorthogonal (contra-variant) velocity components and
'storage 23 will be used for saving continuity errors. Chapter 9 provides user
specified titles to the variables.

PROPERTIES - In Chapter 10, longest section of the satellite, physical properties
of the test case are specified. SIGMA (24) and SIGMA (14) arrays contain the
laminar and effective Prandtl numbers, EMULAM = 0.000102 is the laminar viscosity
and IRHO1 = -1 indicates that the density p will be specified in GROUND (also in
Chapter 10).

In the remaining part of Chapter 10 of SATELLITE, properties at the inlet to
the nozzle are specified. The variable names are arbitrary and "local” in
SATELLITE. FMIX = 6.054851 is the mixture fraction, SMO(1), SMO(2) and SMO(3)
are used for initiating mass fractions of HZO’ H2 and 02, respectively. ENTHMIX
is set to inlet mixture enthalpy as described in Appendix A.

DO 1777 loop has been initially used to estimate inlet concentrations at
TEMP = 300°K. The pertaining calculation procedure is also described in
4-2



Appendix A. Array SC contains molar concentrations of H20, H2 and 02 at inlet
for T = BOOOK; SC [kmol/kg]. FMUB = 2.SC(2) specifies the mass fraction of
the "unburned" hydrogen and the next three statements override SC to represent
a relative mixture composition in the fully burned stage. Note SC(3) = 0,
i.e. ng =0as f < fstoic’

CALL TEMPER passes the execution to a subroutine which calculates temperature
TEMP for particular éhthé]by HHH and gas cohpésﬁtion SC. The variable TTEMPR
is the initial "gquess" of TEMP with RGAS = R = 8305 representing the gas
constant and CPDR = CP/R the specific heat. A1l data are entered in SI units.
CALL ENTHAL statement is used to calculate the mixture enthalpy ENTH = W/R

and specific heat CPDR = CP/R for given temperature TEMP and cbmposition SC of
three components. Both ENTHAL and TEMPER listings follow the listing of
SATELLITE. ‘

WTMOL is the mean molecular weight of the "burned" composition. H2SAT = K=
RGAS.ENTH is used to transfer the total enthalpy ¥ to the GROUND where it could
be used for "adiabatic" test case. If Hl is solved for the H2SAT is not used.

CALL MSOLV statement is used twice in the remaining part of this chapter. At
first to calculate the inlet isentopic condition with given GA = vy = 1.3_and
AAT inlet to throat area ratio and secondly to calculate exit hressure. AM =0
and AM = 2 are the "guess" Mach numbers at the inlet and throat cross-sections
which will be iteratively calculated in the MSOLVE subroutine.

INITIAL FLOW FIELDS are specified in Chapter 13 via variable FIINIT. Note

that only the H1 enthalpy is initialized as constant equal to HISAT = H2SAT.TTOT
(set just after the statement 6744). Remaining flow field variables P1, W1,

Cl and H2 (for temperature) are specified in a FLDDAT subroutine called at the
end of SATELLITE, the listing of which is included in Appendix E -. FIINIT =
10101 indicates that particular variable will be specified in FLDDAT. Note

that V1 is not specified since the default value (1.E-10) is used.

BOUNDARY CONDITIONS are set up in Chapters 14 and 15 by specifying the "REGIONS"
at the inlet (Region 1) exit (Region 2) and nozzle wall (Region 3). No region
specification is required for the axis because the symmetry plane is a default
region specification.
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CALL PLACE (IREGN, TYPE, IXF, IXL, IYF, IYL, IZF, IZL) is used to specify the

grid control cells in the region in question.

CALL COVAL (IREGN, VARIABLE, COEFF, VALUE) is used to specify the boundary
conditions for dependent variables. The boundary flux of the ¢-variable is
calculated as:

me = [Sm + C¢] (V¢ - 9) . (4.1)

where ¢ is the inner, adjacent grid node value to be calculated implicitly in
PHOENICS, VALUE or Yo is the ¢-value at the boundary, C¢ = COEFF 1is the
diffusional flux coefficient of ¢ and Sm is the mass source at the boundary,

Sm is calculated as:

S = C (Vg - P) (4.2)
where Vm is either desired mass flow rate or external pressure depending on the
type of the boundary condition, p is the pressure in the control cell adjacent
to the boundary (incorporated implicitly by'PHOENICS) and Cm is the mass flux
coefficient. C_ = 10710 for fixed flow rate or a desired "resistance" related
value for the fixed pressure boundary condition. Detailed derivation and
discussion of the boundary condition specification is provided in Appendix C.
Note that ONLYMS = 0 indicates no diffusive link at the boundary. Note also
that region 3 CALL COVAL statements are COMMENTed as the wall functions for

all variables are calculated (in GROUND) by using a pressure gradient dependent

formu]a..

SOLUTION CONTROL AND RELAXATION parameters are specified in Chapters 26 to 34.
For compressible flows, LOGIC (87) = .TRUE. is set in Chapter 26. FSWEEP = 401
and LSWEEP = 450 indicate a restart run from results of 400 sweeps calculated
prior to the current run. For the new run set FSWEEP= 1,

In Chapter 29 the'pressure relaxation factor FLXP and velocity under-relaxation
parameter DTFALS are specified. This rather strong relaxation is reduced, in
GROUND, after the first 50 sweeps. |

In Chapter 32 the logical arfays PRINT can be activated for whole field
printout of desired variables. IZMON, IYMON are the grid coordinates of the
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control volume ya]ues of which the (W1, P1, T ...) will be printed during the
course of jterations (at each sweep). Variable NYPRIN = 2 will cause skipping
of each second 1Y Tine from the output (NYPRIN = 1 can be used for full printout).

RESTART run 1is specified in Chapter 42 where SAVEM = _TRUE. will activate result
dump on the disk (file name TM1) which can be used for restart of graphical
postprocessing. - -

Finally, in the user independent section, calling subroutine FLDDAT initial
flow fields are prepared for all variables specified in Chapter 13.

Additional subroutines attached to satellite are:

SUBROUTINE TEMPER with input HSTAT - static enthalpy, 7O - initial gquess for
temperature, SC (NSC) - species molar concentrations in [kmol/kg] and RGAS =
8305 gas constant. The result of the calculations is T - temperature and CPDR =
: CP/R. There is no user input required to this subroutine.

TEMPER is called by SATELLITE and calls subroutine ENTHAL.

SUBROUTINE ENTHAL - with input of: TEMP, and SC (NSC) returns mixture specific
heat and enthalpy calculated as follows:

C
“p 2 3 4
R = Ly + LT + Z3T0 + 2,77 + ZT (4.3)
) Z,T Z3T2 Z4T3 25T4 I,
ﬁT = Z]_ + 2. + 3 + 7 + 5 +T— (4.4)
where h = h% oo+ sTe a1 (4.5)
’ 298 P .

Coefficients Z1 to Z6 should be supplied via DATA statements in ENTHAL using
the array ZA( 7, 2, NSC). Current data are valid for T = 300 - 5000%K for

H,0, H, and O2 and are taken from JANNAF tables.

2 2

SUBROUTINE MSOLV is called by SATELLITE and by FLDDAT to calculate isentropic
flow properties. The input is GA = vy = 1.3, KS = 1 for supersonic and KS =0
for subsonic flow, AAT - local to throat area ratio and AM - initial guess for
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Mach number (e.g. Ma = 0 for subsonic and Ma = 2 for supersonic). The result
of iterative calculations is the correct Mach number, and

_ ¥R .
WT = Ha 1B (4.6)
t 1
QRT = Ma L (1 2lv-1 (4.7)
R T .
TTT = 1 + Y—éi Ma® | (4.8)
Nt
PP = (<4) (4.9)

which are used in SATELLITE and FLDDAT to calculate local isentropic properties.

SUBROUTINE FLDDAT - is called from SATELLITE and shares with SATELLITE common

block CMNBF1 (listing included after FLDDAT List).. User dependent part starts
in Chapter 2 where in two DO loops over 1Z and MPH1 (variables) initial fields
for P1, W1, H2 = TEMP and Cl1 - mH2 are set up. Note that within the loops CALL
MSOLV brings local cross-section Tsentropic parameters. Array PHI (IY, IZ) is

used for initialization.

4.2 User Supplied Coding Via GROUND

The GROUND subroutine is accessed by EARTH at several stages of the solution.
It has 16 chapters of which only the first 10 are used in the present test '
" case. The COMMENT statements indicate when a particular chapter is being
called by EARTH. User dependent section starts under the comment CXXX ... X
USER SECTION 1 STARTS (see on page 1 of GROUND, Appendix E), where one must
specify the array dimensions for CVAR, VVAR, CM, VM and ZERO to be (NY, NX)
i.e. for the current test case (20, 1). Any number of local variables and
arrays, with proper dimensions, can be introduced in GROUND. It is advised
to start FORTRAN names for arrays and real values with the letter G (GP - for
pressure,, GW - for w-velocity, GTWALL - for wall temperature, etc.) This will .
ensure no-conflict between local variables and-variables provided by GROUND
station and EARTH COMMON blocks.

Further downstream, a user can insert adequate DATA statemeht e.g. DATA RGAS/
8305.6/DATA ARFC, CRCF, ARCR CRCR/3.7656E7, 800, .../ where the second set of

4-6



data defines Arrhenius reaction rates for forward (F) and reverse (R) reactions.
Subsequently each chapter is briefly discussed.

CHAPTER 0 - is called at the start of the run. Specific constants are set or
" calculated e.g. GPI = 4. arctg (1.) = m . NXP1 = NX + 1, etc. Also file 23
holding grid vertices (file name BFCXYZ) is opened. Finally subroutine WALDP

o

is called to initialize some constants in it.

CHAPTER 2 - in our test case will be called only once at the beginning of the
run. Here the wall temperatures are calculated by calling SUBROUTINE TWALBC
(discussed below) the input is NZ, GZNODE - nondimensional axial coordinates

of the grid cell slabs, and ZTHRO - throat distance from the inlet. In DO 3120
Toop GZCELL (distance from the inlet) and GYWALL (local radius of the nozzle)
are recovered from stored data of grid vertices on file BFCXYZ with Logical
Unit 23. (These data were written by SATELLITE.) Finally wall inclination
angles are calculated in DO 3140 loop.

CHAPTER 3 - is used to gradually adjust the under-relaxation factors from sweep
50 to sweep 150. This coding is test case depended and may not be optimal for
the test case in question. It is assumed that more than 150 sweeps are necessary
after which the relaxation is frozen. In the particular test case of the SSME
nozzle approximately 400 sweeps are anticipated. Variables RLXP, RLXPZ, RLXPXY
as well as Array DTFALS (NVAR) are EARTH variables available in GROUND.

CHAPTER 5 - is used to specify source terms. As éxp1ained in Appendix C
several physical processes can be simulated by providing appropriate "values
and coefficients” of the linearized source term formula:

SOURCE = [C_ (V- P) + c,1 (v, - ) (4.10)

0
In our test case Cm = Vm = 0 and attention is focussed only on C¢'and V¢
(CVAR, VVAR) coefficients with SQURCE = c¢-(v¢ - ¢). In the first part of
Chapter 5, the reaction rate for my is calculated as:

-C/T 2

R=-A.e c P my (4.11)
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The linearization of above gives:
JR*

R = R* + {m - m. *) = R* + < (m - mg *) =
amfu fu fu P mfu,eq fu fu
- oR* )
B me,* - ey, eq (mfu,eq - ey
-C/T p mH2 m02
R = mH x - mH (mH2 eq - mHZ) (412)
2 2,eq i
= CVAR vV, =
C¢ C p VVAR
where My * - js the previous sweep fuel mass fraction;
2
m02 - oxygen mass fraction [mO2 = fetoic - (mfu* - mfu,eq)] ;

A,C - Arrhenius rate constants set by the DATA statements as discussed
above;
0 - mixture density (array RHO (IY,1))

Coding for the calculation of CVAR and VVAR is executed in DO 508 loop.

Note that CALL GET statements are used to "get" portions of the EARTH's
F-array and "copy" it to appropriate GROUND station array e.g.:

CALL GET (C2, CFU, NY, NX)

accesses Cl1 = Me, section of F-array and sets it into user's array CFU
dimensioned (NY, NX) at the beginning of GROUND.

After the CVAR and VVAR are calculated they have to be placed into the
appropriate position of the F-array. For this purpose the CALL ADD statement
is used e.q. CALL ADD (Cl 1, NX, 1, NY, VOLUME CM, VM, CVAR, VVAR, NY NX)
where C1 indicates the var1ah1n name, the f011ow1nn FéurA1nteger< def1ne the
grid cells range at the IZ-slab, VOLUME indicates that the source term is
calculated per unit volume, CM = VM = 0 i.e. no mass addition is envisaged,
CVAR and VVAR are the calculated coefficient and value of the source and

NY, NX are dimensions of the CM, VM, CVAR, VVAR arrays.
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In the remaining part of Chapter 5 wall functions are used to calculate the wall
shear stress, wall heat flux and near wall kve values. Between Tabel 515 and
517 local (1Z) near wal]lpressures, velocity and density ére extracted from
appropriate arrays GP, GRH. GPRL = SIGMA (24) is the laminar Prandtl number,
set in SATELLITE. Four sections starting with labels 517, 520, 530 and 540

call subroutine WALDP where wall functions are calculated. The input parameters
are: IZED - current slab number, ISWP - sweep number, NZ - total number of slabs,
1 - variable index 1-W, 2 - R, 3 -kand 4 - g, GDYNY distance to the wall from A
the "near wall" grid node, EMULAM - laminar viscosity set in SATELLITE, GWFDL,
GWFW1-w, two Prandtl numbers PrL, Prt, GWFP1H - current slab and higher slab
pressures, and finally, GDZ - AZ. The result calculated in WALDP is "VALUE"

and "COEFFICIENT" set into CVAR (NY,1) and VVAR (NY,1) and representing the

near wall source term coefficients. Note that VVAR (W1) = O specifies a no

slip condition at the wall and VVAR (H1) = Ko+ Cp (TW - T) is the wall enthalpy.
The coefficients are wall shear stress and wall heat flux, respectively. Wall

functions for k and ¢ are used to calculated "fixed near wall" k and .

CHAPTER 7 - in the current test case ca1cuTations of dependent variables
including GATT, GFLXT - throat area and throat mass flow rate, GAEXT, GFLXE -
exit area and exit mass flow rate are conducted for the last sweep only.

In DO 772, DO- 773, and DO 774 loops axial components of the wall pressure
forces are computed. Next thrust and specific impulse are calculated and
printed. In the last part of Chapter 7 significant selected variables are

_ printed. ' '

CHAPTER 10 - is used to calculate density and temperature. In DO 1010 Toop
species molar concentrations are determined from the known m, = mass fraction,
and molecular weight WTMOL. GEKIN is the kinetic energy equa? to 0.5 (w2 + v2)
and GHSTAT is the static enthalpy. The CALL TEMPER statement provides a new
1oca1 temperature re]ated to Lhe currcnt cUncentxat101 and sLat enthalpy. =
In the last three statements before 1010 1abe1 the dens1ty (Trom the equat1on"
of state), the temperature and specific heat are calculated. The listing and

discussion of TEMPER subroutine is provided with the SATELLITE description.
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CALL SET is used to set local arrays GRM and GTEMP into the F-array storage.

In the second section of Chapter 10 selected axial and near wall pressures

and temperatures are saved for later printout purposes. In the last sweep
within the DO 1050 1oob the Mach number is calculated for the entire flow field
and set into the F-array via CALL SET (C2, ...). Remember that the C2 - "second
concentration” memory is being used to save and then print the complete Mach
number field. |

SUBROUTINE TWALBC - is prepared to spécify the temperature along the nozzle
wall. User places ZTWQ.and TQW arrays via the DATA statements. Within this
subroutine a linear interpolation is employed to calculate the temperatures at
the grid node locations from temperature data specified at locations along the
wall. The User is advised to verify the resultant TWALL array which is being
printed from the DO 5555 loop at the end of this subroutine.

SUBROUTINE WALDP - calculates VALUE and COEFFICIENT for the near wall source
terms W1, W, k and €. The first section, up to statement no. 100 is accessed
only once fdr initialization of prespecified constants. Between label 100 and
120 local velocity. - WP, density RHOP and pressure gradient DPDZP are calculated.
PPC js a constant in the p+ N u+ formula.

RE is the Reynolds number calculated based on the control volume characteristic
distance (cell size) near wall velocity and laminar viscosity. '

Further coding is divided into three parts:

- up to label 212 wall functions for w and B are implemented;
- between label 300 and 400 wall functions for k - turbulent

kinetic energy is coded; and
- after label 400 - the ¢ wall functions are specified.

The programmed analytical formulations for the wall functions are provided in

Appendix B.
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Section 5

PRESENTATION AND DISCUSSION OF COMPUTATIONAL RESULTS

The main objective of the present study is to demonstrate the capability of -
simulating reactive, cohpressib]e elliptic flows within the combustors and
nozzles of a thrust chamber. This section presents the computed Navier-Stokes
solution of the specified test case, already described in Section 3.

5.1 Presentation of Results

Figure 5.1 presents velocity vectors within the combustor and nozzle. Details

of the velocity vectors within the throat region (IZ = 4 to IZ = 14) are shown

in Figure 5.2 and velocity profiles at-se1ected axial cross-sections are shown

in Figure 5.3. Figure 5.4 shows-Mach number contours with uniform contour levels
distributed between Ma1 = 0.2 to Ma20 = 4.0. The location of Ma = 1 contour

is presented in Figure 5.5. Figure 5.6 presents contour 1lines of the absolute
value of static pressure p [N/mz]. The scale of pressure contour levels is

7 N/mz. In Figure

non-uniform and the range varies from Py = 104 to Pog = 2.10
5.7 contours of absolute temperature T [OK] are shown. The range of temperature
contour levels is uniform and varies from T = 1500 °K (Contour 1) to T = 4000°k

(Contour 20).

Figure 5.8 provides axial variations.of absolute temperature at three radial
locations:

Tw - wall temperature (input data);

TNY - Tlast grid ce11 near wall temperature (y/yw = 0.994); and

TAX - temperature along the axis of the nozzle.

Finally Figure 5.9 presents similar variations of static pressure in absolute

e s e .

values along the ‘solid wall and along 'the axis.

betai]ed numerical information of the flow field is provided in Tables 1 to 8.
In Table 1 an output summary in SI units is presented where the headings have
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Figure 5.7 Calculated Temperature Contours
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the following meaning:

76 - dimensional axial distance (forward cell face) [m]
ZND - nondimensional axial distance (Z - ZT)/rT[-]

YN - Tlocal non-dimensional radius of the nozzle r/r; [-]
ANG - wall 1nc1inatioﬁ angle [rad]

PW - pressure near solid wall [N/m ]

PAX - pressure near the axis [N/m ]

TW - wall temperature [ Kl
TNY - near wall temperature [ K]
TAX - temperature at the axis [ %]

Table 2 provides similar information in British Units p [psja], T [ROJ, where the
heading (ZG:TH) = Z/rT represents nondimensional axial distance and YN - is the

nozzle radius in meters.

The wall and axis pressure distributions in the logarithmic scale (log P) are

provided in Table 3.

A summary of the wall heat transfer results is printed in Table 4 where

AREA (mz) is the wall area in contact with the control volume, HTCOEF is

the heat coefficient (W/mZK), TW-T(NY) represents the temperature difference
n oK between the wall and the "near wall grid node", QFLX (W/mz) is the

heat flux, QDOT (W) is the local cell heat flow rate and QSUM (1-1Z) is

the wall heat flow rate integrated along the wall from the injector face up
to the IZ-th axial plane.

Tables 5 to 9 are reproductions of the computer printout for the flow field
variables including: '

Table 5, WCRT - cartesian component of axial velocity [m/s];

Table 6, VCRT - cartesian component of radial velocity [m/s];

Table 7, TEMP - absolute temperature [ K],, _

Table 8, P1 - absolute static pressure -[N/m ];Aahd’

Table 9, MACH - Mach number [-].

Calculated global performance parameters for the thrust chamber are:

- throat mass flow rate
T = 456.72 kg/s = 1007 1b/s;
- mass flow rate at the exit from the nozz]e

mex = 456.50 kg/s;
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- cross-sectional mass imbalance between the throat and exit
m, = (456.72 - 456.5)/456.72 = 0.048%;

- thrust calculated as:

T=32 Py - Ay - SN (o) = 19.383 . 10

summation is-taken over thrust chamber wall and injector face.

5N = 435,000 1bF

Figure 5.10 illustrates axial components of the pressure forces
acting on the inner walls of the thrust chamber and used for

calculating the thrust.

h

Figure 5.10 Pressure Forces Acting on Rocket Chamber and Nozzle Walls

Force-acfing on iﬁjector face washcéiculaieﬁhbaséd on the first node
pressures rather than on the supplied data of inlet pressure. With
the inlet pressure supplied the thrust is T - 440,000.

- specific impulse:

_ 435,000.

ISP 1007

= 432.0 sec
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5.2 Discussion of the Computational Results

The results obtained reveal all expected features of the nozzle flows. The
velocity vector field presented in Figure 5.1 and 5.2 indicate flow acceleration
in the expansion part of the nozzle. The viscous effects are visible from
velocity profiles presented in Figure 5.3. As expected the velocity profile

in the throat region has a maximum near the wall. While in further downstream
cross-sections. the maximum velocity location is.shifted toward the axis. The
viscous effects in the flow are visible in the downstream planes reflected in ..
the variation of the velocity profile extending up to the nozzle axis.

The Mach number contours are shown in Figures 5.4 and 5.5 The sonic line
(Ma = 1) emanates from the geometrical throat wall point and reaches the
nozzle axis at a further downstream location in a parabolic profile fashion.
The shape and location of Ma = 1 line is typical for -the transonic nozzle
flow field.

Inspection of Ma = const contours downstream of throat region indicate the
existence of a shock generated at the position of the second wall curvature
tangency point (location where the radius of curvature meets nozzle bell shape).
In this region Mach-isolines exhibit a change of curvature in the vicinity of the
wall. The "barrel type" shock wave is well visible in the region of fine grid
just downstream of throat and extends almost up to the exit.

The shape of the barrel shock is clearly resolved in the upstream part of the
nozzle. The downstream resolution of the shock is affected by the grid
coarseness and by approximations in the exit boundary conditions specifications.

Examination of temperature and pressure contours reveals that the largest
pressure gradients exist within the throat and steepest temperature gradients
downstream of the'throat near the wall curvature tangency point. Note that

temperature contour Tevels are presented with uniform intervals.
In all contour-plot figures, the geometry outline extends up to slab 41, which

is located downstream of the nozzle exit. The dotted line indicates the Tocation
of the exit. There are, however, indications of the influence of the uniform
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exit pressure assumption on the inner flow field profiles. Contours of Ma,
T and p indicate some "perturbations" near the nozzle exit. Therefore the
results in the near-exit region should be interpreted with caution.

Possible improvements in the épecification of exit boundary conditions are

discussed in Section 6.

Interesting observations can also be drawn from Figures 5.8 and 5.9 presenting
axial distributions of temperatures and pressures. The axial temperature
profile Taxis is typical for inviscid nozzle flows. The near wall temperature
TNy (in Figure 5.8) illustrates a complex phenomenon of expansion portraying
the kinetic heating and convective heat transfer between the combustion gases

and cooled nozzle wall.

Distribution of the pressure profiles Paxis and Pwa1]shows that just after the
downstream "tangency point" pressure near the wall becomes larger than that at
the axis. Close to the exit the difference between the wall and axis pressure

becomes:

N _ 2 .
Pwa]] - Paxis =~ 39800 - 6900 = 32900 N/m~ = 4.77 psi

This confirms our earlier conclusion, that for accurate calculation of "near
exit" flow details, a better exit boundary condition is required.

Finally, the analysis of the global parameters, such as total mass flow rates,

thrust and specific impulse is summarized below.
- Cross-sectional mass flow rates are perfectly preserved
throughout the chamber.

-Calculated. temperatures within the combustion chamber and
the nozzle are overpredicted due to the "one-step" reaction
mode] assumptfon used in present calculaticons.

- Finer grid in the regions, where significant axial bressure

gradient exists is necessary for more accurate results.

Predicted key parameters such as thrust and specific impulse
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require an accurate pressure distribution in the contraction as well
as in the expansion parts of the nozzle*.

- Further studies of the "boundary layer and main stream" interaction
procedure is required with attention on "near wall" shear stresses
and heat flux calculations. It is envisioned that direct and accurate
calculation of the boundary layer structure is well within mode}
capabiiities'ahd can help in understanding several phenomena of
shock-boundary layer interaction.

- Application of a chemical "equilibrium model" and the complex
kinetic effects are suggested for the further studies. The
incorporation of finite rate chemistry would be especially

interesting to study near wall reaction processes and interaction
between chemistry and heat transfer,

* Results of an additional run (results of which are not presented here) with
four extra grid slabs in the contraction part of the nozzle revealed that the
calculated specific-impulse IS increased from 432.0 sec for 41 x 20 grid to

437.9 sec for 45 x 20 grid. P :

5-21



Section 6
CFD MODEL ASSESSMENT

The salient features and general advantages of the proposed CFD approach and
computer code (PHOENICS) have already been described in Section 2. This
section discusses the assessment considerations listed in the project

objectives (Section 1.2, page 1-5). Each question is answered in specific
reference to PHOENICS's performance for the problem considered.

6.1 Time Requirement for Input Data Preparation

Section 4 has provided the details of the input data preparations. The time
-requirement for input data preparation can vary depending upon the complexity
of the test case and on the experience of the engineer. For experienced
engineer modification of the existing SATELLITE and SUBROUTINE GROUND for

the SSME thrust chamber test case may take:

- only few minutes for grid or boundary condition change or for
additional printout arrangement, to

- few days to include new combustion model, new wall functions or
other model improvements.

To facilitate new users, CHAM conducts three-day training courses with hand-on
workshop sessions. These courses are held once in every three months at CHAM.

Specific courses are also held at client's site on request.

6.2 Computer Requirement

PHOENICS is a portab]e code. At present the code is operational at various
main frames e.g. CRAY-1, CYBER 205, CDC-7600, IBM, UNIVAC, and 32-bit mini
computers such as: VAX, PRIME, Perkin Elmer and Apollo.

The code uses ANSI Standafd FORTRAN and is not ‘optimized or vectorized for

any particular computer. For complex problems i.e. those with large number of
control cells (e.g. > 20,000), out—of-core'storage is usually necessary on
mini computers. Due to extra I/0 operations of the out-of-core storage use,
this usually slows down the execution (up to 50%). The present work was done
on a Perkin-Elmer, with 820 control cells and full in-core storage.

6-1



6.3 Execution Time Requirements

The current problems required 400 sweeps (iterations) for the convergence of
the iterative solution procedure. The convergence was judged by checking the
mass residuals as well as the calculated flow variables. The sum of absolute
values of residuals at all cells was reduced four orders. of magnitude in

400 sweeps.

The sweep to sweep variation of flow variables were within 0.1% of their final

values.

Execution time of the base case was 90 : 110 minutes of P-E, 3205. Generally
main frame computers are about 20 times faster.

6.4 Accuracy of the Results

Accuracy of the results can be best determined by direct comparisons with the
measurements. In the absence of measured data, the following considerations

may be useful.

1. There are no mass, energy or momentum imbalances in the calculations .

This is due to the conservative formulation of the numerical scheme.

2. Results can be somewhat sensitive to the grid resolution. Generally,
grid-sensitivity studies should be performed for each new problem
This has been recommended for SSME Chamber problem, too.

3. Results may also be sensitive to the physical models employed. Each
of the physical models viz: for turbulence, combustion, wall shear
sfresses, and heat transfer have been described in detail. This should
facilitate a fair assessment. Alternative models can be employed and
assessed.

6.5 Status of the Code

The PHOENICS code is in use at more that 100 research organizations over the
world. Due to the extensive usage, the code is fairly well debugged. However,
modifications for further improvements in the solution scheme as well as in the
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user orientation of the code are in continuous progress. These are consolidated
and released to the users periodically (i.e. once in a year or two) by
providing the upgraded code.

The code has provisions for body fitted coordinates, which are essential for
accuracy of nozzle flow calculations. Non-orthogonal grids can be generated
fairly easi]y with the build-in "transfinite mapping" routine or can be
read-in from user supplied grid preparation preprocessor code.

The code has provisions for inclusion of new physical models by the user.

This makes the code suitable for both routine engineering analyses as well as
for research purposes.
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Section 7
COMCLUSIOMNS AND RECOMMENDATIONS

Reported calculations have demonstrated that the basic capability exists of
simulating reactive multidimensional flow in rocket engines for subsonic,
transonic and supersonic compressible conditions by solving the Navier-Stokes
equations for the entire nozzle geometry. Results of a single test case,
presented in this present report, indicate good accuracy of the calculated
data. A1l physical aspects of transonic flow with heat transfer in the nozzle
have been predicted. Several improvements should be made in the mathematical
model to make it a vajuable tool for optimizing design and performance

analysis of rocket engines.

The proposed modificatipns are especially oriented to improve mathgmética] models
of physical processes, With suggested improvements and after verification through
Comparison with test results, sensitivity studies can be conducted leading to
optimum rocket motor projections.

Some of the improvements are discussed below.

7.1 Improvements in Combustion Modeling

The currently employed one-step reaction in the present study has been used
mainly for convenience. Mimimum coding was required to calculate stable
species concentrations (02, H2 and HZO)' It is recommended that one of the

following two techniques should be used for further improvement:
a) chemical equilibrium model; or

b) chemical kinetics of chain reactions.

The first approach is the simpler one and requires no additional differential
transport equation to be solved for. Local composition (02, H2, 0, H, 0H, HZ’ HZO’
HO2 etc. . .) can bg obtained by solving a system of algebraic equations. General
subroutines for the Gauss function minimization are readily available (Reference
13) and can be incorporated into the calculation scheme. For the H2 - O2

reaction mechanism a simple and fast procedure can be used without employing

the Gauss function minimization. The task can be reduced to solving two
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nonlinear algebraic equations for my, and mg- The remaining species composition
can be obtained either from the stoichiometric relation or from equilibrium
constants. Appendix D provides detailed derivation of the above equations and

outlines the appropriate solution procedure.

The chemical kinetics calculations are recommended as a second step of the combustion
simulation. The reaction mechanism between H2 and 02 is well established and

rate constants are known. CHAM has extensive experience in using chemical

kinetics modeling for the rocket plumes (References 19 and 20), Relevant

subroutines are readily available and only require careful incorporation

into the PHOENICS' GROUND station and initial tests.

7.2 Improvements in Wall Boundary Layer Treatment

The "wall functions", applied in the present method, are based on experimental

data for parallel flows in simpie sheaf layers. The wall functions which account
for the axial pressure gradient have not, to our knowledge, been extensively

tested and require more attention during recommended verification studies. An
aiternative approach, also recommended for future investigations, has been

recently presented by Launder (Reference 16) in which wall functions are

replaced by local near-wall solutirn of the bounary layer equation. A separate

grid structure is used -between the near wall node and the solid wall. The
resultant solution (for the velocity and for temperature) is integrated

providing the wall shear stresses ( or heat flux) for the "basic grid" (macroscopic)
calculations. A locally parabolic solution layer (PSL) is used to calculate boundary
conditions for "macroscopic" equations. The proposed approach would combine the
efficiency of implicit iterative schemes with the accuracy of fine grid time
marching methods for shock-boundary layer calculations (see NASA Ames work in
Reference 35 and 36). Figure 7.1 (Reference 16) schematically presents all three
near wall treatments.

a) currently used in PHOENICS "wall function" approach;
b) fine grid solution of fully elliptic equations; and

c) Elliptic - Parabolic Solution Layer (PSL) approach,
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Figure 7.1 [Illustration of Wall Boundary Layer Treatments

7.3 Incorporation of the Thrust Chamber Cooling System into the Computational

Domain

In the present computational studies the computational domain extended up to
the inner wall of the thrust chamber, The thermal boundary condition was
provided in the form of specified wall temperatures Twa]]' For the design or
optimization studies, or even for transient analysis a priori specification of
TwaH
the cooling jacket can be specified more accurately. The coolant flow and its
thermal coupling with the thrust chamber gases should be embodied into a general

model with the computdtional grid extended up to the cooling jacket.

is uncertain and inaccurate. The coolant temperature at the inlet to

In future studies the coolant fluid flow and heat transfer as well as heat
conduction within the thrust chamber walls should be included into the model,

The necessary modification.would require specification of -

- solid wall geometry (wall thickness, and shape) and thermal properties

(thermal conduction and heat capacity);

- cooling system geometry (inlet locations, jacket cross-section area,

flow direction, etc), and;

- coolant properties.
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CHAM has the necessary experience in simulating the conjugate heat transfer

problems (References 33 and 34).

7.4 Simulation with Two-Phase Flow Approaches

Detailed information on the flame structure and combustion efficiency in liquid
propelled rocket engines requires a two-phase flow and combustion formulation,
The two-phases being considered are:

- Liquid phase of cryogenic H2 or O2 streams, and

- Vapor (gaseous) mixture of unburned reactants and combustion gases.'

There are two basic approaches to model the two-phase flow with combustion:

- Eulerian approach in which the gas and solid phases are treated

as interpenetrating continuum, described by the conservation

equations in the Eulerian frame, and

- Eulerian-Lagrangean (E-L) approach in which the liquid phase is
described in a lagrangean formulation (coordinate system moving
with the droplet) and the gas phase in Eulerian coordinates.

The first technique has been developed by Spalding (20), Williams (21) and
Westbrook (22) who modeled the spray through conservation equations utilizing

a statistical distribution function in Eulerian frame. Similar approach has
been employed by Swithenbank (23) for modeling a 3-dimensional gas turbine
combustor. In all these applications a velocity slip between the gas and drops
or particles has been neglected. An Eulerian approach for two-phase flows with
velocity slip has been developed by Spalding (24) and used by Malin et al (25)
in two-phase coal combustion and by authors (26) of this document for spray

combustion in diesel engines.

The second (E-L) approach, introduced by Crowe (Reference- 27 and 28) has been
employed for several two-phase coupled f]uid flows and combustion calculations
(References 29, 30, 31 and 32). It has also been used for predicting the injection

of fluid flow with combustion of rocket engines using liquid prope]]ants (Reference 3).
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The PHOENICS computer code has é built in option for the first approach (fully Eulerian)
which can be easily used for the SSME combustion calculations. Specifications

of appropriate boundary conditions and the evaporation rate formula are required.

CHAM's past experience in diesel engine simulation (References g8 and 26) can

be utilized effectively.

7.5 Improvements in the Grid Generation Procedure

It is well known that the geometrical details of the nozzle have significant
influence on the flow pattern in rocket engines. A Body Fitted Coordinate (BFC)
system must be used for nozzle numerical studies. It is also known, however,

that the grid selection can influence both the numerical convergence rate as

well as the accuracy of the predicted results. Selection of the grid distribution
for the entire calculation domain, in which the Navier-Stokes equations are

solved, requires special attention.

The currently employed nonorthogonal grid is generated by a simple method called
"shearing transformation” in which radial Tines (z = const) coincide with cartesian y =
const lines while axial lines are calculated at each z = const slab from

nondimensional radial distance.

An alternative practice would be to use an orthogonal grid, generated within
the combustion chamber and nozzle. For this, however, a preprocessor grid
generation package is required which would automatically generate the grid

distribution.

It is recommended that for the future studies of the nozzle flows a Grid Generation
Package (GGP) should be developed to: '

a) quickly generate a grid in any two-dimensional domain;

b) interact in any Navier-Stokes equation solution computer code;

c).~ :provide -results -in- both computer interactive-session as well
as "batch-job" mode;

d) generate any coordinate system including orthogonal, nonorthogonal
with easy specification of grid attraction in desired regions
(walls, throat, shock waves, flame fronts, etc.); and

e) be coupled with the N-S equation solver code in the "grid adaptive"
mode.
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CHAM has the necessary experience and personnel to guickly assemble, and
deliver such a GPP code. Several phases of the BFC preprocessing have been

already developed and are available as the GGP segments,

7.6 Recommendations for Further Studies and Code Use by NASA MSFC Personnel

PHOENICS courses and workshops, which are regularly organized at CHAM NA, will
provide a good introduction to successful code uti]izatﬁon. In addition, it
is recommended that the listing of SATELLITE and GROUND should be studied by
the user. Most of the simple changes can be done by modifying SATELLITE.

Familiarity with the code is best gained by performing calculations with
different flow conditions. The next step can be to change the grid distribution
in axijal and radial directions. The following steps could involve calculation
of fluid properties such as molecular viscosity as a function of temperature
(modifications in GROUND ch. 11), ca]cu1§tion of laminar and turbulent Prandtl

numbers, etc.

Another action could involve the introduction of chemical equilibrium. A
separate subroutine could be attached to GROUND and called from Chapter 10
before the density is calculated. Appendix D provides a complete set of
algebraic equations which can be solved by a Newton Method.

For more complex modifications, consultation with CHAM is recommended to
minimize the effort and hence cost and time.
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APPENDIX A
CALCULATION OF INLET COMPOSITION

Fof this study it is assumed that the fuel and oxygen are injected to the SSME
combustion chamber in the 1iquid form. A single phase, homogeneous mixing
assumption requires recalculation of the data provided for the Tiquid composition
at temperatures below the boiling point TB to the equivalent composition at
selected Femperatures Tin above TB’ For‘the present study T1.n = 300°K has

been selected (one of the reasons is available CP ~ T dependence valid for 300 -

5000°K temperature range).

In reality SSME preburner combustion products are reacted with additional oxygen
in a second combustion process in the main chamber. The assumption is made that
the resulting reaction products are the same if oxygen and hydrogen are reacted

in an equilibrium fashion with appropriate enthalpy values.

The input data are:

o Enthalpies

B = -1837.660 S2L = _ 3.84695.10% g/kg
H2 mo |
Vo cal  _ 1nb
¥, = - 288,385 5y < - 3.77386-10° J/ks
0 Composition at the injection plane
mO
P S o . L1 . g.141746
T 0 ' ", TT+f "
mH 2
2
0 o .o m = L - g.858254
m, + m +m =1 0 1 +f )
H H.0 2
2 0, 2
o _
mHA0 =0
V4
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Assuming an "adiabatic" process i.e. %om

= %6 and T = 300°K the mixture
composition can be calculated by a simple jterative procedure. By converting
part of mg and mg into My o at constant %ﬁ the temperature of the mixture is
rising. Ddring t%e iteration process the My concentration was incremented to
the level at which the mixture temperature rgached T = 300°K, Calculated, in

this way the inlet composition is:

mHZO = 0,0434175
1- "H,0
mHZ = TTF = ,135592

My =m . f = ,82099
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Appendix B
WALL FUNCTIONS FOR FLOWS WITH SIGNIFICANT PRESSURE GRADIENTS

Calculation of the transonic flow in the nozzles requires careful calculation
of the wall boundary layer and main stream interaction. 1In the JANNAF standard
procedure a few iterative computations between TDK - inviscid hydrodynamics

and BLIMP - boundary layer flow codes are necessary to establish the correct
boundary layer displacement thickness while matching imposed conditions at the
potential wall, '

The simultaneous solution of the Navier Stokes equations for the-entire flow domain
implicity accounts for the coupling between the viscous boundary layer and the
core flow. An accurate resolution of the boundary layer, however, is as important

as in the JANMAF procedure,

In the BLIMP program several grid nodes can be used across the boundary layer
for accurate calculation of the shear stresses and heat fluxes. In the direct
solution of the N-S equations the grid nodes have to be redistributed in the
entire cross-section of the nozzle. To ensure ecomony and good accuracy in

the direct neighborhood of the solid boundary a "wall function" concept is used.

The wall functions permit to calculate the shear stresses and heat flux at the
"near wall" grid node and the solid wall. A Semi—ana]ytical solution of the
simplified N-S equations are used to devise the wall functions as discussed

below:
Implications of the Van Driest Formula

The most commonly known Prandtl mixing length formula expresses the shear

stresses t in terms of the mixing length as
T 2 | du ; du
- = g = = -
P | oy | 3y . B-1
or equivalent turbulent viscosity és

v, = &

2 au
¢ |

& - B-2

B-1



in which the mixing length & is assumed in the form of a ramp function (Figure
B-1).

-J'g«\

»

750

Figure B-1

where § is the displacement thickness, y - distance normal to the wall and ¥

= 0.4 is the Von Karman constant.

There have been numerous attempts to extend the mixing length formula 2 = yxy..

to include the viscous sublayer by modifying £. Van Driest proposed the following

modi fication
=gy (1 - e ¥ B-3

where A is a damping wall constant calculated as

+ v
A=A
U
T
and where v is the kinematic laminar viscosity,
Uu = vt is "friction velocity" and
T w/p )
+ . . . . .
A =26 is an empirical constant which may very with pressure

gradient, transpiration, etc.
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If we define a characteristic bounday layer distance y+ as

+ _ y/ww/o - : T ) B-5

(Note the similarity between y+ and Re), then the Van Driest formula can be

expressed as

o+
L= yxy (1 - ey /A ) : , ' B-6

Various research workers have proposed further modifications of Van Driest's

exponent argument (arg = y+/A+) viz:

+
Patankar - Spalding arg = -y TI/Z/A+
o + +

Launder - Spalding arg = -y t1,/A B-7

. ' +, . *

Cebeci - Smith ) arg = -y /A

* *oo1t.eut T B
where A~ = A" {E;-(e BUTL ) 4 QllBuy -1/2 B-8
u
= ooy dpotou .
T, = T/Tw, P = T g5 ° U u . B-9
pu T

The Cebeci - Smith model extends the Van Driest formula to flows with significant

pressure gradients.

Van Driest formula can also be used to calculate an effective viscosity

: +,.+,2
- 2 \3u,y _ 2.2 ) -y /A)" |3u
Hogg =V + L |3y| v+ExTy (1 -e Iayl B-10
or in nondimensional form
2 2 T4, 42
* L j8uy XY (1 - oY /A) j3u 11
v 1+ 5 |ay| 1+ 2 (1 e Iayl B-11

Figure B-2 presents the resulting distribution v y+ (see Reference 10).
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Figure B-2

For y+ > 11.6 a simple relation can be established
v++ o« v+ = xy+ B-12
which will be used as a basis of wall funcitons

Wall Functions

Finite difference schemes used in fluid flow calculations approximate the

velocity gradients simply by a linear difference

R b S B-13

Near the solid boundary where large veiocity gradients exist the shear stress

(expressed in terms of the velocity gradient)
' du gR
“Tw T H 3y T Me ay . - B-14

is obtained by solving simplified N-S equations viz:
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dt
d duy _ _w _dp
ay'(“eff dy) dy ¥ dx B-15

which after integration yields:

L du dp |
Hatf y Tw Y dx . B-16

Introducing nondimensional quantities:

yu
t_o T _Yyu
Y Y v u+
u+ = u/uT
*._v_dp
P = 73 4 B-17
QUT .
\Y}
u+ - v+ - veif =1 + _%
SR

we can write equation (B-15) as

+ + + :
du _1+py ' B-18
+

dy+ Y

First Case P+ = 0.

If axial pressure gradient is negligible pt = 0, then integration of equation

(B-18) with equation (B-12) i.e. vho= xy+ gives:

du_ gy Lo ayt =L oam(et) L .. B-19

\
o
<
n
\
N
[

.

o

< -

XY
. . . + + . +
- where E is the integration constant E =9 calculated for u =y with y <11.6

from
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The expression below is the well known log-law wall function formula

an (Ey+) B-20

b

Finally the shear stress is calculated from the relationship

u u '
_ Au _  * oo wall - -
TW/O = Veff 5y - \VARY! ————pr——— ) B-21

where v' is obtained from eq. (B-18) with Pt =0

L+ +
vhe ALy B-22
du u -

Second Case P+ > 0:

: + . .
For fiows with significant pressure gradients P > 0 an analytical solution of

eq. (B-18) viz:

C L+
du+ 1 +Py : B-23
dy v
has been obtained by Launder and Spalding (Reference 10) in the following form

- \
(20/4+ PTy" - 1} + an{ T +4EJ ) B-24
2+ Py v 2 /1 4Ty

+
u =

1
X

where £ is a function of P+ and can be calculated from the above formula with

ot =yt =116

The shear stress is calculated similarly as in the first case.

Implementation of the Wall Functions

. . + . . + +
The previous equation for u  is nonlinearly dependent on y and p . Therefore
. . e +  + + s -
we will use deffinitions of y , p and u expressed in terms of one comnon

variable s -~ called the shear rate coefficient

R B-25
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5
u u
+.3
+ _dp p o (u ) +,3
Pz 3 7 ¢ ()
0 u
Pyt = e R ot pe wh)P < SR
u

+
Before inserting them to u notice that:

. S
(1 +v1 + p+yf)2 =2+pyt 42 A+ p+y

. . U A + . ,
Lets define, for convenience, a =v1 + p'y thenu 17Js written as:

+

u = (2a - 2 + n (4Ey+) - n (1 +4)

e

an (Ey") -

X
>

. e -

(2 - an 2) +

>xiro

(1 +a-2L4n (1 +a))
) , B-30

standard wall
function formula,

B-7

~additional terms due to
pressure gradient effects.

B-26

B-27

B-28

B-29



APPENDIX C

THE IMPLEMENTATION OF BOUNDARY CONDITIONS
IN PHOENICS (EXTRACTED FROM PHOENICS USER CLUB
(PUC) NEWSLETTER # 3).



THE PHOENICS IMPLEMENTATION OF BOUNDARY CONDITIONS

1) Introduction

Many people using PHOENICS have troublse with a boundary
condition or source description when setting up their SATELLITE. This
section will be concerned with the explanation of the conceonts behind
the PHOENICS boundary conditions. How the correct COEFFICIENT
and VALUE are determined will be shown: and examples of Ifrequently
encountered boundary conditions will be given. It will be assumed that
users are familiar with the subroutines PLACE and COVAL to specity the
location and the approprtate coetficient and value tor the
boundary/source. .

2) The General Principle

All boundary condltions are Inserted in PHOENICS as sources or
sinks of one or morg .varlables. These are represented by linear
expressions ot the torm:

Sp * (Cqp + ([ sm 11} x (Vg - dp) (1
wherg the mass source sm is given by:
Sm * Cq (Vg - Pp)

The sympo! ([ I} refers to the use of the upwind practice. the subscriot
P refers 10 the centre of the finite~domain cell in question. and Cg.
V¢ are relerred to as the ‘coefticient’ and the ‘value’ for varlable .
Expression (1) can be used either 'per unit area or volume  or as the
totat for the cell.in question. Equation (1) is easy to understand. if
we recall the general form of the PHOENICS flnite-domain 'equations.
e9:

Ap % = L a9 . (5y - Sp %) (2)

Equation (2) was derived by considering the contributions to the
balances over the control volume P. of the neighbouring control ceils.

For any Internal link, In a given control voiume P, say the link
between point P and its East neighbour., we write the term:

Re (% - %) (3)
where the coefficlent Ag represents effects of convection and ditfusion
added together. Including the links of P with all Its neighbours., and

~collecting terms. we arrive at the generai egquation (2).

in general. for Internal points. the interactions between any two points
are expressed by adding the term:

*13nx (®neighbour - %) (&)
where 2Yink 0 ¢ [(m]] (5)
D stands tor ditfusion and (tm}) for upwinded convection.
PHOENICS treats boundarles In the same manner as any other points
in the field. Therefore. the etfect of a boundary on an adjacent cell
is expressed by adding to the finite-domain equation a term:

ik (P - %) ¢
where ¢p is the boundary ‘value’ of ¢. Again:

21ink * D+ [(R])

Therefore equation (6) becomes:

(0 + ([®11) (% - %) (&9



which is identical to squation (1) if:

C .
6= D0
S"‘
Vo=°b

Again llm]) symbolises that. in accordance with the ‘upwind’ principle.
only inflow is of influence. Thereiore. for the general variable ¢. the
‘coatticient’ is simptly the ditfusive transport of ¢ bsetween the boundary
itself ang the centre of the adjacent cell.

The conveclive transport at the boundary {imi} requires special
treatment. because PHOENICS does not store the boundary values
themseives. Define: .

s Ca (P - Pp) #)

which simply means that the tlow rate is the pressure ditterance
(between an external pressure and the pressure at P) givided by the
flow resistance. Thus Cm has the physical signiticance of the
reciprocal of. a tlow resistance between the internal grid node P,
where the pressure is pp. and the external pressure pp. which we
shall denote as Vq (for value for mass) for the purpose of retaining
the general concept of ‘coetficient and value’.

3) The Finite-Domain Equation {or Boungary Calis

The finite—domain equation for boundary cells is the same as
squation (2). where one of the neighbours is missing (the one
corresponding to the boundary cell tace) and wnhere the linearised
source Sy - Sp ¢p contains the additional source/sink due to boundary
conditions. Thus. the equatllon becomes:

(% ¢ SP . C¢J°P N E AL Pp oo Su . C@ V° 9)
ekcept boundary

The pressure-correction equation becomes:

’
(AP.C.)DA,EA,p;‘C.V + E (10)

1 n
ekcept boundary
where E is the mass error.
4) The Treatment of Various Boundary Conditions According to the
Above Formutation

(1) Special Casses
(a) Fixed Source of Mass., Regardless of Pressure

Set:

Ca * 1.E - 10, Vg * Sy « 1/Cq

where Sm‘ is the desired source of mass. This is a dlrect
consaquence of equation (8) since:

* See note In Section 7
8 % Sp = Cp (Vg - Pp) = 1.E-10 « (54 + 1.E10 - Pp)

* Sp - 1.E-10 Pp = s,

(b) Fixed Externai Pressure Regqardiess ol Mass Flow:

Set:
Cg = 1.E10, Vy = p*

whaera p* s the desired value of prassurs. This case will be
discussed further in tha next sactlion. e

(¢) Fixad Value of Any Dependent Variable. ¢

Set:
Cy = 1.E10, Vg * o°

where ¢* Is the desired value of ¢. This is a direct consequence of
equation (9) since:

L Aj©f + Su+ 1.E10 + o*
o = Ap + Sp + 1.£10

The 1.E10 terms are much larger than the other terms and tharsfore:

_1.E10 . @, .-
¢ = T Evo ®
C-2



(1) Treatment of Various Practical Boundary Congitions

(3) Linear Source (For Example Wall Heat Transter)

ST Al ., = 3 (Tuall - Tp) = a/fp (Cp Tuaiy - Mp)

where a = heat-transter coefficient. Therglora:

Cn = alcp; Vp = cp Tyali-

(b) Non-Linear Source (For Exampie internal Resistance)

s Distridbuted resistancs:

2 . 2
Sy * Kgr pw. A, 8§z (e 3p/az = Kgr pv©)

Then: €y * Xdr pw A Sz, Vy * 0
] Balfle:

Sy * Kp pwl A (e Ap * Xp p.z)

Then: Cy * Kp pw &4, Vv, = §

s Pressure—drqp per row al rods in cross flow
ADcell * K 172 pwl N, where N is the nusber of rows
Su,total = X 1/2 pu? AN

Then: Cy = K 1/2 puw A N, Vg = 0

5) The_ lntiow Boundary

Fixed mass flow (m); applicable in both single and two phase
flows) .
Set:

(g = 1.€~10, Vg = &

Also set Vg's for all &'s. this |s because a tlow rate of m carrigs into
the domain the boundary values of all &'s: for example It carrigs In
w-momentum equal to mw)n. energy. mhijn. ©ic.

In clrcumstances where convective transport across the boundary Is
dominant. Cg would be set to Zero. This Is usuaily the case. If It is
desired to include diffusive. as well as convective. transport. Cq would
be set to the appropriate finite value r/s. where I Is the dlHusive
transpart coafficient and & the distance between the boundary and the
first internal grid node.

6) The Oultflow Boundary

Usually the specification of a fixed-pressure boundary condition is
adequate. This is achieved by setting: N

Cy = "lorge”, Vg = required pext

This boundary condition setting has the meaning that the outfiow Is
discharging in a reservoir of unltorm pressure pext and teads to pp's
(atl the last grid node before the outfiow) such that the expression

# = Cy (PP - Pext)

provides the correct flow-rate (satisfying overall continuity). Users
familiar with recent finlta—elament techniques would recognize this
practice as the 'penalty mathod’. .

Cautlon must be exercised in choosing the *large” value for Cm.
particularly when pgyp is not equal to zero: for it is quite possible. |f
Cm is too farge. for the vaiue of (p - pgyt} for the required outflow
(or inflow) rate 10 be so small compared with the value of pgxt as to
be of the order of. or ‘ess than. the precision of the computer
storagse. This can result in large errors in the evaluation of (p -
pext) and hence ol the flow rate, which can adversaly aftect the
solution.
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in general.” for the case of a tixed external prassura. Cm, would be
prescribed lo give the required dependence of the flow rate an

pressure differance. Thus. if Cqyy were set to 1.0. then a pressure
dilterence (pgyr - p) of 1 Nm~™2 would cause an inflow rate of 1.0
kgs™! or kgsT: m~2 depending an the sstting of typa). A good rule is

to set Cmy to be of the order of: :
1000 * (expectad mass-flow rate / Payp).
To specify a known resistance or pressure drop at outist set:

c-'z—p . Va " Pext

The rule Is slightly difterent tor two phase flows. For an outtiow (g
Cm.i (Vm.,1 - P) ¢ 0.0) the outtlow is muitiplied by R; and p; to
become: .

PiRiCa,1 (Va,i - P);

where pj and R; are the local vaiues of densily and volume traction of
the phase. This ensures that, if the vaiues ot Ciqy | @and Vm ; are the
same for both phases, the outfiows of each phass trom a cell are in
proportion to the mass concentrations of the phases In the cell. as is
physically reasonable.

7)  Note

When using the subroutine COVAL several FORTRAN varlables have
been provided to simplity the input. Thesé include:

FIXFLYU (= 1.€-10)

FIXVAL (= 1.E10)

ONLYMS (= 0.0)

i FIXFLU or 1.E-10 is used in the call to COVAL the multipiicaton
of the value by 1.E10 is done by COVAL and therefore shouid not be
done by the user.

* This formula is very approximate and the coefficient tound may
need lurther adjustmant — by up to t 2 orders of magnitude to give the
correct flaw behaviour.
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APPENDIX D

THE EQUILIBRIUM CHEMISTRY MODEL FOR H, - O, SYSTEM

2 2

(Based on N.C. Markatos, D.B. Spalding and D.G. Tatchell
“"Combustion of Hydrogen Injected into a Supersonic Airstream",
NASA CR - 2802, 1977).



Appendix D

THE EQUILIBRIUM CHEMISTRY FOR H, - 0, SYSTEM

2 2

The equilibrium chemistry model used to predict the properties of hydrogen-
oxygen flame can be expressed by the four following reactions.

ky : | |

Hot oz H, D-1
—>k2

0+0% 0, | D=2
“3

Ho+ Oz 7 H,0 D-3
K

0+H=" OH D-4

There are six species involved in these reactions and only two atomic elements
viz H and 0. Mas balance relations provide two basic equations in the form of

. total atomic mass fractions for 0 and H:

W W o
= 0 0 ‘ -5
F=m m T m + T m D

02 0 WHZO HZO WOH OH
M, W |
f =m +m, + —2 n b o D-6

. H m

2 H WHZO HZO WOH OH

where F is the total mass fraction of oxygen in any form and f is the total
mass fraction of hydrogen in any form. In H2 - 02 flames the following
relation holds:

f+F =1 | | D-7

Therefore if F is known, f can be determined.

D-1



From thermodynamic considerations the equilibrium constant
Kp, for the reaction:

K
D .
adA + bB e cC is defined by,

e —a-
Kp = ~ 5 pC a-b . . (0'8)
*a *B
where x stands for concentration and the pressure p is in
atmospheres. For each of the four reactions(D-1) to (D~4 ) in
the present model c-a-b = -1, ExXpressing the concentrations

in terms of mass fractions by noting that,

m. = M
i - W % (D-9)

where W is the molecular weight of the mixture we get:

we mE (
' = C = z D-lo)
%p K w o m? mP
A B A B

Thus the equilib;ium equations for the reactions {(D-1) to
(D-4 ) can be written:

m
v My :
Ky = 2 . (D-11)
m2
H

R m
; Mo

K = —_— A (D—]_Z)
m

[\%)

2
0

m
. "H,0
' Hy (D-13)

3 mEMoH

oH : ' : (D-14)

The condition of equilibrium is expressed using fgur
equilibrium constants for the four chemical reactions. If
thermodynamic equilibrium prevails, the K's take values
which depend upon temperature alone. In the above set of

equations there are seven unknowns (mHz, moz, mH, mo, mQH’

D-2



mHZO and F; f being given) and seven equations (D-5, D-6, D-7
D-11, D-12, D-13, D-14). The problem is therefore soluble.
The remaining discussion defines the solution procedure.

Derivation of Solution Procedure

The present procedure is based on the reduction of the
number of variables under consideration. Two equations
are derived as follows:

Equations(D-ll to D-14) ,are soived to give the relationships:

. .
o = T 15
H , My (D-15)
'Ky 2
1 S
my = m -
0 S 0, (D-16)
Ks
Ky K, ' D-17
T 2
R Ro
y |
K
Moy = 4 /mH? /m02 (D-18)
1 "2

It is convenient to define the following parameters which depend upon

temperature alone and therefore, can be tabulated right at the begining,

A = 1 _ K. Kf
= (1) c - 34 (p-21)
1 o |
K1 K2
§ = 1 ]
e (D-20) 5 . T4 (D-22)
1 %
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Using equations (D-15 to D-18 ) to eliminate mg, mHZO, m, and

m from equations (D-5 ) and D-b ) gives:

OH

where the definitions given by equations (D-13 to D-22) have been used.

These equations have the form of a quadratic equation:

Note that a and b are always positive and c is always
negative. Since u > 0, the physically meaningful root is

the one with the positive sign. This particular form of
quadratic expression is chosen since it does not require
subtraction and gives greater precision. Using equation
(p-25 ) to express the solution of equations (D-23 and (D-24 )

gives:

(D-23)

(D-24)

es]]
+
Ol
(@]
3
+
b—ll —
»
lw]
Hﬂ
by
.|
+
-
+
©[o
Qi
3
+
o
ENT o)
lw)
5‘
ju o]
[T
N

0O,

[\
N
+

—1—13/_ e
+ (1 +

Of =

CVmO ) f
2

Equations (D-26 Yand( D-27)contain the unknowns M, and m, ,
. 2 2

which can be easily determined, now,

D-4
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APPENDIX E

LISTINGS OF SATELLITE AND GROUND
FOR SSME NOZZLE TEST CASE

Listings of SATELLITE includes:

a) Main SATELLITE pages El to E7
b) Subroutine TEMPER page E8

c) Subroutine ENTHAL page E8

d) Subroutine MSOLV page E9

e) Subroutine FLDDAT pages E10 to El1l
f) Common Block page E1l1-

Listing of GROUND includes: .
a) Subroutine GROUND pages E£E12 to E20
b) Subroutine WALDP pages E21 to E22
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Call GETIDCZIWL . GIHOUE, NT)
TTHF =5 ZHODE (4 THRED)
CALL GETLID 26, GIMOUE, NZ)
CPLL THALED (HI L GTHALL  GENUDE, I THRDD
BT TE A, T
- MT/“U?LL
7oA

GEL 1) RETLRRM

SET IR O3 ST TmMEERs, TALT e

ARSI S R RNk oY R = S———
T Mz .
u~vHEC=IZ 1) LOEECLTN LI, Iv=l . MY R

1 COGY Y E- Iy, Irs=1 My

FO CUGECOT X T Y T=L YR LY. TX

IR T TE (o 200y (Y01, IY Y, IY=1 1Y)

SO0 F‘ SEMAT O G TACIFLORYE Ay
- el s 1
FT L YR L)

nu k

S

SRR EA S U I KA A O EPR F R

l“[rF|1_~’.'E e (HHHI'T/)-IZ""‘I_J«JZJr.L)
S1EE FORMAGTO"GICELL "/ 01RP10OELZ.4) )
C————— CELIZULATE WALl INLLlNHTIU” ANGLE
oo 2140 172=1.M7
210 GANGHIL T ZY=AaTar LEY WL f71+1 YW E TSy S
i CGRZCELL T+ \-—Iu.l Lf TEYy +31.8-%)
WRTTE (&, 2144 (GaRGHL(TZ Y, 1TZ2=1,
2144 FoORy mT( "HF‘«LL TR IR RS RN IR e D I
RETURRK

L e o o o et e e e S e e e e o e e o o o 4 o o e o o o o e e Sh £ o o b e e 7 2 e s
L CHAFTER 2@ CALLED AT THE START OF
£ MOT ACCESTED IF FARAROLIC, BUT

SO0 O !'"INTIHUE
IRELS 3
IRE LL i
GRELFRA=FLOAT (ISR -TRELSY AFLODAT L IRELE-IREL D)
CRELRA=AMIML (1, . AMaXT (0, GRELEA) )

FLXF=, 1+, 4#GRELLRA

RUXFZ=RILLF

FLAFXY=RILAF

DIFALTIWI)Y =THROAT (0, 001 +1 00, #GRELFM)
OTFALSY 1Y =DTFRFALS (WD)

FETLIRN

N CHAFTER 4: CALLED AT THE START 0OF EACH RE-CALCULATION OF
. VARIAEBLES Fi....04 AT CURRENT SULAR, ITHD= ITERATIOH FUHETR,

E-14

f e o e e e e o e e e e e e e e e e e e e e e e e e e e e et ot e i i R 10 S ke et o e e o i
400 ZONT IHLUE
RETURM



CHAFTER St GROUND CALLED WHEMN SOURCE TERF TS CORPUTITD,
THOVAR GIVES DEFENMDENT VARIABRLE IH QUESTION IE. Wl.,..03,
TR ADD SOURCE TO DEFENGENT VARIARLE C1(SAY) FOR IX={X7, [
AWD Tw=IYF, 1YL IMSERT STATEMENT: :

TF ¢ TMOWVAR, B 51

LUALL AU INDVAR, TAF . TXL IY¥F, YL, TYFE, CM, VML, CUAR, VWAR, MY, 1Y)
FRITES QR "ADRLY s

EOURCE= (CVARCTY. T +AMAX 1 (0, 0, MASFLIN ) # (VVAR (1Y, T ~FHI) ,
WHERE “FHI- IS IMN-CELL VALUE OF YARIABLE IH GUESTION,

#MATELO = CMOTY. TXY#OVHOTY, 1Y) -F),

WHERE “F° 13 THE IN-CELL FRESSURE.

#FOR IMDVAR= M1, OR =MZ, SOURCE AUDED IS “MESFLDS DMLY,
EXTERT FOR ONEFHS=.F, & MASFLD < 0.0 (TE. OUTFLO WHER
CHOTY.IY) T8 MULTIFLIED BY R1shl (FOR MDD -

SROTH “OVARS & “CHY ARE MUTLIFLIED BY ¢
ODICTATED EY SETTING OF “TYPES (=CELL, EAT -

sTYFE-SFECIFIER AREMAS ARE CALCULATED a5 IF BLOCEAGE ARSENT,
BT CUOLUMES WITH ATCOUNT FOR 1TSS FRESENGE.

2FOR ALL SOLVED VARIABLES, IMCLUDING M1 ¢ 2 M3 WHER DREE
IF "CMes 0.0 CALL “ATDC: FOR M1 2 M3 ALTHOLGH mwaR- o
HAVE MO SIGHNIFICANCE THEY MUST BE ENTERED &3 GRGUMENTS.

ROCVARS S CYWART . CDMT % VMY MUST BE DIMENSIONED MY, MY,

By

L7ETY TEWEF S TR, TR AR
ITH CH S TSW T2 IV ", 213

TOZ VAR TY
TR OTNDVARLMNE LY G0 1D 510
Cal b GET 01 CFL MY . MX)

Call GET O, GTERF, WY S WY
Rl GET O GRH, MY 2 FEE)
V=1

PoTsL MY
FLUEL AND OXTUANT MASS FRACT IO

FUEL=AMAXT (FHFE, CFUCIY, IX) )
FRoX=amrax L (0., 5, # (CFUCTY, DO -FHFE) )
VUAR (1Y 1Y) =FHFR
CVARCTY DO =ARCF#EYF (—CROF /GTEMF (TY, 1) #GRH IV, TY) w2
1 %TFUCIY, DO 2FMOX/ (FUEL-FMFR+1 . E~10)

—-—=SOURCE TERMZ FOR REVERSE REACTION
FHFER=L, =FMOY-CFLCTY, TX)
WVARL (T, 1) =FMLIE
CVARL (T, T4 ARURMERLE (~CROR/GTEMFE (Y, 1Y) ) %GRHOTY, TH) 22
1 RFMPREFMFR/ (FRUB=CFUCIY, IX)+1 . E-10)

SOE COMT THUE |
CALL ATDOC . Ly NXG 1 MY 2 VOLUIE L TH, VHL CVAER WY AR, FIY L MY
CALL AT, 1o MY 1Y VIOLUIME, CML VM, CVART S VYRR MY HXD
BT -




Do psgprepersnse LS L L SN R I A B A MU B R R R R

e

LRI FORMAT O

Si0 IFCTFED, ED MYy 50 T0 515
TFOTHIIGY @R, BME DMLY GO T 517
COEAME MEAR WALL DaTE
=S L GET WL, G '11 P - RZ)
TFOTZERL LT MZY GHFEH =GRT ONY S 1)
ol GET R !‘.I\'F-‘7 P RS
Gl =5 ORY
ES TR R (FlH,iv Fo bl L 1)
G H =G Y, 1)
FROIZEDEG N7 ) GUFFIH=GWFRF1
CALL GET (DL, GRH. MY, X))
GRFD I =GRHOY . 1)
ALl GETCDEH. "‘f"H, i, M)
GUFD L H=GRHONY
IFCTZED B, MEZ .‘.- -UFIH M=l »FIH
GFR_=STGMA(Z4)

GRS GUERF M G GLUFED '1 H "'iHFL*J i

e S A A A T O T 1 O R FO T R PR B i) i

[F 6 TR HE |H YOS T TEn
R L

WRITE (4,

17

RN U T TI B SR A 1)
GV = 5 (15 .
il Wi ) [/ & “

1. .. - 3 1
CMVGRORY . 1) =T 0ER
VVAROHY . 1 =0,

MZ s .1 GO (T 2
» Lk |F FiGWREFLH, GOZ

VL

Calls ADDCWL S 1, M, B B PHORTH » T VI DR VAR B B
FE THIR
D TE ORI G P LY G T T

e WAL FLIREZT IS 00 MY
OLL GET CH L GENTHL Y M0
|1“1-—lu|rl|{[‘-]'IH‘I\.‘/‘E‘I‘[‘.C“\

iy

|._.r~.L,L iy ] ERE VAR Ve BRI S GRS GRIF DI, G -
1 l._~‘~-' DU J lwl M'Hi ), hlJF s GRIFF ML G, VAL, COEF

VAR Y, 1 Y=DOER )

VAR Y - A = GENTH MY 1y -+ G0F R L I?I"‘cl) # r;'rl'é’?‘l...l._( ITZED) ~GTRWNOTEELD )

CEdobe FEOH L S 1 B TS BE S BT . 0 VR DA WU WY, 1)

D= CEAVED HEAT TRAMIFER COEFF. FOR FE Im '..“.Jl

TF ¢ TEWF, B, USWEER)  GHTEOE ( TZED) =COEF
FUE TLIFR '
a0 TF CIMDVARL HELEE) G T S40

e WALL FUMCTIONS FOR KE

GUOZ=GZCR L T ZED+] ) ~G7Z0E1 L 4T ZEDD
GO =, S8 (GOYRY (TZEDN HEIYNY (T ZED+H1 ) )
CALL WALDF (T ZRD, T3EL M, 25 G0, ERUHAR, GREFD  GUFD LW GUFERL .
1 GFRL, SIGHAEE ) > GHFF 1. GUWFFLH, GUZ . VEaLUE, DOEF
CAVARHY S 1) =00EF
UNVARINY . 1) =Jal e
DA QUUEE, 1, NME, WY - BY S MIDRTH. Ch, VL CVAR S, VAL RY, YD)
F |’ Tl |F\”
=40 ITFOTMNINVARCME ERY GO T S50
GRZ=GZ0ELIL (T ZED+ L ) ~GECEL L CT2ED
GOy = S22 (GDYMNY CITTED) +GUYRNY CTZED] V)
CALL WALTE CTZED, TS MZ L 3L GDY, EMDL AR GRFTH, GRFTOLH ., GRFEE
i GRS TGRAIER)Y , GUFF L, GUFFIH, GUZ . VALLE  DOEF )
CHERONY . 1) =C0EF
VVERONY, 1) =VAllIE
CALL ADOLER, 1, MY, MY S BY S RHORTH. SRS Vi, VAR WWARL WY, [ED)
RETLHRH
TR T HLIE
ETLIR

hUr [S O MY S R I o IR Y | E 0 I

E-16



lTI- o i o e e e ar e e mom m mm t
[ IA.FTFF S TS LETD

s CYCLE COMHERNCED AT
I"' e e te = S e i ot S ey aen eaT % S F Setm i o ot e sevn s Seem ity o

&S00

"‘ s o oo e

VARIN)

740
FAE

S—
LA G
S

£l

774

1

i

“

-2y
Y

T T T RHE
RETLIRR

CHAEFTER 75 CaLLEDR

CORT THUE
CALCULATION IF &l
IF{TaRE . ME L LSHEERR)
Al GETLA (S0 N I
CALL T 11131. .
AL GET(C F"‘ IR SR At
IFCTIZEDRLEG, 1Yy CTElL
" - ‘,'-‘-' i (E FF &

. F...l;.!. 1 )
o B PET R
CERLRZ-1 )
CHE L PITHRD

AT T=0,
[X1~8 s 0,
T Tan I¥=1.NY

ISR IR
GRLXT
(BT T HLIE

ST T +GaHTOTY .

),
I¥=1,HY
EATHESELL]

LT T

ZOMT IR ‘i“"

TR ZRD. LHEZY RET
LIFY ['lf:-/-1/ /1,
FOURRET (/7" 4 #3353 304020 3030 35 58 55 40 20 45 3¢
13F SE 0,

T 77& TZ=1, MTHRD

11, 1Y

SELAT+GRMOTY

CHECHT-1 0

AHOTY S

T THE ERD
DRGSR R 4

] S ST I S

AT EMD OF

LILTARY Vo
FETILIRM

NS

1Y)

Tl" )

PRI

PRSI

£ 4' Ao GETO AHTGH. GAM]

GRETH

b GRETDT (3

Gy T T4%

VYR T 00

aoTo T4

1TrEGAHT (Y,

TARPLES ——-

LMY )

Yo 12 # G100

TEY=GaAEY (T

LIk

Yo TGkl

TR = T e

S
:

Py=iEut Ty,

AUH SLAB-WIEE RO T,

P )
IRRIERRN

LYy #GF 1100

T, 1y #GRT 100

DHITEUT SMMAaRy s sr

R

; "1FQIJF:':1+"1F"”U/IL)*“QF””I (1Z)%= IT"lvHHl AL T2 Y RGETLO0

I Z=0THRID L,
hF ﬁf—l A,
Iy 774 I¥=1.MY
GEATRL
THRL
CGGIHFL
WRITE
THRIET, GIMFLE
FORMAT O THROST ARE
"FRES FORCE 4=

G AFIOE450 S
THRLZT A (G

/o MEREC THFULE 1R

"LAFELZ. A/ EFR
=", AFELE ., 4
IT "L IFELT.
SECT L 1FELE.

 FORCE O T
"MOFLLY THROLGH EX

M-

EGGRATH.
T+ 51

A "L IFRE]

Sa AT7ELY GATT . GAEXT. GFAFDS, GRANEG, GFATR. GFELXT

S STEELTT

a)

GFATHNIFGERTZ O DY #GaHL 0 TY S 1) #GFTI00

AR DE G ]f_)w“vni T‘UL’ILH- STRVGENGLCTZ) Y =GRET 100

s GFLAE-

ﬁFFﬁ "LAFELZ.

ZOFDRCE = YL APELTE A/
AUMOELLY "|"}-{FJ_J|_H__;H IHnUH T"s

A4/ THRUST

LRE

Sy

"L iFELIFE. ..



CALL GETLL G G N7
VIR DT ¢/ 73
ATTE ETERAT ()7 70 FARIN 1 ST
= Py T Ty TEy
AN A B R B XV
WRITE (A, &774) TZ- .8 (GZ0ELL LI +GI0ELL CTZ+10 ), GZNODE {17
POGYWALL CTZ) S GENGHL (TZ)Y#5ET /180, s GEMWTZ) GREX(IZ),
GTMALL (IZ)» GTHUITZ) s GTAX(12)
77 COMTIHUE
A774 FEDRMAT (I IF10E1E, 4)
WMETTE (& a775) :
ATT7E FORIAGT (/COUTFUT SUMNARY TN BRITISH UNITS 000 17750, 26 TH 8,
LN TG TR RETD) FaX (FaD) TW(RD TR (R THRY ()

7

L2, ZHOTE (T7) 2 GvHALL (T2 BRI TT) /GFET,
5= 'u.LL&IL)*l.u:GTHH(IZ)*l.ﬂath‘(Ix)41,H
SLAFLOELT. 40
T THONSFER COEE
WETTE (A 501 )
A201 FOEMAT(/"HEAT TRANSFER T THE WALL THNEOEREGTTON FRIMNTOUT " S
11z ZHN COEF COWE T
D 779 1Z:=21.NZ
X S01T0 SGARNUL (T2 #5F T 100
3 SIMODE CTZY s GHTOME CIZ) - i T -
SARHTS (FTWELL (T =GTHMH12) )
AT EDRMET (1D, AFTELT. 4)
FE THIRR

e

i UHQPTEF CALLED AT THE END OF EATH SHEER:
U T GUCESSED IF FARGEROILLTI,
F e e e e e e o e o o e o St St e o e et i o s i S A S e e o e = o it ot i e e 1 Pt o e i i

200 T THRILE

FETLIRR

' " e i ot (A Tv m -t e mr m——t T BN S Gme e YL S BEe i Em A SIT EeS @M W ate e e e . O WS AN Wre Emi am iatee mmtee MBUe et Siae et M . Sive wove wve mmt
- CHARPTER CallED AT THE ERND OF ESiZH TIME STEF:
N FOOT AL SED IF FaRAR T,
gy S M0 U O

D00 COEIT ITRUE

 RETURH

£-18



|

= CHARTER 10t SET FHASE 1 DEUSITY HERE WHEN TRHOI=-~1 IH OATA.
= SET CURRENT-Z “51LAE° DENSITY. 01, IF MSLAF=.T.

i Ef¥.  IF(MELARY CALL SET (L. 1, HX s 1P 0500, MY X

i SET MEXT LARGER-Z CSLART DEMSITY, DiH. IF HILAR=,T. & FoRaks
T EGL IFOHELABRY CALL CBET (M 1 MK 1Y GO HL Y 130
1
i

. SET ULy JnE (YE, Gl FOR ODNZTESDY  FLd.
. B0, TFIMILARY Oall SETDDFE, L, M Lm0 G0 Y - M .
| e e et o e e e et e e mee e et e e o a1 e T T i e e e T s ot 4 o0 " e ke e o S e o e o 12 m im 2m = i o s st 2 e
FOQOO CORT IHULE
C—m—ee DERNZTTY 1% CALOUATED FROM ED OF STATE AT RO=Peu/ (R
AL GET (VL G, HY S ) ’
TFOIZEDLLTOMZ)Y CAlL. SET (WL 3, RS R
CALL GETORL L GF L RY . XD
IR GET OO DFLL R Wy
Rl GETOHL, GERTH. MY . 11X
LI GETOHIZ, GTERF, BY - ML)
AL GET D GRH, NY S ) '
WL =14,0
T Xe=
LI 1ot d =1 Y
OV O Y)Y TTHETR
K H.¢’WFHIIY3TV)¥FHFB>
~FHH\—IFH(T1 Iy 1,
R SYE L=
= ( )—FHHY/M&;
MIMULm(aL(1)%13.+3t(2)%£.+3t(3)*3ﬁ.)/(3&(1)+5C(E)+3B(E7\
Erl IR
GWHT T )y =T
TS R=0
TEOYY CEGLRY Y
ST Gl T7 . T
SHETTO T =41 28T - GER TR
TFOSOUVAR L)Y Y GHESTAT=0GERNTHOTY . TYY-GERETH
AL L TEMPFEROGHETAT . GVEMPOIY . 1Y) L 13 1 > DDRDR, RGES, =00, 3
FRMOYLY , LX) =GR Oy . Ty el THGL S (R
GTEMF(IY s TX) =157 .
ORI O, DX )Y =GR DR RGAS
SET R 1 MY s b MY S GRH, R R
SETIHZ L bE L R GTEME Y . B
=DMV E TERMPFERATIIRES AMND FRESSURES . AND ALCULATE ME&IH MO AT Lasl SR
GTRW (TZEDNY=GTERE (RIY, 1)
TITAY (TZEIM=GTEME (1 . 1)
GO ZED)Y =GURFMI X ORY . 1)
W (I 7ED ) =GR (FY . 1)
CEEAY CTTED) =GR L. 1)
IFCISUR, LT LSWEER -1 ) RETLIRN
CalL GETOWE, GHCAR R, M)
TFOTZEDLLTONZ Y el GET CWEL  GUCARL - MY . X))
AL GET(VZ, GYLAR, MY . RY)
IS R=0
T 10750 Ty=1,hY
Gl =500 T, 1)
1F(IZEU.EH.Hﬂ) GG ARL Y . 1)
GRL =GR (TY . 1)
TFLIZED.ED, 1) B =GR0aR T, 1)
(It e (UL AU )
Ci = SO CTY S 1 +EVTAR T Y- TSR 1Y)
1 JHTf 1.3 2305, 2GETEMPOIY, £) /GHROLIIY)Y )
GHQCH(IW71)"4”FF(hHH’*o HEVAVER D) S GEOUND
10530 T3R=1
‘ COALL SETODE, 1, MY, 1 MY S GHACH, MY, M)
RETURR

ST THOY G T = TSR, T s { D = T3E. 140

1010

E-19



i LU TEL TIAT

[

qnprnnwymg lhulLLIH?"TH&LL.ZMUU.ETHHQ}
FUE MR T G > i
EQHHUMK T

THAT I i ,“ =
1 _'1"'l‘“11.3.__;::_.l]’

i
.

HOIRT O TRAELL FROG IRFLT Z7T0 SR 1"1‘ ARRAYES ODET A Dy TS SRl
! SO [FFeT L RITIO

IR [CF Yom TV TR Y T THRG

& 1oy GG OTEFY . TEFE= T

CUOIRRETEL AN

ARG RIS AT DR AR A
Do i IR =1, o
VEOZ R T B 4 T ol A I KN I B W
SR B Hul ]f:’ =
D18 IR =1R

FRLF=maeo{ TFL-1 1)

THGLL O =T CIFL ) A CZTE TR Y = TRIGTEDY SO TEL TELY - 2V E T B
1 PLoE-10Y A0TOHITRLM =TT ; ’

BN

S0 1 = Iz +1
TREAOTZ0GT L RZ Y G0 T
ZEDE=Zi0n (0 17)
TR OZMONE GE, JTWOMTORY Y G0 TO S2s

g = L HF L BT

=PI REC TRF+ 15 FITOLD
I CIMOUE  GE L ZTEBCTFREY AN, ZHCGDE LT ZTOICT T IR 23 T =24
2OONT ITHUDE
4 TRE=HINDCIFF, TR

IFFF=MINOL IFFE+1, MTOK)

THALL (T Z) =T IFFF) + L ZTOM O TRFRF ) = 2RO Y S 2T TREFRE ) —Z T TFF

1 1.E=-10) #{TOCIFF) =TI IFFF)Y)

GO T m20
THALUILL(TZ Y =T (TG )
GO0 TO ol
SUEO COHTIRE
Ty ==
Lik] H— L
ST T HL'E:
FORMATLY 17 2 ", IZ1FETZ.4,." TUALlL =" 1FELZ.4)
FETLIRR
B

T TFL Y 2 T TF s o

£-20



THMRECT TRE WG YD DR B

1 ‘ B VRLLIE S D OER )

b e e o e e et vt o e em s e e e e et e e et e RTE . viet et e
SUBRMITIHE CALTULATES THE

TOFICANT AXTAL PREISURE GREDIERNTS

COAL O SHITH Ya FIMITE L e fmllE b B

O LAIMUER —SRALOTHG "PSTHIEMST TOAL MO LS

)

S TSTIN N o NI L B R RS

DTHERES 100
ATy BTTE AR, TAlDk. ;
UATa Pl WL P E MBS, 3
[Chm e DT TR RTIYY WTTH L 7
TFOTTOGE OY G0 30 fan

i1 1

ATy SR DS R

RPN SN IR EEN
T S N A N

FAY l'_", o=

B4

iy

TEl=r

RE TSR
Lm—emm— NEL SMTERED SOVE SELECTED VARTARLES
11

)

Ere (FH-FLD

L ENL RSy DEDOG=E- Y ST

TIl=]7
) ORI TR
R STAGHERTIMG
TFOMESET CMEL R Y Gy 7 120
FRT=1,
Frl=t,
FEL=1
LB =y i . .
FHOFE =, Sa (FHO+-FHOHD
DFDZF=F7 b0
UEUN I I e |
120 WF=Re
S ST SEC S ST
OFOZE =L
FRUN=2, # CFRILL/FRT —1, )8 FRT AFRL ) e, 25
FRU PR %, G b bbsnT
121 FFO=ARS(DROZF Y 80 0 O Rfrpir s el wlFE s
RE=RMHOF 2 2 0F S o

IR RN ST B R T

[ ]S

LT L

LI

SRR

Pl R R
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e WIS FLHNCT T O

TROMEHT, ME LY CARD . MEMT ORE HHLY G0 TO S00
FOR WL AanD Hy

R R
DT A 5
Y TEZ- 1T . ARG :
01 FHPHATf”T" FHT ", @Iz." Bal ARG IN CALD B WaLlr . 1rEtz. a4y
AERG=AMTHL (S0, AIRX L =50, , AFRG)Y )
‘“.+FFlr11 AtE.ETR) 2 EARFCARG) #.25/711.04
H ) = - 7 E)
TERA f IVE L+ Y+ Ol CULATION (U GUESZ=TS Tt ir )
ALIE=D, ’

- 'l l

: 1. yew (RT-1,
,_'T‘-f' |1|:| T o1

. P-F‘l wRES 2

FEafE et -0+, #0302 05050 ) Y #

LAFFDRRE /S )

e —— HHLI FLIMDTIONS FOR THE =

SO0 TF{MFHITLNE MEE) 50 T 400
FFL FFteullé

5 _) i Tl"l
LA L & B
(" 1% 1|"HI YT

SO TOBRAD ARG IR CAalD B oMatlt, 1FELE L A0

HF G=AMInL O30, cAMAX T =50, ,akRiG)Y )
ToRFEFLELL AT R0 o EYPIARG) #, 2571104
E=giaxt (=, E)

T INVE Lk Y+ CALCIN ATION (L GUEZSE=]

- .

CERAMAXTIRE, 1.y Es(BT-1,)
O ITR=1.MITR
: 1. +FFOEREZS)

S CALNDGHL L FERRERTH) -0+, # { SH-AL NG OSE ) ) j#
AEE (L E-10,.5)
1O CORT ITRLE
Tail=Ss+RHGFP R
TEFTX=AMAYL {ITEMIN, TR (RHDFP«THUI0DE Y )
TrrIa=ArIni (TEMAX, TEFIX)
MO IEE=THERT Y
COEF =1.E1D
RETLIRN

S WIALL FUMITION FOR EDR

400 VALUE=WALCONE2TEFIX AN
. COEF=1,E1D

RETURR

ERD
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