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FOREWORD

This document presents the results of work performed
by the Advanced Fluid Mechanics Section of the Lockheed
Missiles & Space Company, Inc,, Huntsville Research &

Engineering Center for NASA-Johnson Space Center, Houston,

Texas,

The contents of this document represent partial ful-
fillment of the requirements of Contract NAS9-16256 with
NASA-Johnson Space Center. The Contracting Officer's
Representative for this study was Mr, Barney B. Roberts,
EX43,
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1. INTRODUCTION AND SUMMARY

The overall objective of this study was to deliver 2 nozzle-plume flow~
field code that has capabilities which do not presently exist in a single com-
puter code. The RAMP code (Refs. 1 and 2) which was developed by Lockheed
under government funding was chosen as the basic code from which to work,

The basic RAMP code is of modular construction and had the following capa-
bilities:

e Two-phase with two-phase transonic scolution

e Two-phase, reacting gas (chemical equilibrium reaction
kinetics), supersonic inviscid nozzle/plume solution

e Operational for inviscid solutions at both high and low
altitudes,

During the course of the study the following capabilities were added to the
code:

o Direct interface with TJANNAF SPF code (Ref. 3)
Shock capturing finite difference numerical operator

o Two-phase, equilibrium/frozen, boundary layer
analysis

e Variable oxidizer-to-fuel ratio transonic solution
e Improved two-phase transonic solution, and

e Two-phase real gas semi-empirical nozzle
boundary layer expansion.

Most of the above capabilities already existed in other computer codes.

These codes were incorporated into the RAMP code to enhance its use-
fulness.
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This report.discusses the capabilities which have been added along
with how to use these capabilities. Detailed descriptions of the theories

are left to the references from which the codes were taken,

Also included in this report is a detailed input guide for the RAMP

code,
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2. REACTING AND MULTIPHASE (RAMP) COMPUTER PROGRAM

A precise knowledge of local flow properties in nozzles and exhaust
plumes is necessary for performance, radiation, attenuation, heat transfer
and impingement analyses, The reacting and multiphase (RAMP) computer
program is designed to give detailed flowfield information in the supersonic
region of a reacting multiphase two-~dimensional or axisymmetric flow field.
The boundaries of the flow field may be solid such as in a nozzle or "free'
such as in a plume. The analysis may be utilized therefore to predict per-
formances as well as plume characteristics of a given engine system. A
printed record of the program results is given for user inspection while a

binary tape is provided for subsequent manipulation by other analyses.

The flow of a gas-particle mixture is described by the equations for
conservation of mass, conservation of momentum and conservation of
energy. In the gaseous phase the state variables P,p,R and T are related
by the equation of state while for the particulate phase the equations are
for the particle drag, particle heat balance and the particle equation of

state. Development of these equations is based on the following assump-

tions:

1, The particles are spherical in shape.
2, The particle internal temperature is uniform.

3. The gas and particles exchange thermal energy by convection
and radiation (optional}. ’

4, The gas obeys the perfect gas law and is either frozen and/or
in chemical equilibrium, or is in chernical non-equilibrium,

5. The pressure of the gas and the drag of the particles contribute
to the force acting on the control volume,

6. The gas is inviscid except for the drag it exerts on the particles.

7. There are no particle interactions,
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8. The volume occupied by the particles is negligible,
9. There is no mass exchange between the phases.

10, A discrete number of particles, each of different size or chem-

ical species is chosen to represent the actual continuous particle
distribution.

11. The particles are inert.

The supersonic two-phase solution accepts the starting line provided
by the internally calculated transonic solution as well as other pertinent
data supplied through the read function. The equations of motion under the
assumptions just listed are hyperbolic and permit the use of a forward
maxching scheme; a streamline/normal grid structure is employed where
the step lengths in the axial and radial directions are under program con-
trol. Both BCD (printer) and unformatted l;)inary output tapes are pro-
duced. A Prandtl-Meyer expansion of the gas phase and a free boundary
calculation are employed to treat the plume flow solution. The run is

terminated when prespecified problem limits are reached,

The two-phase flow analysis will treat an extremely wide range of
operating conditions. With few exceptions the limitations are imposed by
the theory rather than numerical considerations, In this discussion
dimension statement sizes which are arbitrarily set are not considered

a limitation, The true limitations are:

o Supersonic regions influenced by embedded subsonic regions,

o Vacuum or limiting expansion limitation — a small region of
the expansion fan for a vacuum expansion cannot be treated
where the Mach number is so large that treatment by con-
tinuous flow assumptions becomes meaningless (this limita-
tion is both numerical and theoretical),

o For two-phase flow the lower boundary can only be horizontal
(i.e., nozzle centerline),

A complete derivation of the governing equations are available in
Refs. 1 and 2.
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A free molecular flow calculation has been provided as an option
which permits treatment of the rarefied regions of the plume. As the gas
expands it first freezes out the vibrational and rotational modes. During
this transition the characteristic equations continue to be employed but the
equation of state is modified, At translational freezing, however, the solu-
tion switches to an effective source soiution. The stream lines are con-
sidered straight and the velocity constant. Conservation of mass then
determines the density while other properties are found from the equation
of state., This option should not be exercised at this time as it has not

been checked out with the new modifications which have been added to
the code,

2.1 MODIFICATIONS TO THE RAMP CODE

This section deals with the modifications which were incorporated into

the RAMP code under this contract.

2.1.1 JTANNAF Standard Plume Flowfield (SPF) Code Interface

To perform a plume calculation, the SPF code (Ref, 3) requires nozzle
exit properties as initial conditions. The RAMP code was modified to punch
or put on tape exit plane data in the format that the SPF code uses. The
code will punch data for both single and two-phase cases,

At present, the SPF code can accept a single chemical species distri-
bution which must be applied at all points across the exit. The RAMP code
can have a distribution of species, so it was necessary to mass flow average
the species distributions across the exit plane to produce a single set of
species, This restriction can be easily removed whenever SPF has the

capability to handle spatial variations in chemical species.

The code is set up to punch the species information for the various
chemical systems that are available in the SPF code. The user must
specify which system to punch, If the thermodynamic data is input to the

RAMP code using cards then the species mole fractions that are to be
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punched for the SPF code must be input for the appropriate system in the
same order as listed in Table 1. For finite rate cases these species are
determined inside the code and need not be input. The user may also input

another system. Additionally, ideal gas cases can also be handled,

Table 1
SPF CHEMICAI, SYSTEMS

System 1 — Hydrogen/Oxygen

H, HZ’ HZO’ NZ’ O, O0H, Oz

System 2 — Carbon/Hydrogen/Oxygen

CO, COZ’ H, HZ’ HZO’ N}_’.’ 0, 0H, OZ

System 3 — Carbon/Hydrogen/Oxygen/Chlorine

A.EZO3(S), Co, COZ’ Ca, C,Qz, H, HZ’ I—IZO, HCI, N,,0,0H,0

Z’
System 4 — Carbon/Hydrogen/Oxygen/Chlorine/Fluorine

CO, COZ’ C, Cﬂz, F, FZ’ H, HZ’ HZO’ HC¢, HF, NZ’ 0, OH, OZ

2

System 5 — Hydrogen/Oxygen/Boron

BO, BOZ’ BZO3’ u, HZ’ I—IZO, HBOZ, NZ’

System 6 ~ Hydrogen/Oxygen/Boron/Chlorine/Fluorine
BF, BFZ’ BF3, BO,BOCY, BOF, BOZ’ BZO3’ CO, GOZ’ Ce, C,ﬂz
F, FZ’ H, HZ, HZO’ HBOZ’ HCY, HF, NZ’ 0,0H,0

O, OH, O2

2

L

2.1.2 Shock Capturing Finite Difference QOperator

The original RAMP code has the logic for computing any number of
right- or left-running shocks using shock fitting techniques, This logic was
partially checked out under previous efforts. It is desirable to have the
capability to treat shocks that can occur in some nozzles. Shock capturing
schemes require no special equations or program logic and are reliable.
For most nozzle flows, existing shock capturing techniques are sufficiently
poweriul to treat the shocks. Additionally, in order to directly interface
with the SPF code, it would be desirable to use a shock capturing numerical

operator,
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For the above reasons a shock capturing algorithm was added to the
code. The methodology, equations and grid system which was incorporated
into the code i1s i1dentical to the SPF code (Ref. 3). To obtain more informa-

tion on the scheme the reader is referred to Ref, 3.

For the shock capturing option, the computational grid are vertical
lines and a radial coordinate system normalized by the local wall coordi-
nate, This approach was taken to alleviate the problem of inserting a
point per line for a Cartesian system, The computational procedure is as
follows: the forward marching algorithm is used to compute the flowfield
properties at all interior points. Flowfield properties at the axis and wall
are obtained via the method-of-characteristics solution. Once the wall and
axis points have been computed, the cocrdinate system is transformed and

the interior points are solved.

The shock capturing routines have been checked out for ideal gas
single-phase solutions. Real gas or two-phase flows have not been checked
out, It is therefore recommended that shock capturing not be used until
the author has fully verified the logic. When this option has been verified
the changes to the code will be forwarded to the users. For the present

time, the regular streamline-normal computation scheme should be used.

2.1.3 Two-Phase, Equilibrium/Frozen, Boundary Layer Analysis

Nozzle boundary layers are known to influence certain regions of
nozzle flow and high altitude exhaust plumes (Refs. 4,5 and 6). For nozzle
designers, the nozzle boundary layer is important in determining the
thermal loads to the nozzle, performance losses due to heat transfer and
effects on the nozzle pressure distribution due to the displacement thick-
ness effect on the inviscid flow structure, IFor spacecraft designers the
nozzle boundary layer s important because of its effect on the exhaust
plume. At high altitudes the nozzle boundary layer causes the plume to
expand to large angles (approximately 180 deg). In these backflow regions,

spacecraft and sensitive surfaces are subjected to unwanted contamination,
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forces, moments and heating rates. For some applications the radiative
properties of the expanded boundary layer flow is important. Thus, it is

easy to see that for many applications the nozzle wall boundary layer is an
important factor,

To date there have been numerous techniques used to account for
boundary layer effects of the nozzle and exhaust plume flow fields, Lockheed-
Huntsville has an option in the MOC and PIP code (Ref. 7, a version of RAMP)
which superimposes a power law boundary layer profile based on a {lat plate
boundary layer thickness on the exit plane start line. The profile can contain
a total temperature variation which has been found to be important (Ref. 7) in
the back flow region of the plume, This is a very simplified approach and
the method of determining the boundary layer thickness is very crude.

Lockheed -Huntsville personnel and other investigators have used various
boundary layer codes and the inviscid nozzle results to generate a better

set of boundary layer properties which were then superimposed on the nozzle
exit plane inviscid results. Next, some investigators have gone a step further
and iteratively solved the inviscid nozzle and boundary layer to determine the
effect of the boundary layer on the nozzle flow field. Finally, it is possible

to do a fully viscous nozzle solution with a method such as Lockheed-Huntsville's
GIM code (Ref.8). However, a fully viscous nozzle solution is beyond the scope
of this effort. It should be noted that all techniques except the first require a
tremendous amount of effort and hand calculations to finally obtain a plume
solution. The purpose of this task was to automate the boundary layer/nozzle

solution to arrive at an exit plane start line which includes all the effects

mentioned in the above.

The BLIMPJ boundary layer code (Ref. 9} was chosen for the solution
of the nozzle wall boundary layer, BLIMPJ is a JANNAF standard boundary
layer code for determining boundary layer effects on the performance of a
rocket engine. The BLIMPJ code is set up to handle nozzle flows, equilibrium
or frozen chemistry, uses the JANNAF standard thermochemistry curve fits
and has numerous ways of treating the nozzle wall that allow it to treat liguid

engines as well as solid motors with and without ablative walls., At present,
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the interface between RAMP and BLIMPJ allows only the following wall
options: adiabatic wall, steady state energy balance or a specified tem-
perature distribution. The adiabatic wall option is the default option in
the code. The remaining wall options in the BLLIMPJ code could be used
with a few modifications to the RAMP code. In addition to wall boundary
condition options, the user may also select laminar, turbulent, frozen, or
equilibrium flows or let the code default to turbulent, equilibrium, A

turbulent boundary layer is used when the Reynolds number based on mo-

mentum thickness exceeds 250.

All input data for the boundary laver solution are generated inside the
RAMP code except the nozzle wall temperature distribution, if that option

is specified, Chemical species must be input if the thermochemistry data
for the inviscid solution was input via cards.

The BLIMPJ code was too large for conversion to a module for the
RAMP code, so if it is desired to generate a nozzle boundary layer and
obtain a viscous exit plane start line it is {first necessary to run the RAMP
code to calculate the inviscid nozzle solution, The RAMP code generates
a file with the BLIMPJ input data on it, The BLIMPJ code is then executed
(no data cards). The BLIMPJ results are printed out and stored on a file
for subéequent use by the RAMP code, The RAMP code is then reexecuted
with but a single input card and an exit plane vertical or normal start line
is generated, The exit plane start line has the results of the inviscid
nozzle and boundary layer solutions merged together. This capability is
a considerable improvement over previous methods which required many

hand calculations, cross plotting, etc,

For most rocket motors the boundary layer is fairly thin (approxi-
mately 5 to 10% of exit diameter) and the resultant effect on inviscid flow
properties is minimal., For these cases one pass through the inviscid
nozzle solution and boundary layer calculation is adequate. The boundary
layer results will then be superimposed on the inviscid nozzle solution and
an exit plane start line with boundary layer effects will be generated which
can be used to perform a plume expansion,

9
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Some low pressure or low thrust motors have boundary layers which
contain a significant portion of the total mass flow of the system. In these
cases the entire solution should be iterated for by making two passes through
the inviscid nozzle and boundary layer calculations. After the initial nozzle
and boundary layer solution has been completed the nozzle sclutions will be
calculated with the actual wall contour adjusted by the local displacement
'thickness which was determined from the boundary laver calculation. The
boundary layer solution will then be rerun using the new edge conditions
from the second nozzle calculation. The results will then be superimposed
on the original nozzle contour and second flowfield solution and an exit start-
line will be output or saved. This capability is not presently operational.
However, for these cases the boundary layer solution is solved a second
time with new edge conditions taken from the inviscid results at the edge
of the first BLIMPJ boundary layer., Thus, the inviscid and viscous results
match very well at the boundary layer edge, This option is controlled in-

ternal to the program and requires no user interface.

2.1.4 Particle Tracing Through Boundary Layer

Any particulate matter (A£203—solids or unburned propellant droplets
in liquid motors) which might enter the nozzle wall boundary layer could be
influenced by the boundary layer to be expanded into the backflow region.
Thus, there may be certain motor/nozzle configurations in which it is
necessary to track particles through the boundary layer in order to obtain

the most*accurate representation of the nozzle flow properties at the exit
plane,

Lockheed-Huntsville added a particle streamline tracing module into
the nozzle code. The code which was used as the basic building block of
this module was used in predicting the IUS, SSUS particle distributions
published in Ref. 10. This code uses initial particle properties (velocity,
flow angle temperature and density) and traces the particles through a
known flow field, This option is user-selectable. The basic method

used is shown in Fig. L.

10
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Fig..l - Schematic of Particle Trajectory Tracing Method to be Used
in the Inviscid Nozzle Code
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After the inviscid nozzle solution and boundary layer solutions have
been completed, the RAMP code is re-executed and logic is handed off to
the particle trajectory tracing module. The first step is to search the
boundary layer edge location in the inviscid nozzle solution to determine if
any particles are found to penetrate the boundary layer. Then for each par-
ticular size group which has been found to penetrate the boundary layer a
distribution of individual particle properties will be determined (interpolated
off nozzle soluticn tape) at several stations along the boundary layer edge.
This will be done for each size group. Next a map of the boundary layer
properties will be generated using the boundary layer data tape. Finally,
each particle streamline will be traced through this mapped flow field and
particle properties will be determined at the previously determined exit
plane. The effect of the particles on the boundary layer flow properties

due to energy and momentum interchange are not considered.

Finally, the boundary layer results, the inviscid nozzle solution and
the particle properties in the boundary layer are merged, and an exit plane
start line for a RAMP restart or SPF run will be generated.

2.1.5 Boundary Layer Expansion at Lip

Another required capability of the nozzle code is a fully automated
technique to expand the boundary layer at the lip, After an exit plane start
line has been generated it is very straightforward to use the Prandtl-Meyer
relationship to expand the flow, The key point here is to get a fully super-
sonic start line. Numerous investigators have made various assumptions
to obtain start lines for plume solutions that account for the nozzle wall

boundary layer. The various techniques will be discussed briefly.

Perhaps the most simple method of obtaining a supersonic start line
is to discard the subsonic portion of the boundary layer (Refs. 4 and 11} and
adjust the spatial distribution of boundary layer points up to the lip. This
method throws mass away from the system and will affect the results in the

backflow region. For nozzles which have thin turbulent boundary layers,
12
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these effects are probably minimal. For very viscous nozzles (low pres-
surc) or laminar boundary layers the effects of this assumption could
severely compromise the plurme results in the backflow region (greater
than 90 deg). It should be noted that this technique could consider total

temperature variations through the boundary layer,

Seubold (Ref. 12) used the technique of replacing the subsonic portion
of the boundary layer with mass average properties at a slightly supersonic
value, This resulted in a layer of constant properties near the wall., The

resultant plume flow had the correct mass flow but did not consider the total

temperature variations.

The first two techniques assumed that the static pressure through the
boundary layer is constant. Near the lip however the subsonic portion of
the boundary layer is influenced by the expansion process (Refs. 13, 14 and
15) as shown in Fig., 2. For highly underexpanded flows the sonic line has
been found to attach to the lip (Ref. 13) so that the flow at the wall must
rapidly accelerate when it gets near the lip and the static pressure rapidly
decreases. For overexpanded flows the subsonic flow merely stays subsonic

as it negotiates the lip so that downstream flow conditions can feed back up

. Y
05
Mz
15
Me2
25

wo—"__—~

33

e Mx4 -

into the boundary layer.

Fig.2 - Mach Number Contours for an Underexpanded Axizally
Symmetric Nozzle (Case 6)
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Cooper (Ref. 16) went a little further than the first two approaches as
far as treatment of the subsonic flow expanding to the sonic lip conditions,
He assumed that the flow (M =0 at wall) just upstream of the lip expanded to
M=1 at the lip. Since the static pressure upstream of the lip at the wall
was the same as the wall total pressure and the freestream static pressure,
the only way for M =1 to be reached at the lip was for the wall static pres-
sure to drop, Therefore, there will be a static pressure distribution across
the flow at the lip. It was then assumed that the static pressure at specified
point in the boundary layer is not affected by the expansion and the pressure
distribution is faired into the krnown lip conditions. This method is not totally
rigorous but does include boundary layer effects and has been shown to result

in good comparisons with some experimental data in the backflow region,

Finally, there are exact solutions to the corner flow problem. Bird
(Ref. 13) uses a direct simulation Monte Carlo method. He set his model up
so that it would compute the entire nozzle or the region near the throat. He
predicts the attachment of the sonic line for underexpanded nozzles. Baum
(Ref. 15) uses a finite difference method along with boundary layer equations
to describe the subsonic portion of the boundary layer. His application was
for base flow about blunt bodies and compares well with data, Finally, the
previously mentioned GIM code can be used to exactly solve the corner prob-

lem, All three of these methods are very complex and are outside the scope
of this effort.

In the present version of the code the method of Seubold was incorporated,
Total temperature variations are included and the mass flow in the boundary
layer is conserved. Plume calculations using this method were made for a

5 1bf bipropellant motor. The mass flux predictions compare very well with
experimental data,

It is anticipated that further effort will be spent on the lip region so

that better calculations may be obtained in the backflow region of the plume.

14

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



ILMSC-EREC TR D784753

2.1.6 Variable Oxidizer-to-Fuel Ratio Transonic Solution

Solution of the subsonic transonic region of a liquid rocket engine can
vary in complexity from a simple one-dimensional variable O/F streamtube
analysis (Ref. 17) to the most detailed model such as that of the Distributed
Energy Release (DER, Ref. 18) model. The streamtube analysis performs a
multizone one-dimensional calculation to the sonic point given a known O/F
distribution just downstream of the injection face, The DER program is a
complex model which is initiated upstream of the injector face and continues
the solution up through the sonic line, The DER code was used to initiate
nozzle solutions in Ref, 19 but is not particularly easy to use and input and
requires a good bit of experience of the user to successfully execute. For
these reasons it will not be utilized in the nozzle code. On the other hand,

a one~dimensional streamtube analysis does not account for two-dimensional
effects. A time-dependent scheme (Ref, 20) is a compromise between these
two schemes. The approach includes the radial momentum equation which
results in a set of mixed partial differential equations, The solution pro-
cedure is an unsteady time-dependent finite difference technigue with equi-
librium chemistry. This technique has both the equilibrium and variable
O/F chemistry option and has been utilized {Refs, 21 and 22) previously with
excellent results. This code has been incorporated into the RAMP code as

a module and has been executed for all combinations of ideal and equilibxium
chemistry, constant and variable O/F distributions. Additional inputs re-
quired by this module are: (1) combustion chamber geometry down to the
throat; (2) average O/F ratio, (3) location of the initial data surface to stari
the transonic solution; (4) location of the nozzle throat, and; {5) the O/F dis-

tribution at the initial data surface,

2.1.7 Improved Two-Phase Transonic Solution

The original transonic module which was incorporated into the RAMP
code could handle throat radii of curvature to throat radius ratios above 1.5.
Many solid motors have radii of curvature ratios smaller than 1. To alleviate
this limitation the improved approximate transonic module was taken from the
new Standard Performance Prediction program (SPP, Ref. 23) and put into the

RAMP code. -
15
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Many transonic selutions using this module have been run for varying
upstream and downstream radii of curvature ratios. Unfortunately a prob-
lem was encountered for the smaller radil of curvature cases. It was not
possible to obtain a true normal for starting the supersonic solution within
the domain of the transonic solution. For this reason the old module was
put back in the code and the limitation of radil of curvature ratios greater
than 1.5 must remain in effect. Work is continuing to interface the transonic
with the supersonic solution and the new modules will be forwarded to the

users as soon as they are checked out.

16
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2.2 CAPABILITIES AND LIMITATIONS

The RAMP computer program described in this document can be used
to solve a wide variety of problems associated with real gas, supersonic,

compressible flow. Some of the more important, basic capabilities of the

existing program are outlined below:

o The gas may be ideal or real. If the gas is real; frozen,
equilibrium, or non-equilibrium chemistry assumptions
can be made. The effects of oxidizer/fuel gradients may
be considered.

¢ Two-dimensional or axisymmetric flow problem geometries
can be used.

e Both upper and lower boundaries can be solid or free. (A
solid boundary can be approximated by either a conic or
polynomial equation.) {(Two-~phase problems require the
nozzle centerline as a lower boundary).

& A nozzle wall may be curve fit with discrete points.
s Any number of expansion corners can be considered on
either the upper or lower wall,

e Various methods for obtaining an initial start line are
utilized.

1. The program will calculate a one-dimensional
start line anywhere in the nozzle.

Z. The program will calculate a start line at points
within the nozzle necessary to conserve mass.

3. Data on a normal surface can be input at points
across the flow field within the nozzle or in the
plume.

4, An exit plane startline can be puached.

5. The program can be restarted from the startline
punched in 4 above (except viscous exit plane)

6. Single phase start line can be calculated using
a transonic solution which can handle ideal gas,
equilibrium chemistry for both constant and vari-
able oxidizer/fuel ratios

7. Two phase start line can be set up using a tran-
sonic solution,

17
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Hypersonic or quiescent approach flow options may be
used.

Exit to ambient pressure ratios from over-expanded to
highly under-expanded are possible.

Dis placement of the axis of symmetry from the center
of flow (L. e., the plug nozzle flow field) is possible for
gas only cases).

There is presently a maximum of 100 points on a normal
and 50 input points,

Reacting gas solutions which are in chemical equilibriam
have been facilitated by modifying the TRAN72 (Refs. 24,
25) computer program as described in Section 2 of Ref. 2

to provide binary tape and punched output of its equilibrium
or frozen real gas calculations at any desired O/F ratio(s)
or total enthalpy(s). The RAMP program has the capability
for selecting the proper case from a large set of real gas
properties cases stored on a master tape. The method of
generating this master tape is outlined in Table 2. Cases
stored are uniquely identified by some characteristic of

the particular gas under consideration. For example, a
LOX/LI—I2 system may be identified by the following:

Gas Type Mixture Ratio Chamber Pressure
02/H2 O/F = 1.5 ~ 8.0 PC = 546.0

New cases of general interest may be added to the master
tape; however, ad hoc cases should be prepared on a sepa-
rate tape. Tape preparation sequence and communlcation
with the RAMP program is diagrammed in Table 2,

Once the gas-particle flowfield solution has been obtained,
the output tape may be used by the RAMZP Radial Liookup
Program (described in Appendix A of Rei. 2} which deter-
muines the radial variations of flowfield properties across
the nozzle and plume flow fields at constant axial stations.
The Plume Impingement Program (PLIMP) (Ref. 26) may
also be run to determine the effects of the rocket exhaust
plume on objects immersed in the plume. Sequencing and
communication of auxiliary programs with the RAMP pro-
gram is shown in Table 2.

Two-dimensional or axisymmetric solutions are selected

by simply loading a contreol word in the program input

data. This integer (0 or 1) is then multiplied by the term
containing (1/r) in the governing differential equation. By
appropriate description of the flow boundaries, it is possible
to change from a solid to free boundary on either the upper
or lower walls, Conversely, it is not possible to change
from a free to a solid boundary on either wall.
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. Table 2
SEQUENCING AND COMMUNICATION OF AUXILIARY PROGRAMS WITH THE RAMP PROGRAM

Equilibrium and/or Frozen Chemistry

Modified TRANT2

Program
One Dimensional
Gas-Particle
Startline
Particle
Input
% ¥ Finite Rate Chemistry
Reactions
Physical ] ﬁ Input Imtial Species
Consfraints P Concentrations
Rate Constants
¢, h=£T)
P
Printed RAMP o
Qutput | = Nozzle and/or Plume Solution 'Gﬁ? J

BLIMPTY Outpul

[—b Tape
Y
RAMP y RAMP
Contour O;;ptt Radial ILookup
Plot Program P Program
SC 4020 : SC 4020
Qutput Qutput
s Plume
Radj:.txon P::ogram Impingement
pplications
Program
{Sohds or Gas) (P LIMP)
L
5C 4020
OQutput
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A real gas nozzle boundary laver solution can be
performed with no interface between the user and
the RAMP code resulis. A frozen, equilibrium
chemistry, turbulent or laminar solution is possible.

® The effect of a nozzle wall boundary layer on par-
ticles which enter the boundary layer 1s treated.

@ An exit plane start line can be generated for the SPF
code which includes two phase flow and boundary =
layer effects. Additionally exit plane data is avail-
able for use in other codes,

@ For two phase transonic solutions the nozzle throat
radius of curvature/throat radius ratio must be the

same upstream and downstream of the throat and
greater than 1,5.

® A restart at the exit plane using a start line that
includes the nozzle boundary layer merged with
the inviscid results is not possible., Additional

logic for mesh and step size control needs to be
added.

e Multiple passes through the inviscid nozzle solution
with the nozzle contour modified by the BLIMPJ solu-
tion displacement thickness is not possible.

® Shock capturing numerical analog logic 1s not fully
checked out and should not be used at this time.

2,3 TUSER'S INPUT GUIDE FOR THE RAMP PROGRAM

This section outlines in detail the procedures for using the Reacting
and Multi-Phase (RAMP) Computer Program. Each card and its use is

explained in Section 2.3.1. The program magnetic tape assignments are
given in Table 3.

2.3.1 RAMP Program Input Information

The input data are organized into sections determined by their use.
The description of these cards is given below.

20
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RAMP Computer Program Input Instructions

Card 1 Overall Run Control Card
Column Parameter Value
5 ITRCE 0
1
10 ISTART 0
1
A
3
4
Cards 2-4 Problem Description
Required
Column Parameter
1-240 HEADER
Card 5 Run Control Card

Reguired

21
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Format {1615)

Description

All input data are coming
from cards except as noted
foxr ICON(1) and ICON(2).
Input cards will be written
on unit 13 for future use

RAMP code has already

been executed for a nozzle
and all input data from noz-
zle run is on unit 13. Nozzle
boundary layer has been com-
pleted, and the code will gen-
erate an exit plane start line
which includes boundary layer
and particles in the boundary
layer (if present).

Do not generate an exit plane
start line that includes the
boundary layer, Inviscid start
line is controlled by Card 5.

Punch a viscous SPF start
line,

Punch a viscous normal start
line at exit.

Punch a viscous normal and
SPF start line.

Punch a viscous normal (or
vertical if ICAPTR>0) and
SPF (if ISKPY>0) start line
and restart at exit. Note:
This option is not operational.

Format 3(20A4)

Description

Problem description may be
put on three cards; however
only the first 120 columns will
be printed while all 240 char-
acters will be written on the
data tape, All three cards
must be present even if blank,

Format 16I5 (Right Adjusted)
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Card 5 {Contid)

Column Parameter Value Description
5 ICON(1) ' 1 The gas composition is either
Gaseous thermo- chemically frozen and/cr in
dynamic data con- chemical equilibrium, The gas
trol parameter properties are read directly
from cards 9, 10, 11 and 12.
2 Same as ICON(1)=1 except gas

properties are read directly
from a data tape mounted on
FORTRAN unit 10.

3 The gas composition is in chem-
ical non-equilibrium. The gas
properfies are determined, as
a function of temperature in
thermodynamic data tables in-
put on card 14,

4 Same as [CON(1)=3 except gas
composition is chemically
frozen.

8-9 NTAPE N If ICON(2)=2, tape uait number

for startline if not input from
cards. The program defaults

to unit 5 (read cards) for
ICON({2)=2, If ICON(2)#£2 and

a two-phase transonic solution
is being performed NTAPE is
the unit on which the transonic
startline will be writter. In this
case the program defaults fo

unit 8
10 ICON(2) 0 Generate straight startline with
Start line control Mach number given.
ngarél:;féof;r gas 1 Generate source startline with
y A/AF given
2 Startline input from cards ox
tape.
or 3 Generate startline by conserva-

tion of mass using a linear Mach
number distribution.

4 Generate gaseous startline using
variable O/F transonic module.
This option requires cards 19¢,d, e

Startline control 0 Generate startline using tran-
parameter for gas- sonic approximation.

particle solution 2 Startline input from cards,

22



Caxd 5 (Cont'd)

13 ICON(3)
Control manner in
which points along
the startline are
spaced

14-15  ICON(3)

16-20 ICON(4)

Number of upper
boundary equations

LMSC-HREC TR D784753

Points are spaced according to
a sine distribution,

Points are evenly spaced (recom-
mended)

Points are evenly spaced on a
circular arc based on the input
value of the upper limit of the
startline (card 19 CORLIP(2)})

NOTE: This option is necessary
only if program is to set up its
own gaseous startline,

Number of startline points.
Maximum of 50 (right adjust)

Upper boundary specification
indicator. If specifying upper
boundary by equations, set equal
to number of equations to be used.
Maximum of 100. Right adjust.

Option for ICON(4) when upper boundary is described by individual points and

slopes

ICON(4) INOOO + Number of discrete points (no boundary equation
following last point) (slope at each point in radians)

2ZN000 + Number of discrete points + 1 (an upper boundary
equation follows last point) (slope at each point in

radians)

3N000 + Number of discrete points (no boundary equation
following last point) (slope at each point in degrees)

4N000 + Number of discrete points + 1 (an upper boundary
equation follows last point) (slope at each point in

degrees)

N ~ number of points to use for Lagrangian Integration (5 max).

If N 1s set to zero, a linear assumption will be made,

NOTE: If a nozzle is being run the throat must also be specified by discrete

points,

""NOTE: If particles are present and supersonic startline is generated by
transonic approximation then total number of points on startline may be
adjusted by transonic program depending on particle distributions.

23
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Carxd 5 (Cont'd)

Column
21-25

27-28

29

30

33

34

35

Parameter

ICON(5)
Number of lower
boundary equations

ICON(3)

IUNIT

ISKPY

ICAPTR

IBL

ICON(7)

24
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Description
Lower boundary specification
indicator. Same description
and option as ICON(4).

N is the boundary equation num-
ber at which the SKIPPY start
line is to be punched. The code
uses the XMAX (see card 7) for
this boundary equation as the
station to punch,

Punch SPF start line
Put SPF start line on unit 12.
No not generate SPFEF start line,

Chemical system 1 SPF start
line (see Table 1)

Chemical system 2 SPF start
line (see Table 1)

Chemical system 3 SPF start
line (see Table 1)

Chemical system 4 SPF start
line (see Table 1)

Cheinical system 5 SPF start
line (see Table 1)

Chemical system 6 SPF start
line (see Table 1)

Input chemical system via card
Ideal gas SPF start line.
Streamline -normal solution

Shock capturing numerical
operator (This option nol fully
operational,)

Do not generate data for bound-
ary layer calculation,

Generate data for boundary
layer calculation and store it
on unit 1,

Two-dimensional flow problem
geomelry.

Axisymmetrie flow problem
geometry.
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Card 5 {Cont' d)

38 INOZ

39 ICCN(8)
Data output con-
trol, used in con-
junction with ICON(16)

40 ICON(8)

42 MORFT
Compliments ICON(9)

43 ICON(9)
Units indicator

44 .45 ISPECS

48-50 ICON(10)

25
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Calculations terminated at
nozzle exit. Set if boundary
laver is to be calculated.

Full printout

Print only boundary, shock, input,
Prandtl-Meyer, and particle limit-
ing streamline points.

Print 1 line (R, X, M, 8, 5 and
shock angle)

Print above plus Mach angle,
P, p, T, V.

Print all of above plus MWT,
vy, TO', PO*, §.

For English system of units,
Dimensions are 1n feet.
Dimensions are in inches.

For metric system of units.
Dimensions are in centimeters.
Dimensions are in meters
System of units specified by user.
Use English system of units.

Use metric system of units,

This option controls the units in
which the flow field 1s calculated.
The program assumes that the
boundary equations are mput 1n the
same units as the units indicator
(ICON(9)). This option will not
override the units specification on
cards 9 and 31 but will convert the
units of the gas and particle thermo-
dynamics to correspond to the units
of this indicator,

Number of discrete particle sizes
used to represent particle distri-
bution (10 max). If gaseous only
flow set equal to 0 {right adjust).

Maximurm iterations allowable
for each point in flow field. If
set to 0 program assumes value
of 100, Right adjust.
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Column Parameter Value

Description
51-55 ICON(11; Case number printed at top of
each page.

60 ICON(12) 0 Calculate shock wave.

No rotation option.

61 ICON(13) 0 Flowfield data will be output on
FORTRAN unit 3. Must be set
if generating boundary layer

1 Data will not be written on tape.

65 ICON{13) 0 Free molecular calculations will

not be considered.
1 Free molecular calculations
will be considered,
68-70 ICON(14) 0 No intermediate printout 1n
solution iteration.
N Print intermediate results for

NtR line. Right adjust.

71-75 ICON(15) 0 No intermediate printout.
M Print intermediate results from
Mt point on each line from the
Nth TCON(14)) line on. Right
adjust.
76 ICON(16) 0 No punched cards output.
1 Punch data line at nozzle exit
77-78 ICON(16) 0 Print every line.
N Print every Nth 1ine (use with
ICON(8)), Put 0 1n columa 77
M N < 10.
%
79-80 ICON({16) Time {SEC) before end of allotted
run time when new startline 1s {o
be punched. Put 0 in column 79
if time less than 10 seconds,
Card 6 Fimite Rate Chemistry Format 815 (Right Adjusted)
Run Control Card (Re-~
guired 1f ICCN(I1)>2)
Column Parameter Value Description
1-5 NT Number of temperature pownts 1n
thermodynamic data tables.
. 6-10 NS Number of gaseous species {ex-

cluding 3rd bodies)

*
NOTE: Applicable for Univac 1108 only,
26
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Column Parameter Value Description

11-15 NM Number of 3rd bodies.

1