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\\ ABSTRACT -~

\E

~* An experimental and analytical program was conducted to develop a
methodology to predict total recession, including the contribution by
particulate impact erosion, in solid propellant rocket nozzles. The program
was divided into two phasesa_)Under Phase 1, @ methodology was developed for
predicting recession due to particle impact erosion in the expansion (exit
cone) region of nozzles. This phase was performed by the Aerojet Strategic
Propulsion Company (ASPC) under a subcontract to the Aerotherm Division of
Acurex Corporation.., Under Phase II; a methodology was developed for predicting
recession due to erosion coupled with ablation in the entrance and throat
regions of nozzlesiufThis phase was performed by Aerotherm.

[

For the supersonic expansion region methodology (Phase I), the TD2P
computer code, contained within the Interim Solid Performance Program (ISPP),
was chosen for predicting the two-phase flow. The TD2P code is used to
predict the location of particle impingement on the nozzle exit cone wall
and the impact conditions. Also, it was used in conjunction with erosion test
data to generate mechanical erosion models. Data for erosion models were
obtained from one series of tests in the Dust Erosion Tunnel (DET) at the Arnold
Engineering Development Center (AEDC) and a second series of tests in small
rocket motors at ASPC. Two independent mechanical erosion models were developed.
The first was derived using the "G-law" approach, while the second was formulated-
to represent the physical phenomena occurring during the erosion process.

For the subsonic entrance and throat region methodology (Phase I1I), a
variety of tests were used in modeling particle impact erosion -- particle
(droplet) breakup; aluminum (Al) and aluminum oxide (Al 03) chemical reactions
with carbon; and subsonic erosion tests using Al and A1203 impacting a carbon
surface. The subsonic erosion was modeled using the "G=law" approach. Two
computer codes were developed: (1) the Chamber Flowfield Code (CFC) for
predicting particle impact conditions at the nozzle wall, and (2) the Charring
Material Ablation-Erosion {CMAE) code for compuating the contributions of erosion
and ablation to recession.

Both the Phase I and Phase 11 recession prediction methodologies were
demonstrated by comparing predictions to data from rocket motor test firings
having known or suspected particle impact erosion. Program results are reported
in four volumes, as foilows:

* Volume I: Recession Prediction Methodology for Rocket Nozzle
Entrance and Throat Regions

+ Volume II: Erosion Model Development (Expansion Region)

* Volume III: User's Manual -- Chamber Flowfield Code (CFC) and
Charring Material Ablation-Erosion (CMAE) Code

* Volume IV: User's Manual ~- Erosion Prediction Procedure for
Rocket Nozzle Expansion Region
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SUMMARY

An experimental and analytical program was conducted to develop s
including the contribution by
The program

methodology to predict total rxecession,
particulate impact erosion, in solid propellant rocket nozzles.

was divided into two phases. Under Phase I, a methodology was developed for

predicting recession due to particle impact erosion in the expansion (exit

cone) region of nozzles, This effort was performed by the Aerojet Strategic

Propulsion Company (ASPC) under a subcontract to the Aerotherm Division of
Acurex Corporation, Under Phase II, a methodology was developed for predicting
recession due to erosion coupled with ablation in the entrance and throat

regions of nozzles, This effort was performed by Aerotherm. Results from this

program are reported in four separste volumes, as follows:

. Volume I: Recession Prediction Methodology for Rocket Nozzle

Entrance and Throat Regions
. Volume II: Erosion Model Development (Expansion Region)

User’'s Manual —— Chamber Flowfield Code (CFC) and
Charring Material Ablation-Erosion (CNAE) Code

. Volume IXII:

« Volume IV: User's Nanual — Erosion Prediction Procedure for

Rocket Nozzle Expansion Kegion

ihe¢ remainder of this summary provides a brief overview of the
recession prediction xethodologies developed for the nozzle expamsion region

(reported in Volume IX) and for the mozxle entrance and throat regions

(reported in Volume I).
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Nozzle Expansion Region

A procedure was developed for predicting the erosion that occurs in a
solid rocket nozzle exit cone when aluminem oxide (Alzos) particles in the flow
impact the nozzle wall in the supersonic region downstream of the mnozzle
throat, This procedure consists of a two-phase flow solution and two
independent mechanical erosion models. These models calculate the nozzle wall
erosion patterns in carbon—carcrbon and bulk graphite materials as a function of
the impinging particle flow propertics, the impact angle, and the nozzle wall

material properties,

An empirical ‘G-law’ erosion model was developed for nozzle expansion
regions from Dust EBrosion Tunnel (DET) test data and small solid motor firing
data, Specimens of carbon-carbon, bulk graphite, and tantalum/tungsten were
exposed to particle—laden test gases, A debris layer shielding erosion model
was also developed for the expansion region. In contrast to the empirical
G~law, this model was formulated to rzpresent the fundamental physics of the

erosion process.

The TD2P two-phase flow code contained in te Interim Solid Performance
Program (ISPP) was modified to incorporate the above two erosion models. This
version of TD2P constitutes the methodology for predicting particle impact
conditions at the walls of nozzle exit cones and the resulting wall erosion,
Predictions were made using both erosion models for various solid rocket motor
test firings where crosion occurred, Predictions uvsing the G-law model were
generally acceptable relative to test results, providing the particle flow and
impact conditions were within the range covered by the DET and small motor
experiments, Predictions using the debris layer model weio also generally
satisfactory, but not as accurate as G-law predictions when particle impact
conditions were within the DET and small aotor test range. However, the debris
layer model was the most accurate for conditions outside the experimental

range.
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Nozzle Entrance and Throat Regions

A amethedology was developed for predicting the total recessiou,
includirg particle impact erosiom, for the entrance and throat regions of solid
rocket nozzies, Major program efforts jncluded the development of a motor
chamber-nozzle flowfield code and a wmodel for describing the erosion process in

the subsonic regions of the nozzle.

The Fully Coupled Transgonic (FCT) two-phase flow module of the Solid
Performance Prediction (SPP) program was modified to compute particle
trajectory crossovers and particle impact conditions at the nozzle wall, Also,
the calculation domain was extended forward to account for the motor chamber
and propellant grain, including mass injection from the grain, However, flow
within the submerged region of nozzles remaing to be included. This

modification is referred to as the Chamber Flowfield Code (CFC).

Empirical subsonic erosion models were developed for predicting
recession due to the impact of aluminum (Al) and A.lzo3 particles, Models were
- constructed in the form of s G-law with two components: mechanical erosion due
to mechanical mass removal and chemical erosion due to particle-surface
chemical reactions. However, tho models are based on bulk graphite data and
provide only rough cstimates for the erosion of carbon—carbon composites. The
Charring Naterial Ablation (CNA) code was modified to include these models in
predictions of recession resulting irom ablation and erosion. This

modification is designated the Charring Naterial Ablation-Erosion (CMAE) code.

The recession prediction methodology for subsonic flow regimes was
demonstrated for two motor firings having suspected particle erosiom in the
entrance region of carbon—carbon composite nozzles. The demonstration results
substantiated the prediction of the oamset of particle impact for the two
motors. However, recession predictions using the bulk graphite erosion model

providsd only a rough estimate of msterial removed,
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Although not currently included in the recessic. prediction

methodology, particle breakup im nozzle entrance and throat regions was modeled
This model was based upon

in terms of Bond number snd nondimensional time,
- cold-flow data, and its applicability to hot-firing conditions has not been

demonstrated,
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1.0 INTRODUCTICN

This Users Manual contains the information needed to prepare input
for, run, and interpret results from two separate computer codes which

calculste erosion due to particle impact. The two codes are:

1, A modified version of the Interim Solid Performance Program
(ISYP), which computes the two-phase flow in a rocket uozzle
and thus the particle impact conditions, if any. These
conditions are then used to calculate the resulting nozzle

wall erosion.

2. A stand-aione code, PIFROS, in which the particle impact

conditions must be input before the erosion is calculated.

Both codes contain two distinct particle impact erosion models: 1) an
empirical model based solely on experimentai data, and 2) a debris-layer model
that represents the actual physical processes., An option is available for
saving the particle impact conditions calculated during an ISPP run to be used
as subsequent input to the stand-alone PIEROS code. The various options
available for using these codes are represented in a flow diagram presented in

Figure C-1.

When using the ISPP to calculate the particle flow field im a nozzle,
the erosion resulting from any particle impact at the nozzle wall is
automatically calculated with the empirical erosion model and the results
printed at each impact location. Since the debris-layer erosion model requires
substantially more computer time (usually 3 to 5 minutes), its use during the
ISPP run is left as anm opticn. To aliow subsequent use of the debris-layer
=L model (and/or the empirical model with different impact parameters), the
- particle impact conditions calculated with the ISPP can be saved on a unit

= specified by the input parameter ISAVE,

The stand-alone particle impact erosion code, PIER0OS, can be used
independently from the ISPP code by having the particle impact conditions input

E2
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Figure C-1. Particle Impace Erosion Calculatica Cptions
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directly, or it can use the conditions saved during a previous ISPP run. As

with the ISPP, particle impact erosion in PIEROS is calculated automatically

with the empirical erosion model, with use of the debris-layer model optional.

S AN
ot

)

o
i

1.1 INTERFACE WITH ISPP

N
Mikod s
Wi e i) F R

-

ISPP is a collection of computer codes designed to calculate the

% delivered specific impulse of a solid rocket motor. The overall flow diagram

§ for the ISPP is shown in Figure C-2. A complete ISPP run would include the

5 following calculations:

5? 1. A one-dimensional, shifting-equilibrium nozzle expansion for

£

= a specified propellant chemistry with the ODE code, ’l
2. A solid propellant grain design and corresponding internal

ballistics as a function of time with the BAL code,

3. A one-dimensional, finite-rate noxzle expansion with the ODK
code,

4. A two-dimensional, two~phase nozzle expansion with the TD2P
code,

5. A turbulent boundary layer sclution along the nozzle wall with

the TBL code.

However, for particle impact erosion purposes only the TD2P code is

™ o
Y TN 0 O A PN oo e I e £ SN b1 0 i 24 kdre  p aveme 1 o1 s s o

required, possibly in conjunction with the ODE code to provide the flow

properties for TD2P. Fortunately, ISPP is structured to allow this particular

combination, as indicated by the asterisks in Figure C-2.

It is not intended in this Users Manual to include the details of
Hovever, these areas

L3

using the ISPP codes, which are coveced in Reference C-1.
which have a direct bearing on the particle impact erosion calculations will be

discussed. It is assumed tha' the user already has the ISPP operational on a

Page 5
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DRIVER MAIN PROGRAM

INPUT THERIAODYNAMIC DATA NOT CONTAINED

LINK10 ON TAPE OR PERMANENT FILE

LTCPHS INPUT THERMODYNAMIC DATA FOR TEMPERATURES
BELOW 300°K (IF NEEDED)

1) READ $SPP NAMELIST (ODE, BAL, ODK, TD2P, TBL, NO22LE GEOMETRY)
2} CALCULATE NOZZLE WALL COORDINATES
3) READ LINKAGE DATA FROM PREVIOUS RUNS (IF ANY)

PROBLM

oo 1) READ $SODE NAMELIST (PROPELLANT CHEMICAL COMPOSITION)
2) CALCULATE ONE-DIMENSIONAL, SHIFTING EQUILIBRIUM NOZZLE
EXPANSION

A} THEORETICAL SPECIFIC IMPULSE
8) NOZZLE FLOW PROPERTIES

1) READ SBAL NAMELIST (GRAIN DESIGN AND <ALLISTICS INPUT)
2) CALCULATED GRAIN DESIGN (IF NEEDED)
3) INTERNAL BALLISTICS PARAMETERS VS TIME

1) READ SOOK NAMELIST {(FINITE RATE CHEMICAL REACTION DATA)
2) CALCULATE ONE-DIMENSIONAL, FINITE RATE NOZ2).E EXPANSION

1) READ $TD2 NAMELIST [FLOW PRCPERTIES (IF NOT AVAIL, FROM
ODE OR LINKAGE DATAL, PARTICLE DATA, TRANSONIU ANALYSIS INPUT]

2) CALCULATE TWO-DIMENSIONAL, TWOPHASE NO2ZLE “XPANSION

1) READ STBL NAMELIST [FLOW PROPERTIES (IF NOT AVAIL. FROM
OOE OR LINKAGE DATA), EDGE CONDITIONS {IF NOT AVAIL. FROM TD2P
OR LINKAGE DATA;

2) CALC'LATE TURBULENT BOUNDARY LAYER GROWTh ALONG NOZ2LE
WALL

* USED IN NORMAL PARTICLE IMPACT EROSION CALCULATION
°® MAY BE USED TO CALCULATE FLOWPROPERTIES

Figure C-2. 1ISPP Flow Diagram
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local computer system and that the modified and new subroutines needed for the
perticle impact erosion calculations can simply be linked to the existing muin
program and associated subroutines.

As shown in Figure C-2, a typical ISPP calculation for particle
impact erosion would require imput from the $SPP and $TD2 namelists. The
nozzle geometry and the option parameters (ODE, BAL, ODK, TD2P, and TEL) are
input in the $SPP namelist, and the flow properties, particle data, and
transonic analysis parameters in the $TD2 namelist. If the ODE code is to be
used for calculating the flow properties, instead of inputting them directly,
then the necessary data is input in the $0DE namelist, preceded by a list of
reactants specifying the propellant chemical composition (see Reference C~1 for
details).

To integrate the particle impact erosivn calcuvlations into the TD2P
two-phase flcw nozzle solution, four existing subroutines were modified and
four new subroutines added. A flow diagram sr::ing the most significant

subroutines used in this solution is given in Figure C-3.

The controlling subroutine, TD2P, first calls INPID2 to read imput
from the $TD2 namelist, and then DIST to calculate the particle size-varsus
-mass distribution. Two transonic solutions arc available for the two-phase
flow through the nozzle inlet and throat, the Approximate Transonic Analysis
(ATA) or the Fully-Coupled Transonic (¥CT). The choice of transonic solution
is determined by the parameters ATA and FCT from the $TD2 namelist. The
transonic solution terminates just downstream of the throat, generating a start
line across the nozzle for the method-of-characteristics (MOC) solution used

for the supersonic flow in the nozzle exit cone.

After the transonic solution, the TD2P? subroutine calls N2MAIR, which
in turn calls N3MAIN to integrate the thrust across the startline, and CKTRL
for the MOC solution. At each wall solution point in the MOC solution, CRIRL
calls the subroutine THRST to integrate the thrust along the wall from the
previous wall solution point, and the subroutine IMPNG to check for particle
impingement at the wall.
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A

NIMAIN

CNTRL

READ NAMELIST 'TD2

CALCULATE PARTICLE SIZE VS MASS
DISTRIBUTION

APPROXIMATE TRANSONIC ANALYSIS

FULLY COUPLEL YRANSONIC ANALYSIS

THRUST ALONG INITIAL STARTLINE

METHOD-OF-CHARACTERISTICS SOLUTION

1) THRUST ALONG WALL

THRST® 2) CALL ‘ERODE" IF PARTICLE
aad IMPINGEMENT AT PREVIOUS
POINT
mnge ["1 |1 cueck For paRTICLE MpPINGEMENT

e~} 2) CALL ‘ERODE’ WHEN IMPINGEMENT

FIRST OCCURS .

FRCDE"*

po e aman queacd

ik,
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RETURN

TP N N R hORE Yt i W‘”‘?"'!EW"' Byt

ERQODEA**

DEBRIS**

LOGK®**

-

* SUBROUTINES MODIFIED
** NEWSUBROUTINEKX

KELOSS**

Figure C-2,

ERODE: 1) READ NAMELIST ‘ERODIM’

ERODEA: 1) CALCULATE PARTICLE \MPACT EROSION

TD2P Flovw Diagram
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2) CALL PARTICLE IMPACT
EROSOIN USING EMPIRICAL MODEL
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To include the particle impact erosion calculations, modifications
were made to the TD2P, DIST, THRST, and IMPNG subroutines, and the ERODE
subroutine, including the entry ERODEA, was added along with supporting
subroutines DEBRIS, LOOK, and KELOSS.

To ailow the calculated particie impact couditions to be saved on
unit ISAVE, it was also necessary to make a single change to the main program
DRIVER. This change terminated the ISPP run at the conclusion of each case,
allowing the file created on unit ISAVE to be closed.

1.1.1 Modifications to Existing Subroutines

1.1.1.1 DIST Subroutine

Originally the particle size-vs-mass distribution could be
either input directly or calculated by the DIST subroutine, with the mass mean
diameter and standard deviation either input or calculated internally. The
calculated distribution, however, was limited to equal mass increments; e.g.,
if 5 particle sizes were requested, the sizes were calculated with each
representing 20 percent of the particle mass. For particle impact erosion, it
was found that a better representation of the smaller particle sizes was
needed, which could only be obtained by requesting a large number of particle
sizes with a corresponding large increase in computer run time. Thus, the DIST
subroutine was modified so that unequal mass incremeuts could be input and the
corresponding particle sizes determined. For example, 6 particle sizes
representing particle mass fractions of .01, .02, .04, .08, .15, and .70 can
now be used.

1.1.1.2 IMPNG and THRST Subroutines

The IMPNG subroutine was modified to make the initial call to the
particle impact erosion subroutine ERODE when particle impingement is first
detected. On the first call to ERODE, the namelist $ERODIN is read with the
data required for the erosion calculations. The THRST subroutine was modified
to call ERODE at subsequent wall points downstream of the first impact point.

- -
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The use of IMPNG and THRST to call ERODE is repeated for each particle size
that impacts the nozzle wall,

1.1.1.3 TD2P Subroutine

The fourth existing subroutine modified was TD2P to print a summary
of the calculated particle impact erosion at the conclusion of the MOC
solution, and to call the entry ERODEA within the ERODE subroutine to calculate

the erosinn with the debris-layer model, if desired.
1.1.2 New Subroutines

The ERODE subroutine, new to ISPP, reads the $ERODIN namelist and
calculates the erosion depth at each point along the wall where particle impact
occurs. The calculated erosion results are then immediately printed. The
particle flow conditions at each impact point are saved for subsequent use by

the debris-layer model and, if desired, are written on a specified output file.

If the debris-layer model is to be used for calculating erosion, the
entry ERODEA within ERODE is called by TD2P after the nozzle flow solution has
been completed. The debris-layer model requires an axial distribution of
particle flow properties from the initial impact point to the nozzle exit.
Three subroutines, also new to ISPP, are called from ERODEA: DEBRIS, which
calculates flow conditions within the debris layer, LOOK, an interpolation
routine, and KELOSS, which calculates the kinetic energy lost for each

collision within the debris layer.

To summarize, any current ISPP code can be updated to include the
particle impact erosion calculates by linking the updated DRIVER main program
and the following modified (m) or new (n) subroutines to the existing code:
TD2P(m), DIST(m), THRST(m), and IMPNG(m), ERODE(n), DEBRIS(n), LOOK(n), and
KELOSS(n).
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2.0 INPUT DESCRIPTION

2.1 ISPP OPTION

2.1.1 ISPP Input

2.1.1,1  $SPP Namelist

No changes have been made to the input information contained within
the $SPP namelist (see Reference £-1). To run only the TD2P module:

ODE = 0,
BAL = 0.
ODK = 0.
TBL = 0.
TD2P = 1.

If the ODE is to be used for calculating the flow properties for
TD2P:

ODE = 1

If the results from a previous ODE calculation are to be used:
ODE = 2

The only other input data required from the $SPP namelist is the
nozzle geometry (pages 2-1 through 2-20 in Reference C-1). If plots of the
method of characteristics solution along with the gas or particle streamlines
are desired, the plot dats described in pages 2-25 through 2-30 in Reference
C-1 should be input. The particle streamline plots can be useful in evaluating

the particle impact results.

A

el i
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2.1,1.2 $TD2 Namelist
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For a particle impact erosion calculation, the $ID2 namelist input
described on pages 2-70 through 2-80 of Reference C-1 remains essentislly the

The only change is the additional option now available for calculating
This option is invoked by inputting

oy n;lp

same .
the particle size-vs-mass distribution.
the particle mass fractions WPWT (page 2-74) without the corresponding particle

radii R (page 2-73). Note that the number of WPWI values input must correspond
- to NPG, the number of particle size groups, and that the summation of the WPWI

R

ey

i By T

values must equal 1.0.

2.1.2 Particle Impact Erosion Input

The additional input required for particle impact erosion
calculations is contained in the namelist $ERODIN, which follows the $ID2

=3

namelist. The input parameters are described below:

‘ Units Default Value

§ Parameter Description
] : $ERODIN
g ; For Debris-layer Erosion Model: E
4 : ST Yield shear stress of target material psi 2200, 5
g ; RHOTAR  Target material density 1bm/cu-ft 120.
é g FACTOR Coefficient in single particle erosion none 6.782
% i equation (C in equation 4-b in report)
; i EXPFAC Velocity exponent in single particle none 2,0
ig § equation (C2 in equation 4-b in report)
= E 4] Particle drag coefficient within debris none 5.0
i layer
! f - MAXY Maximum number of finite elements none 1000
‘ (calculation terminates when exceeded)
none 100

? - IEMAX Maximum number of consecutive steps
allowed with calculated erosion rate

P ) less than 0.01 mil/sec




ERNIN Minimum erosion rate (calculated with mil/sec
empirical model) that must be exceeded

before debris—layer model caloulation

%

begins :
XPRINT Axial distance print increment in debris- inches 0. w
layer model (set to zero to delete debris §
layez print, except for summary) %;}
Foxr Empirical Erosion Model: %3
y = CONSTE (Vp) EXPV (ppvp)mxnv mp)zm ( dp)mmu-exp(-mnz/ppvpn 5
where y = erosion rate in mil/sec, ;
VP = opsrticle velocity in ft/sec, g
ppvp = particle mass flux in 1bm/£ft““sec, §
6 = impact angle ir degrees, g
dp = particle diameter in microns. Z
CONSTE Coefficient in empirical erosion equation mil/sec 2,22 ‘
EXPV Particle velocity exporent in empirical none 6.4 i
equation 3
EXPREV Particle mass flux exponent in ompirical none 1.0 %
equation ‘:
EXPTH Impact angle exponent in empirical none 2.5 ;ﬁ
equation §
EXPD1 Diameter first exponent in empirical none i.0 g
equation 4;*
EXPD2 Diameter second expoment in empirical nonse 6.6 ;
equation j
General Imput: §
TIME Time period for calculating total erosios sec - ;
depth ::
KMODEL = 0 to bypass debris-layer model RORS 0
calculations §

Page 13
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(J = 1 to JMAX)

B S = e —
Tep IR

none 0

none 1.0

Units Default Value

ISAVE Unit on which particle impact conditions
are to be saved. See description under
IREAD in Section 2.2 for parameters saved.
(Set to zero if conditions are not to be
saved.)
XRHOP Particle density correction factor if time
particle size-vs-mass distribution is not
used {e.g., a single particle size run
using a size other than the mass mean)
$END
2.2 PIEROS STAND-ALONE CODE
First Card: Title information containing up to 80 characters
2.2,.1 $DATAIN Namelist
Parameter Description
$DATAIN
BT Nozzle throat radius inches -
ZWMAX Ratio of maximum nozzle length/RT noae -
i SMP Particle material density 1bm/ft3 -
’ HPS Particle enthalpy at solidification ftzlsec2 -
Al Ratio of nozzle length at impact none -
; point/RT
5 UG Gas axial velocity at impact point ft/sec -
5 V6 Gas radial velocity at impact point ft/sec -
. RHG Gas density at i..pact point 1bn/ft3 -
; . JMAX Total number of particle sizes present none 1
; f at impact poiat
T ’ DpP(J) Particle dismeter at impact point microns -
: (J = 1 to JMAX)
Up(1) Particle axial velocity at impact point ft/sec -

R e

M‘ﬁ’c«‘&#“‘:i’#ﬂﬁﬁwﬂmmi?’mm‘eﬁtmﬁmwﬂmmmmu.« e

N

- h\.&v}ﬁim&mﬂmmm&émwwmm,
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ST RIRANERR S T e S SRR A0 R e Y B AT
WL )

VE(I) Particle radial velocity at impact puint ft/sec -
(J =1 to JMAX)

HP(J) Particle enthalpy at impact point ftzllec2 -
(J = 1 to JMAX)

RHP(J) Particle density at impact peint lbm/ft3 -
(J = 1 to JMAX)

IREAD Unit number from which previously saved none 0

2.2.2

$ERODIN

$END

data is to be read. Data includes all
of the above parameters from RT to RHP(J).
(Set to zero if all data is contained in

namelist.)

SERODIN Namelist

Same parameters as $ERODIN namelist described in Section 2.1.Z.

Data for additional impact points may be input in successive $DATAIN

namelists, but the $ERODIN namelist is not repeated. For example, date fer

three impact points would be input in the following sequence:

TITLE
$DATAIN

Data for first impact point
$END
$ERODIN

Erosior model parameters
SEND
$DATAIN

Data for secord impact point

$END
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$DATAIN

Data for third iupact poinc %

$END §

3.0 OUTPUT_DESCRIPTION j
3.1 ISPP OPTION
3.1.1 Empiricsl Erosion Model Results f

With the ISPP option, the nozzle two-phase flow fiz2ld is calculated,
and whenever particle impact is detected at the nozzle wall, the resulting
erosion is immediately calculated with the empirical erosion model. The
erosion results are then printed before the nozzle solution continues, and a I

typical output is shown in Figure C-4.

At the initial impact point for a particulaz particle size group, the
first line printed begine "PARTICLE IMPACT,...", followed by the wall

wu v L S R Y Y A Fh e e ey o

coordinates (nondimensionalized by the throat radius) and nozzle area ratio at
that point., This message is then followed by a 1list of the mass-averaged
properties of the impinging particles; i.e., the particle velocity, mass flux,
diameter, and impact angle. A mass-averaged property, &, for N number of

different particle size groups is defined as:

N
E o,V )0 2
n=]1

N
2 AN

n=]1

a =

vhere (ppvp)n is the particle mass flux for particle size group n.
Following the particle mass-averaged properties, the results of the

empirical erosion model in terms of the calculated erosion rate, the maximum
erosion depth, and the axial location of the minimum depth are printed. As

Page 16




: . sa~6i2262° s2-36t292°
& §0-025602°  §0-25354T*
. 2 oo° 2000°  294%0°
b €a-02g¢602° $0-120¢a3"
. 2 $££°062 9288°T DpISne’
’ So0-02s¢02° §0-c0nGnT"

T 22°062 2248°T ¢0Sa0°

2906 = 41N/2 1V

Y330 4§8° 3 9NV 10VenI *SNOVIIN RL2°T =
b
A $0-026502° $0=c0n9aT®
N 2 og° 0000°  go6no*
2 : s0-622262° AT TN
: §0~-02¢602* $0-TG6EnT’
. 2 oo £000°*  €92e70°
o $0-208628° $0-Gi%695°
5 §8-g22262° §0-332042°
I $0-026602"* (LALTT AT 5
' z o0 0000°*  #9ag0°
i . §0-26656n"? z9~v29211"
% €0-9066L¢" ¢0~agLecs’
w §n=-€22262° $0-ne21g2°
& . c0~02g692° §0=240241°
@ " . s o0° u0r0®  1£620°
b 2 T2'062 aiee°l 00000°
h $0-02€602° 0-n5L00T"
o 2 oo 0000°  gOSno*
R ¢ £1°062 ste9°T o000n0°
% s0-02g602° §0-agT6nt
; z 00° ogact 4000’
S0=612242° €0=5i0502*
$0-026602° €0-u0lhel®
P 2 00 0000°  3LeT9°
2 £0°362 TTNG°T o00CO0O°
Sa-025602° S0~RICENT®
s 2 0000°  £06n0°
i 2 Q0°06T 2049°T o0GaQ°
i3 €0-026602°  §0-CEUENT°
9 e oo* 0000°  aisno’
[ £0-642262° €0-225%02°
: . £C~026602° $0=2CaGHT"
Fl 2 oo 0000°*  99%¢0°
K C0-9066L8° C-0snEi0"
L £0-622263° €0=AT88s2°
gD £0-026602° $0-22890%°
5 z an® a0ga*  §94c0*
w » .2 ‘0vd 29920 31vo
i (. .
20

o . © e e e e e o s

wl 4

o “ "

e
<

R

"
s

ol W

o gt bt

AN i

20-0St5L6
20=n0TaEH*
42610* 68£900°
20686408
62§10° 65900°
S0-2HAFOS
¢aALI0® «a9np*

Sk ¢3¢

‘WY10 31332¥vd

1 $19°s

Terege

€0+GnZErc’
agrST60TE°

»0+91603¢°
S6ELN"
#0¢+£9901¢"°

4C Hid30 NOISONYTI WNMIXNW ¥ NI ShI NS

3Tes 14033570 £3:°

301lvy viwv

ToeSlLoLY” $099900t1° Je-sgg2z0° e

L{2YX LTV &4 C0engptoY° 30-168GTIN* g
SSE°IT  #°10T017 C°6C0C LLT8°F T066°6 Tw2E0°§ t 09

TneLs05Lse c0+€2x101° T0-En09Ts* |
£S0°LY  8°00201 S°SH0C £:24°C G0266°6 WBL80°S € 09

SneTLYSLYY Co¢sentOT* 10-0TLT20° | §

SS0°LT  9°L6T0T #°L80€ §C2¢°S §02:0% 96I80° € 09
+238/571W t00*

$3L9y NCISONI TW3Lylewd 0LVINIYY
2 XNV4 SSV¥ ¢33S/14 T6*60T0T = ALKI0TIA
= 24/72 1¥ $3TJ71uvd ONIONICKI 10 S3IIINISVUNCD CIOVNIAV=SSYM

$0528000000008080000,040000000083000020080480880880080000
€8248°¢ 96In0°¢

B6080CO80300300008080%000048488¢080380480040003C8300008

B(2¢W) TIVA SLIVGWT IVNLsuve

20-69060S° %0+€7901¢° 2neTLEISLL €0+460t01° T0-£90934° |
9S€T0° 2h900° T609n° 900°LT N°0STOL A°ISOS LN28°S #06S8°G #9250°C & 09
20-04GTL6° AT T3 20008G2L1° SU*6S800T° 10-2256£0° e
20091360 #09293%15° Zne2Lenlt® $0¢S5g00T"° 10-4h2520° 4
9ECTO0® h900° HPTAN®  9S6°9T  Q°QLYOT S°L50C CoTh’e 0R0S8°6 HLGT0°S & 09
30-T9§961¢ #n0+2904%3¢5° CoeLLTELTS S0+¥§n001° 00+QTTANT® £
10-620008° 122 (XS T} 2ne66yaLT® $0¢264001° 10-202210° 2
20-699660° a0*126T15° C0v99SaLT® S VEgQ01* T0-165204° %
42870% In900° 9L26h° 4S6°3T  #°A9TOT T°S9L. GCGON’S 9nhng®e £9100°¢ & 09
30239168 ° $©0+9gTn2s"* 20+160291° 2000696 00¢026992° )
10=hogr6te ®9026901¢° 2o+268RL1" “0eénTL66° TR {113} 4 4
20-9%09.26* #0*999535"* cne9TecLT S0¥nh9700T° 30-49%519° e
20-0L0C60° LT 229113 {3 cnegoLeLt® s0+87c00t° 10~096604° 3
OTSIC® 04900 L2590° 950°9T 6°0STOL 0°6L0C GGPS°C T6TER°6 S6w96°y & 09
SEST0° €n900° £S0RH® SE0°LT 2°%630T S°6H0E #gEH°E L95S0°6 ©0950°c ¢ 09
20506205 #0+S060%¢* 2oegcSLTe S0+92qt0%° TU-E8G220 ¢
ANET0® GHSA0° £2Teh® S00°LT 9°98T0T #°SCOE SeIN’E 956S9°6 20920°G & 09
2HET0°  €n900° 4UORN® CO0°LT °T6E0T 2°ISOC €I2h°C O0SHE9®s (2060°G & 09
20-42540S° #0+9n6015* TNe6LNGLY® s0+ngnI0L° T0-STns2H* 4
ChET0° 6h900° 9STUN® HO0O°LT C°SOLINT C°SG0S 29TNn°S 9610°6 1t2020°C & Q9
20-0TH526° #0¢L208TC° 2ne29cLLT §0¢26c001° 30=4E0s10° 3
2u-~L60acEn: 204130115 env0L2cLte SovingGOT® 10-858500* 4
aSSTO0% ©€%900° TO29n* &HO0°LY 2°9LT0T £°060F 22I0°E £90%8°6 90400°C & 09
L0ET0° 90900° QTTON® $E0°LT 2°Q8T0T 3°ES0E £5TIN°E GESTE°C &EN20°¢ & 09
20-662605° %0+600TTE ce+089cLT® s0+Igntot® 10-095604° ¢
GREE0% L14900° @nTO8' F20°LT €°#0T0T 0°GS0T 99IN°S £0000°6c &6S810°C & 09
$TE€10°  TS%00° wHTEH® EE€0°LT 2°CRTI0T 0°CGOC 2:TN°S T2964°6 O8910°G € 09
20=-0T5606¢ soeng2ITE® 2oeLicLT® €0+L0n101"° TO~TT9204° g
AET0°  O0900° L9T90° Q6O°LT 2°209T0T 2°9G0S 4cTh®C 0W08L°6 22200°C & 09
20-9€9626° 40402Ints* 20+0992L8° SO0vahG00T* 30-004tS3° e
20-62T060"* (13217241 }d caslgscLT” 60*66000T° $2=-£08LIn° t
40810° 06900° 292U8° 240°LT G°69T0T $°290C 9.08°S SO0TL4°6 9Cws6°s & 09
TG-282%6T 80599218 20¢%626LT° 40¢60CE6E" 00¢20T94L° £
$0-¢%000%° 80+906ntTS* en+008243° $0+58c00Y° 10-352620° e
20-00966H° s0e9gs2ts" Taenstcit® s0eLg 001" 30~GLohTN* 3
RAFT0°  6N9N0° GCUSUR® SO00°LT €°EGTOT 0°040C O0Q6S°S TSEA9L°6 L29626°% & 09
oos o3 W 0ThyyS2e0 YU LE26NE60  20/92/L0
L b L
-
o, ) ,..x ;i

Re ok ?@ W

7. ik =

ISPP Output at Initial Impact Point
Page 17

Figure C~4

¢ :

N t
g




shown in Figure £-5, a triangular erosion pattern is assumed, which is defined
by the maximum erosion depth and the impact angle relative to the nozzle wall
surface., The maximum erosion depth is simply the calculated erosion rate
multiplied by the expcsure time input in the namelist $ERODIN. If the erosion
pattern reaches the nozzle exit plane before the maximum depth is reached, the
depth at the exit plane Ye is printed instead of the maximum depth Ym. The

erosion depth at the exit plane is defined as:

T (z ~-12.)
(z_ - 2.)
m 1

Y =
e

where Zi, Ze’ and Zm are the axial locations of the impact point, the nozzle

exit plane, and the maximum erosiom dapth, respectively.

Downstream of the initial impact point for any onc particle size
group,; the erosion calsulation is repeated at each wall point iu the nozzle
solution. The typical printout in Figure C-6 shows the particle mass-averaged
nroperties and calculated erosion follow the thrust and mass flow decrements
that are integrated from the initial impact of the first particle size group to
hit the wall.

When a different particle size group first impacts the wall, the
Y"PARTICLE IMPACT....." printout is repeated prior to the listing of the

mass—-averaged properties and calculated erosion,

At each wall point vhere the mass-averaged properties of the
impinging phrticles are printed, the properties are stored internally as a
function of the wall point axial coordinate for subsequent use in the debris
layer erosion model. Since this ercsion model requires the axial distridution
~€ the impacting particle properties, instead of point values as used by the
empirical wodel, calculations with the debris layer model begin only after the

nozzle solution ie completed.

At the conclusion of the nozzle flow solution, a summary table of
erosion depth versus the nozzle axial cordinate z/nt, as shown in Figure C-7,

is printed following the usual ISPP "Particle Impingement Summary". At each
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Figure C-6:
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axial location in the "Particle Impact Erosion Summery", & check is made to
determine the maximum erosion depth resulting from any overlapping triangular
erosion patterns. Such overlapping can occur if the impact angle and/or

maximum erosion depth associated with each triangular pattern decreases with
axial distance.

5.1.2 Debris Layer Model Results

If KMODEL in the S$ERODIN namelist is greater thar zero, the
calculation of nozzle wall érosion with the debris layer model begins right
after the summary of the empirical erosion model results is printed. As shown
in Figure C-8, the first page of the debris layer model output contains the
input parameters from the $ERODIN namelist, followed by the axial distribution
of mass-averaged particle properties at the nozzle wall impact points. This
latter table is also saved in unit ISAVE, if ISAVE was given a value greater
than zero in $ERODIN. The axial lengths in this table, however, are in inches
and are not measured from the nozzle throat, but from the start of the debris
layer calculation. This initial position is either the location of the first
particle impact point, or if ERMIN is greater than zero in $ERODIN, the

location where the empirical erosion model calculated the erosion rate to be
equal to ERMIN.

Following the input information, the debris layer model results are
presented as a function of axial length. The second, third, fourth, and sixth
columns in Figure C-~8 contain calculated debris layer parameters. The second
column lists the percentage of particles approaching the nozzle wall that
penetrate the debris layer and impact the wall. The sixth column shows the
average number of collisions experienced by each approaching particle within
the debris layer. Columns three and four contain the average axial velocity
and density of the particles that form the debris layer. The calcuiated
erosion rate due to the particles penetrating the debris layer is then
presented in the fifth columm.

Using the axial distribution of calculated erosion rates, and the
assumed erosion pattern (Figure C-5), a summary table of erosion depth versus
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axial distance is then prepared and printed. In this summary, the axial
distance is the same (Z/Rt) as that used in the empirical model summary table

to allow direct comparison of results.

3.2 PIEROS STAND-ALONE CODE

3.2.1 Empirical Erosion Model Results

With the PIEROS stand-alone erosion prediction code, the
mass-averaged particle properties, the resulting erosion rate and depth, and
the axial location of both the impact point and the maximum erosion depth are
printed for each impact location. The impacting particle properties are input
either in the $DATAIN namelist or read from unit IREAD. The output format, as
shown in Figure C~9, is the same as that used within the ISPP nozzle flow
solution. A summary table of erosion depth versus ZIRt follows, which is also
identical in form to that in the ISPP.

3.2.2 Debris Layer Model Rasults

The output from the debris layer erosion model contained within the
PIEROS code is identical to the debris layer results obtained with ISPP (Figure
c-s) Y

3.3 ERROR MESSAGES AND DIAGNOSTICS

For description of the error message and diagnostics that can be
obtained from the ISPP, the user is referred to Section 5 of Reference C-l.
The erosion calculations contain only a few messages that might appear in the
output, and these are described below:

MESSAGE EXP TION OR CORRECTIVE ACTION
ERROR IN NAMELIST ERODIN An input parameter contsined within

the $ERODIN namelist does not match
a variable name in Section 2.1.2.
Check input data.
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WARNING: LIQUID PHASE
PARTICLES PRESENT

ZERO EROSION BATE CALCULATED FOR
XXXX CONSECUTIVE STEPS

EXCEEDED XXXX ELEMENTS

TABLE ERROR IK LOOK

ERROR IN NAMELIST DATAIN
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The tempeature of at least one impinging
particle size group is above the melting
temperature of the particle material.
See Section 4 for recommendations for

these conditions.

The debris layer erosion model
calculated erosion rates (less than 0.0l
mil/sec) for XXXX consecutive debris
layer elements and the run vas
terminated. This prevents excessive
computer time usage and is controlled by
the input parameter IEMAX in the $ERODIN

namelist.

The maximum number of debris layer
elements used in the debris layer
erosion calculation was exceeded and the
run was terminated. This prevents
excessive computer time usage and is
controlled by the input parameter MAXY
in the $ERODIN nawelist.

An axial location was not contained
within the input table of particle
conditions versus length and the run
was terminated. Check input data.

An input parameter contained within the
$DATAIN namelist for the PIEROS code

does not match a variable name in
Sectior 2.2.1. Check input data.
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4.0 RECOMMENDED PRACTICES AND GUIDELINES

4y

4.1 ISPP

For general recommended practices and guidelines for using ISPP, the
user is referred to Section 4 of Reference C-1. A few additional
recommendations, however, can be made to help give more reasonable particle

erosion resuts.
4.1.1 Particle Size-vs-Mass Distribution

It is strongly recommended that the low end of the particle
size-vs-mass distribution be well represented since the majority of the
particle impact will be produced by the small sizes. The ISPP has been
modified to allow this distribution to be specified by inputting mass fractions
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for which corresponding particle sizes will be calculated internally. For
cases run to date, the six particle size distribution corresponding to WPWI =
.01, .02, .04, .08, .15, and .70 has proven to be successful., In larger
nozzles, some problems in the nozzle flow solution may be experienced with the
smallest particles. In such cases, the distribution can be modified slightly
by using five sizes corresponding to WPWI = .02, .04, .08, .16, and .70, or

four sizes corresponding to WPWT = .04, .08, .16, and .72. Note that the sum
of the WPWT values must equal 1.0.

H KR A AR S MR R A 1 R

The ISPP computer run time increases almost linearly with the number
of particle size groups used. Therefore, in some cases it may be worthwhile to
wake a single particle ISPP run with a small particle size representative of
the lower end of the size-vs-mass distribution to determine if particle impact
will occur in a given nozzle. Single particle results have correlated fairly
well with those for multi-particle runs as far as impact location is concerned.
However, to obtain reasonable calculated erosion results, it is necessary that

the proper mass fraction be assigned to the single particle size by using the
variable XRHOP (see Section 2.1.2).
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4.1.2 TD2P Control Parameters

Two control parameters input within the $TD2 namelist that are
important to the particle trajectory, and thus impingement, calculations, are
DHIT and DCR. DHIT specifies the maximum separation distance that is allowed
between a particle streamline and nozzle wall before impact is assumed to
occur. Too large a value for DHIT forces an artificial particle impact at an

axial location too far upstream. On the other hand, too small a value can mske

oy 1,

the impact location calculation too dependent on small numerical errors in the
flow field solution, particularly at low impact angles. DCR specifies the
maximum separation distance that is allowed between adjacent particle
streamlines for different particle size groups before the strezamlines are
assumed to cross., Too large a value for DCR can artificially shift layer
particles closer to the wall, greatly changing any subsequent impact
conditions. Like DHIT, too small a value for DCR can lead to numerical
difficulties. Based on past experience with numerous ID2P calcul.tions, it is
recommended that the values of 0,005 and 0.010 be used for DHIT and DCR,
respectively, for nozzles with throat radii in the 1.5 to 6.0 inch range. For
larger nozzles, these parameters, which are actually separation distances

divided by the throcat radius, should be reduced to maintain approximately the

A L IR SO b N AR B R SRR

came physical separation distances.

Other TD2P control parameters that can affect the calculated particle
trajectories are NILP, the number of points along the MOC startline, and both
DR and DL, the maximum width between solution points along a right-running and
left-running characteristic, respectively. Too small a value for NILP and too
large a value for DR and DL can lead to solution inaccuracies and possible

S A S vyt

failure, while vary large computer run times can result with a large NILP and
small DR and DL. It was found in studies conducted during this program that
the default values of NILP = 40 and DR = DL = 0.1 gave the best results, and

are therefore recommended.

4.1.3 Transonic Solution

Of the two transonic solutions available in the ISPP for the
tvo-phase flow in the nozzle inlet and throat region, the ATA and FCT, th: FCT
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would definitely be preferred since the ATA is limited to conical inlet shapes.
The FCT, however, is a more complex solution requiring greater amounts of input
preparation and computer run time, and leading to more potential problems in
achieving a successful solution, If the ATA is used, the nozzle conical inlet
angle and upstream wall radius of curvature should be s:lected to best
represent the actual nozzle inlet geometry. For nonsubmerged nozzles, inlet
angles of 30° or less should be used to give representative particle

trajectories, and for submerged nozzles, a 60° inlet angle is recommended.

4.2 EROSION CODES

4,2.1 Use of Empirical and Debris Laver Erosion Models

The debris layer erosion model can use significant amounts of
computer time for cases where relatively large number of collisions occur
within the debris layer. It is therefore recommended when using the ISPP
option that the debris layer calculations not be made in the same run as the
nozzle flow solution by setting KMODEL=0 in the $ERODIN namelist, and that the
particle impact conditions be saved by setting ISAVE in 3ERODIN to the unit
number on which the data is to be written. In this manner, the results of the
empirical erosion model can be examined to determine if debris layer
calculations are necessary. I1f so desired, the debris la§er model can then be

run with the PIEROS code and the data from unit ISAVE,

In evaluating the results from the empirical erosion model, the
calculated erosion rates would be expected to be valid if the particle flow ard

impact conditions fall within the followiug ranges:

Particle velocities from 4000 to 11000 ft/s,

Particle mass fluxes less than 20 lbm/s’ftz,

Particle diameters less than 10 um,

Particle temperatures less than the particle material melting

temperature, and

Impact angles lese than 10°.
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For particle flow and impact conditions outside the above ranges, the
debris layer model should be used, unless the particle mass flux is below 1.0
lbm/s'ftz. If the particles are in the liquid phase, a first order correction
to the erosion rates calculated by the debris layer model can be made by
dividing the rates by a factor of 20.

4,2.2 Nozzle Wall Material

The erosion models were developed primarily for carbon-carbon and
graphite nozzle wall materials, For the empirical model, a first-order
correction for carbon-phenolic materials based on material density has been
derived, but this correction would not be expected to be valid for other
materials. The debris layer model does use the yield shear stress and density
of the target material (ST and RHOTAR in the $ERODIN namelist), and this
theoretically could give representative erosion results for other materials.
Hovever, the debris layer modezl results have only been eveluated for the

carbon-carbon and graphite materials to date.

4.2.3 Scale Effects

Correlation studies have shown that the erosion models gave the best
rsultes for nozzles with throat radii in the range from 1.5 to 6.0 inches. For
smaller nozzles, the erosion was usually overpredicted, and for larger nozzles
underpredicted. This effect is thought to be related more to the two-phase

flow solution rather than the erosion models themszelves.

4.2.4 Erosion Model Input Parameters

As shown in Section 2.1.2, default values based on previoni
correlations are contained within the erosion codes for most of the input
parameters. The only parameter that always needs to be input is TIME, the time
period used to convert the calculated erosion rates to erosion depths,
However, the default values can be overridden if different options are designed
(such as saving data on unit ISAVE), or if the correlation with a specific set
of erosion data can be improved by adjusting one or more of the parameters for

either of the erosion models.
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5.0 SAMPLE CASES

Three sample cases are presented to illustrate the use of the
particle impact erosion models. The first is a complete ISPP r.n with the
complete nozzle flow solution and the ercsion calculated at each wall point
vhere impingement occurs. The particle flow conditions at the impact points
wvere saved for later input to the stand-alonme code PIEROS, which is illustrated
in the second sample case. The third sample case also used PIEROS, but with
all the particle conditions input through the namelist SDATAIN.

For all three cases, the SDO0l motor and nozzle configuration was

used since it experienced severe particle erosion in the nozzle exit cors.

5.1 CASE 1: ISPP OPTION WITH EROSION MODELS

Sample Case ' includes a full two-phase nozzle flow solution with
particle impact erosion calculated with both the empirical and debris lcver

model within the same rum.

The control cards used for this run on a UNIVAC 1108 comguter are
shown in Table C-1. In this case, the gas and particle proparties were input
directly; but if the properties are to be calculated with the ODE code,
additional control cards are required to assign a thermodynamic property data
file and equate it to unit 25 (see Section 2.10 of Reference C-~1). At the
completion of the ISPP run, the impacting particle conditions were written on
unit 10 and saved as an element in a user file with the EELT and @ADD cards.
Note that te create this element, the ISPP run cannot terminate on an error
message. This was the reason the main program DRIVER has to be slightly
modified.

The input data for Case 1 is listed in Table C-2. Note that in the
$SPP namelist, only the TD2P flag is nonzero, and only the nozzle geometry data
is included. In the $TD2 namelist, all the required gas and particle
properties are imput in the first four lines. If the ODE were to be used to
calculate these properties, the ODE flag in the $SPP nsmelist would be iet to
1, and additional input included tefore the $TD2 namelist. A third option can
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AT

@ASG,AX SPP.
QASG,T 10.

@xqT SPP.SPPA

DATA

@ELT, IL SPP.DATAIO

@ADD,? 10.

@FIN

@@

Table C-~1:

Assign program file for ISPP
Assign temperory file for unit 10 (i.e. ISAVE)

Execute absolute element SPPA in program file SPP.

Create element DATA10 in program
file SPP. (or any other file) with data writter

on unit 10 (i.e. ISAVE) during program execution

UNIVAC 1108 Control Cards for Sample Case 1}
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TITLE sDool
SPP

SSPPi

ODE=0,*TD2P=1,¢TBL=04¢

INLET=0 RWTU=2,16¢ THETAI=304+

IWALL=4 s RWTD=1.35¢ THETA=3048¢THE=12+5+
RS(2)=7e315¢11,214,15,942420,167+24,726128,137¢31,945,
2S(2)=7.490¢15.,602427:366440,2964560713¢70,452487,02+¢

NWS=84RZNORM=3,881,
RS1=3,381,
SEND

$TD2
TG0=6345,6MG0=. 6342~ 4CAPN=,67756,CPL=11288,.,

TPM=4167,EPM=6.3752+UGM=7951, +DHM=1.25¢7+PR=, 4617,

CPSOL=R149,7
WPWET=e 457620
DL=el+0R=e1eTHIW=1,

NILP=40,

NPG=E o WPUT=e01¢0020¢0490C80e¢151¢700
PC=8000,

DHIT=,005.

DCR:. 01,

SEND

SERIDIN

TIME=Ye,

ISave=10,

SEND

Table C~2: Input Data for Sample Case 1
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be called by setting ODE equal to 2 and reading in the property data from a
file created during a previous ODE run. For details on using the ODE = 1 and
ODE = 2 options, the user is referred to Reference C-l.

The $TD2 namelist in Table C-2 also includes the recommended values
for the control parameters DL, DR, NILP, DHIT, and DCR, and the recommended
particle mass fractions to be used for calculating the particle size
distribution. The ATA tramsonic solution for conical inlets was used for this
case, However, if the FCT transonic solution was desired, additional input

would be included in the $TD2 namelist (see Reference C-1).

In this case, most of the default values for the erosion model input
parameters were used, and thus only the erosion time period and the ISAVE unit
number for serving the calculated particle conditions at impact are input in
the namelist S$ERODIN.

Selected portions of the output for Case 1 are presented in Table

C-3. The first 21 pages of this table show the standard ISPP output, including
the input from the SPP namelist, the gas and particle properties, the
calculated nozzle contour, the calculated particle size-vs-mass distributiom,
the MOC start line detcrmined from the ATA transonic solution, and some of the
MOC supersonic two-phase flow solution. Page 57 show: the output where the
first particle impact is detected for Particle Group 1 with 2 1.278 micron
diameter, and the resulting erosion calculated with the empirical erosion 2
model. The following page shows the erosion output for the same particle size
at & subsequent wall point. The results for the first impact point for
Particle Group 2 (1.782 micron diameter) are then shown on the following page
(page 59). The calculated erosion at this point is based on the mass-averaged
properties of the combined particle Groups 1 and 2. On subsequent pages, the
appearance of the words 'PARTICLE IMPACT, WALL (R,Z) = ....,' indicates the

initial impact point for a different particle size group.

=
=
=l

=

)

The nozzle flow solution for Case 1 is concluded on page 77, followed
by a PARTICLE IMPINGEMENT SUMMARY that shows the net mass flow and thrust
decrements associated with each particle size group that imp.-ted the wall
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within the nozzle. The calculated erosion depths from the empirical model are
then summarized as a function of the nondimensional axial distance from the

throat, let'

The input data for the debris layer erosion model then follows on
page 79. The table of impacting particle conditions versus length was stored
internally and also written on unit 10, corresponding to the ISAVF value in the
SERODIN namelist. The debris layer results are shown on pzsge 80, the last page
of Table C-3. 1In this case, the density of the particles in the calculated
debris layer was large enough to protect the nozzle wall downstream of the
second print location, resulting in the calculation being terminated when a
zero (actually less than 0.01 mil/src) crosion rate was calculated for 100
consecutive steps. Termination for more or less consecutive steps can be
controlled by inputting the desired maximum number of steps as IEMAX in the

$ERODIN namelist.

The last portion of the Case 1 output is a summary of erosion depths
calculated with the debris layer model as a function of Z/Rt. Comparing this
table with the corresponding table containing the empirical erosion model
results on page 78, it can be seen that the debris layer model apparently
overpredicts the shielding effect for this case, since the calculated erosion

is much less than the empirical model results, which correlate w:l! with data.
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5.2 CASE 2: PIEROS WITH DATA FROM ISPP

The second sample used illustrates the use of the PIEROS stand-alone
erosion code usirg the particle conditions saved on uuit 10 during the
execution of Case 1. This option is useful if the run time of the ISPP rum is
to be minimized by not including the debris lever erosion model calculations in
the same run. Also, input parameters for the empirical eros n model and/or
the debris layer model can be changed without re-running the ISPP nozzle flcw
solution. As an example, the erosion characteristics of different candidate
nozzle wall materials could be evaluated by changing the target material
properties in subsequent PIEROS runs using the same input impacting particle

conditioas.

The UNIVAC 1108 control cards for Case 2 are listea ‘u Table C-4.
Here the conversionm of the saved particle ccnditions from an element in a users
file to the unit to %= read (specified by IREAD in the $DATAIN namelist) is
accomplished with the GDATA and EADD control cards.

The input for Case 2 is shown in Table C-5 to be very simple,
consisting only of the IREAD description in the $DATAIN namelist, and the
ercsion time period in $ERODIN. Again, as in Case 1, the default values for
most of the erosion model input are being utilized. However, in subsequent
runs, these default values could be overwritten by including new values in the

namelists.

The Case 2 ouvtput is presented in Table C-6, covering pages 84 to 93.
The first three pages show the particle conditions saved from Case 1 (and
described in Section 3. ). On page 87, the erosion calculated with the
empirical erosion model is given for each input point using the same output
format as Case 1, where the erosion results are printed within the nozzle flow
solution. The summary of the erosion depths from the empirical model and the
debris layer erosion model results follow in the same order and format as Case
1.
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@ASG,AX P1E. Assign program file for PIEROS stand-alcne :cde
@ASG,AX SPP. Assign program file containing data saved from

previous ISPP run.

Is
E
3
:.',v
E:
g
3
3
g
b
4
&
5
I
2
\

@ASG,T 10. Assign temporary file for unit 16 (i.e. IREAD)

@DATA, IL 10. Assign previously saved data file as

@ADD,PD  SPP.DATA10 Unit 10 (i.e. IREAD)

@XQT PIE.PIEROS Execute absolute element PIFRCS in program
file PIE.

DATA

PR TS TR P N T RS TR PN W, I N Py RL - 4R S

e i

vt

@FIN

@@ Remote job entry end of file

R AW R

Tuckbe VLA R, 1 K

oMt kA ek ks

S IR

L]

b a0 2

oy,

Table C-4: UNIVAC 1108 Control Cards for Sample Case 2

BIRAN G M Py s
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Sp001 TEST CASE
SDATAIN
IREAD=10,

SEND;

SERJDIN
TIMI=le

SEND

Ta.le C-5: Input Data for Sample Case 2
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5.3 CASE 3: PIEROS STAND-ALONE CODE

Case 3 shows that the empirical and debris layer models can be used
completely independently of the ISPP, If the impacting particle fiow
conditions are known from another source, or if sensitivity studies are being
conducted to determine the effect of a particular particle flow condition on
erosior, the conditions may be input directly to the PIEROS stand-alone code
within the $DATAIN namelist.

The UNIVAC 1108 control cards and the input for Case 3 are shown in
Tables C-7 and C-8, respectively. Notice in Table C-8 that if an axisl
distribution of impacting particle conditions is to be input, an additional
$DATAIN namelist is required for each impact point. HRowever, the $ERODIN
namelist is required only once, following the first $DATAIN.

The output format for Case 3 is shown in Table C-9 to have the same
: sequence and format as the Case 2 output in Table C-6.
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@ASG,AX PIE.

3XQr PIE.PIEROS

DATA

@FIN

@@

Table C-7:

Assign program file for PIEROS

Stand-alone erosion code
Execute absolute element PIEROS

in program file PIE.

Remote job entry end of file.

UNIVAC 1108 Control Cards for Sample Case 3.
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S0o01 VEST CASE

SDATAIN.
RT=3,881,ZWMAX=22,422,SMP=247,7¢HPS=1,+¢

ZN=9,83Z4UG=974T7,+¢V6=22986, +RH5=,00318

JMAX=1¢UP=96384 o VP=3045¢ \RHP=1,611E=51HP=0,40P=14277 :

SEND E

SERODIN E

CO=5, RHOTAR=1204 ¢ Y=20004 1 ST=22000 s XPRINT=2, ¢ TIME=%, +KMDO.. .. 2 ¢ 5

MAXY=4000 ﬁ

ERMIN=1,4 g

ISAVE=10, 3

SEND! e

SOATAIN p
ZW=106994UGZ9B594 4 V6=2923, yRHG=400131 ¢ 3
JHAX-a'UP“97JG.v9702o'v9=2917.0‘994.'RHP-1.433E-5g2.776€-5. 3
P=2%00¢¢0P=2e27T01,752,¢ g

ssno 3

SDATAIN 3
ZW=11.4864UGZ9964, V6528634 ¢RHG=¢ 002594 3
UMAX=3¢UP=9856409008. 0979060 VP=2914,2293% 12958 ¢+ g

RHP=1 o 282E~5¢2,535E=5¢5¢035E~5,0P=1427741,782,24314 g

HP=04404404s , 3

: SEND 5
; SDATAIN b
' ' ZW=12.653,U6=10092, +V6=2785, ( RHG=,00227 E
JMAXZGVUP=2984,0993609988101979%4 ¢ VP=2836, 42857+ ¢2878442905, ¢ 3

RHP=16115E~512,200E=5¢8:333E=5¢8,67T7E~S+HP=420,4
: OP=1,27T742,782¢2,314¢3,024,
‘ SERND

f SDATAIN
ZW=1%,964% 4UB=102964 1 V62639, ¢ RH5=4 60181+

VMAX2S5vUP=1018%¢10139,+30085,91000%.+3852,
VP=2703,.¢2725,42705¢02771, 42808, ¢iiP=5200 v
RHP=8,703E=611,709E=5¢3,351€=8¢50.606E-5+¢1,278E~¥¢
DP=14277¢2.782¢2314:¢3,02444,088,

SEND

- et b o ue o

.- s e m—

Table C-8: Input Data for Sample Case 3
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fable C-9: Output for Sample Case 3
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