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ABSTRACT

This work describes the effects of erosion on the heat transfer characteristics on thrust vector
control vanes exposed to aluminized propellant exhaust flows. This was accomplished using an
inverse heat transfer parameter identification of quarter scale models. The model is based on a four
node lumped parameter system with two heat energy inputs. The erosion is modeled as decreasing
the geometric dimensions linearly as a function of time and the percentage of aluminum in the
propellant. Excellent agreement was found between experimental and model temperature profiles.

The heat transfer coefficients of the vanes were found to decrease with increasing erosion rates.

Accesion For

NTIS CRAG&I é}f
DTIC TAB

Unannounced 0
Justification |

[T EETE TTICIY LTI

BY s
Distribution |

Availability Codes

Avail and | or
Dist Special

4L l 1

i




I.

II.

TABLE OF CONTENTS

INTRODUCTION . . . . . .

THEORY . . . . . - . . L3 . . . - . . . .

A. BACKGOUND . . .
1. Physical Description
2. Basic Modeling . . .

3, Lumped Parameter . . . . « « o+ .

4. PSI ProCeS8 . « « « « o &+ o s o »

B. PREVIOUS MODELS . . . . . . + « ¢« .

C. THREE NODE FULL SCALE MODEL . . . .

~ III. ABLATION EFFECTS . . . . . . . . ..

"IV,

A. ABLATION MODELING . . . . . . . .

B. FOUR NODE QUARTER SCALE MODEL . .

Y

€.  CONVERGING QUARTER SCALE MODEL WITH ABLATION

1. Case 1: 0% Al in Propellant . .
2. Case 2: 9% Al in Propellant . .

3. Case 3: 18% Al in Propellant .

D. Erosion Front Modeling . . . . . .

DISCUSSION OF RESULTS . . . . . . . .

*

©® 9 v e s s

15
15

19
19
20
23

23

24

26

29

35




LIST OF TABLES

Table I Geometric Data For Full Scale Vanes

18




Figure

Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

Figure

Figure
Pigure

'Figure

LIST OF FIGURES

1 Thrust Vector Control System Schematic

2 Vane and Motor Assembly for Experimental
Tests .

3 Thermocouple Placement for Full and Quarter
Scale . . . . . . . .

4 Thermal Energy Node Model . . . . . .

5 Jet Vane as a Lumped Parameter Model

(Actual Design Indicated by Dotted Lines)

6 Three Node Jet Vane Model . . . . . . . . . .
7 Simulated and Experimental Node Temperatures
8 Parker Five Node Full Scale Model . . . . . .
9 Temperature-time Histories for Three and Five
Node Fuli Scale Models . . . . . . . v . . .
10 Vane Erosion Profiles . . . . . . . . . . . .
11 Bffect of Erosion on A Matrix Coefficients in

the 9% Al and 18% AL Cases . . « « « + + « &

12 Case 1: Bxperimental and Model Temperatures Vs.
Time L3 3 L] - L] » . . - ¢ . . é » 3 . [ *

13 Case 2: Experimental and Model Temperatures Vs.

'rime L ] L] 070 [ ] - * » [ ] . . - » - - - [ ] L)
14 Convective Heat Transfer Coefficients Plotted

- va- Time FOr Caﬂe 2. - . - - L) . - . . . L]

vi

10
14
16

18
20

21

24

26




Figure 15 Case 3: Experimental and Model Temperatures Vs.

Time . L] . . . . . - . . . . . -

Figure 16 Convective Heat Transfer Coefficients Plotted

Vs. Time For Case 3. . . . . .

3 . . . - . .

Figure 17 Erosion Rate and Total Length Eroded for the 9%

CaB@ . & ¢« &+ ¢ o s 4 4 e e . e

. . . - . .

Figure 18 Erosion Rate and Total Length Ercded for the 18%

Caee . L] . . - ’ L] . . - - . .

L] L3 . . - 3

Figure 19 Temperature Proiiles Between Nodes One and Two

For the 9% Case . . . . . . . .

. . . . . -

' Figure 20 Temperature Profiles Between Nodes One and Two
for the 18% Case . v v ¢ v i e e e e e e s

27

28

1

31

3

34




- I. INTRODUCTION

This thesis is a continuation of work done by the Naval

Air Warfare Center Weapons Division (NAWCWPNS) and thesis work

at the Naval Pogtgraduate School (NPS) to provide a better

understanding of the heat transfer characteristics of jet

vanes used for thrust vector control (TVC) of vertical launch

migssiles. Thia is accomplished using an inverse heat transfer

- parameter identification of quarter scale replicas which can
be used to find full scale results. |

' Thrust vector coantrol is a process by which jet vanes are.

| " ,r‘meréed' into the exhaust plume of a miesile to control the

‘ .. flight path p:.‘_ior, to ‘t:!_m missile cobtaining the required

| velocityf.!!or the external control surfaces to take effect.

B " [Ref. 1] A schematic for the TVC system is shown in Figure 1.
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_ ugu'rq 1 Thrust Vector Control Systéjm Schematic




Due to tha harsh thermal environment that the vanes are
exposed to, a better understanding of the heat transfer
processes which take place will help in the improved design of
jet vanes. This will lead to longer operation and the ability
to use propellants that burn hotter and use a higher
percentage of aluminum for greater momentum flux and better
performance. (Ref. 2:p. 1]

There are five basic steps in determining the heat
transfer characteristics of the vane:

1. Develbp a mathematical model of the heat transfer
processes which take place in the vane. It is e¢«pressed in
. terms of a number of phliysical é:onst;ant:s. some of which are
known, some of which are to be determined. (Ref. 3:p. 1) '

2. Gacher experimental data in the form of temperature-
 time data ac_aeiécted locations on the vane, |
N »3. Compare the 'pre,dict:e_cl and experimental temperature-time
data. B -
| 4. Use the differences between the simulated and actual
~temperatures to drive a gystematic adjust:ment of unknown model
parameters in an optimization routine. The process is
repeated until the experimental and theoretical data
differences are minimized in a least-squares sense.
(Ref. 3:p. 2] '
A S.- Calculate the heat transfer parameters of the system
using the physical parameters of the model which give the best
estimate of the actual behavior.

2




Previous work has concentrated on using parametric system
identification to validate the use of full and quarter scale
models to predict the heat transfer characteristics for full
scale vanes in a non-erosive environment. The research in
this report extends the quarter scale model to an erosive

environment.

)




- II. THEORY

A. BACKGOUND
1. Physical Description

The main pieces of equipment used in the experimental
tests are the rocket motor and the jet vanes. The rocket
motor is set up to érovide a constant thrust-time profile.
The propellants used in the motor are aluminized hydroxyl-
texminated polybutadiene (HTPB) with either 0%, 9%, or 18% 21
by weight. The jet vanes areAmAde from pressed and sintered
tungstan powder that is infiltrated by 10% copper by weight..
V'rhe:e are four vanes for each motor. The éz:pe:imental setup

is shown in Figure 2. [Ret. 2:p. 1,2)

-

Figure 2 Vauc and Motor Assembly for Experimental Tests




B The experimental tests are conducted as either full or
quarter scale. The quarter scale tests have several
advantages. Most important is the cost savings over a full
scale test. The reduced size of the motor, vane and test
equipment account for much of the savings. [Ref. 4:p. 15,16]
The biggest disadvantage of the quarter scale vane comes in

the placement of the thermocouples. Whereas in the full scale

vane the thermocouples can be placed inside the vane, for the

l-{xfghre 3 Thermocouple Flacement for Fuli and-Quartéx'Scale

quarter scale vane the thermocouples must be placed on the
vane shaft. The thermocouple placement is contrasted in

Figure 3.

\
\

SN

3.. Balic Modeling

In order to predict the thezmal response of the jet

‘\:ff_ vane, ‘a simple model had to be developed The model had to




© ¥igure ¢ Thersal Energy Node bodel

consider the ph&sical characteristics of the vane and the heat
transfer processes that Qere taking place.

The physical quantities can be broken into two
categories: material and geometric.. The material properties
considered were the vane density, thermal conductivity, and
specific heat. The geometric properties considered were the
conductive lengths, cross sectional and surface areas and
volume. |
The heat transfer | procesges considered were

convection at the-surface of the vane agd conduction of heat

through the vane.

Ro. | |

Sullcpuanin,

n

" Hest t:ranate: in the vana is modeled by applying the

o

4 law oz conservatian of energy Bnergy balance equations can

* be deri,v&d usi.ag a mdel consisting of themal resiat:ances and




capacitances driven by the temperature difference between the

nodes. The energy balance for Figure 4 is,

SO S s S W 1 (1)
' R, CR, CR, CR,

where T,>Ty>T,. The convective resistance is found by,

-
RE7a (2)

L]

" ‘where h is the convective heat transfer coefficient and A, is

the surface area. The conductive resistance is found by,

o S
R 7 | - (3)

where L is the conductive length, k is the thermal
conductivity and A, is the cross sectional area. The thermal

capacitance is given by,

CepVC, (4)

* where p is the material density, V is the volume and C, is the
. material specific heat,
3. . Zumped Paramster
‘The nodes of the basic model lend itself to dividing
the vane into different sections, or lumps. For the full




scale model, the vane was geometrically divided into three
separate sections: the tip, fin and shaft. A node is lozated
at the center of each section. The sections are defined as
shown in Figure 5. For the quarter scale model, a fourth node
was added at the mount to account for the different
thermocouple placement.
4. PSI Process

A sinple model was needed that could easily be changed
for different materials, geometries and exhaust conditions.
This lead to parametric system identification (PSI). PSI is
a computer bagsed procedure where the parameters of a model are
 changed until a best fit approximation in a least squares
sense to exneramental data is obtained. [(Ref. S:p. 6)

Parameter icentification has several advantages over
ﬁhe other modeling choice, computaticnal £luid dynamics (CFD).
Creating a mathmatical model of the vane using CFD is almost
impoasiblerdue‘t:o the cumplexity of the exhaust flow. The jet
vane must operai:e :.Ln'a high temperature, three-dimensional,
turbulent.-compressible supersonic flow [Ref, S5:p. 3,4] PSI
ignores. these couplexities énc'i focuses on the end result.
This makes P8I :16!: only simpler, but the infernation that
comes out of the PSI model can easily .. used in irproving the
~ desigu.’ ~ PSI also handles nonliner: conditions such as
ablatiou. [Re'f{  6:'_ p,.lzl )




e conssen """ : .
Q--.---.._ I
\———
1
SCaLE
{ INCHES)
[ TP
!
: 3
I (3
H '
' \ ;
: FIN ]
H H .
1] \ »
: ) ’
. 3 H
=. S :
‘e []
=] i
] H
: ;
{ SHAFT |
[ p
H
[3
[)
]
H
L J¥¥ TW& 3 W'-t_ Peyepappryer -vane ws
MOUNT

Pigure 5 Jet Vane as a Lumped Parameter Model
‘(Actual Design Indicated by Dotted Lines)

The simple three node model shown in Figure 6 can
serve as baseline for other models. The model is driven by
two heat sources, represented by temperatures T, and T,, which

-,'ax‘e the stagnation and free stream recovery temperatures,

' respectively. The temperature T, heats the vane through

~convective heat transfer at node one through the thermal
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Pigure 6 Three Node Jet Vane Model

registance R,, and stores the energy as a thermal capacitance
in ¢,. The same process occurs at node two with recovery
temperature T,,, thermal resistance Ry, and thermal capacitance
C,. Node three stores energy in thermal capacitance C, and is
connected to ground through thermal resistance R,. All nodes
are coupled by qonduct:ive resigtances. [(Ref. 6:p. 4] Applying
the law.of congervation lof energy to the system leads to the

following equations:

10




Tl Tl Tz TRI

T =- - + + (5)
! CIRFI CIRIZ C1R12 ClRFl
T = Tl - TZ - TZ - T2 + T3 + TRZ (6)
: CZRJ.Z CZRFZ CZRIZ C2R23 C'ZRZB CZRFZ
, T. T. T,
t.= 2 _ 3 3 (1)
3 C3R23 C3R23 CBRBG
letting,
1 1
a,,= 8yy T e (8)
t C1R12 2 Csz
1 1
@, 5 a,, = (9)
2 C2R23 32 C3R23
1 1
44" bz (10)
e CBR3G 1 CIRPI
1
ba= 72 (11)
Combining coefficients at the same temperatures gives,
@yy2ay,+by, (12)
83558y *an+h;, (13)
dyy"dy; *dyg (14)
Rewriting the equations,
Ty=-a,, T, +a,, T, +b,, Tp, (15)

1l




Ty=ay, Tp~5, Ty * @53 T+ D3y Tz (16)

Ty=ay,Tp-ay, Ty (17

Rewriting into state-space form, T = AT + Bu, or

T,

o o-ay ay O . b, 0 0 Tr

T, = @, =83 8y T, + 0 bp 0 T (18)
T, 0 d; "4y T, 0 00

The energy balance equations are a set of linear, ordinary
differential equations which can be readily solved on a
computer. This was done in a Fortran program using an IMSL
subroutine called DIVPRK. DIVPRK solves a double précision
initial value problem for ordinary differential equations
using £ifth-order and sixth-order Runge-Kutta-Verner methods.
DIVPRK requires a user supplied subroutine called FCN which
- defines the set of equations to be solved.

The main program containing DIVPRK and FCN is called
"SIM.FOR, and simulates the temperatures of the three node
model. The model is driven by an input vector u which is the
product of the recovery temperatures T,, and T, and a step
function simulating the thrust. Physical and geometric data
was used to calculate the internal thermal conductive
resistances and capacitances which lead to coefficients in the

A matrix. = Since the inputs at nodes one and two from

12




convection and node three from ground are unknown, values for
these resulting coefficients must be guessed. The output of
the program is temperature-time data which is written to a
data file called TEMP.MAT. This data can then be read into
MATLAB and plotted. The purpose is to try to match calculated
temperatures with known experimental temperature data at node
two and validate the numerical approach. The results are
shown in Figure 7. Although the node two temperatures are
close, they are not identical. By extending the program to
include an optimizer that could adjust the unknown A and B
coefficients, a closer approximation could be found.

This was done in a Fortran program called NODE3.FOR.
It is in this parameter identification, or PID, program that
the differential equations are set up and solved. First,
physical and geometric data is read in from a data file called
INPUT.DAT. This information is used to calculate the internal
thermal conductive resistances and capactitances which lead to
coefficients in the A matrix. Since the inputs at nodes one
and two from convection and node three from ground are
unknown, the resulting unknown coefficients from the A and B
matrices are sent to the optimizer as variables to be found.
. The optimizer used is an IMSL routine called DBCLSF which uses
a modified Levenberg-Marquardt method and an active set
strategy to minimize an error in a least-squares sense subject
to simple constraints placed on the variables by the user.

DBCLSF calls a user written subroutine called TEMP that

13




900t - s e o s e o B -‘;," i
THREENODEMODEL = T2 .

800 - .

700

800

300

400

300

TEMPERATURE (degrees K)

200

Pigure 7 Simulated and Experimental Node Temperatures

‘.ca.lculates the temperature-time history using the current
~ parameters supplied by DBCLSF called from the PID program. It
. does this through DIVPRK and FCN. Once the temperature-time
history is calculated, an error function is returned to DBCLSF
‘based on the differences between predicted and experimental
temperature-time histories. The optimizer then adjusts the

1q




unknown parameters and the process repeats until certain

convergence criteria is met.

B. PREVIOUS MODELS

Work on the jet vane thermal model began at the Naval
Postgraduate School (NPS) by Nunn and Kelleher [Ref. 7] in
1986. Further development of the model was continued by Nunn
[(Ref. S] and Hatzenbuehler. [Ref. 8] Hatzenbuehler was able
to create a four node quarter scale model using PSI procedures
and a computer software package called Matrix X. Reno [Ref.
1] followed Hatzenbuehler and refined the four nocde model and
attempted to compare the qudrter scale results to full scale
vanes, but was unsuccessful. More recent work has been done
by Parker (Ref. 4]. He obtained good results using a full
gcale model of the jet vane. He also looked more closely at
‘the scaling of the models and the applicability of quarter
- geale resulte to full scale vanes. He also found that
existing quarter scale models did not provide an accurate
picture of the heat transfer processes in the full scale

- vanes.

'C., THREE NODE FULL SCALE MODEL
Parker’s five nqde full scale model was reduced to a three
" node full scale model to investigate whether the three f£in

nodes could be reduced to one node and obtain the same

15




results. Parker’s five node full scale model is shown in

-

Figure 8.
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‘Pigure 8 Parker Five Node Full Scale Model

The three ncde model was driven using the geometric data
given in Table 1 é.nd the following material data: p « 18310
kg/o’, k = 173 W/mK, and C, = 146 J/kgk. The recovery
temperatures used to drive the system were T, = 2670 K and T,
w 2570 K. [Ref. 6:p. 7,8] These temparatures were contained
in the input vector u, whose values were the product of the

_r;ecover'y temperature and a step function simulating the thrust
function.:

16




Table I GEOMETRIC DATA FOR FULL SCALE VANES

The program found the values for b, = 1.0029 and b, =
0.0809. This corresponds to the convection heat transfer
coefficients of 16,025 W/m’K and 1003 W/m'’K at the tip and fin
respectively. The ground resistance was found to be 0.0001.
These values were found to be reasonably close to those from
Parker’s five node mcdel. He found b, = 1.3787, b, = 0.0862, .
and the ground resistance to be 0.0001, while the convection
heat transfer coefficients were 22027.5 W/m'K and 1057 W/m'k at
. the tip and fin respectively. (Ref. 4:p. 63] The temperature-
time histories for both models are shown in Figure 9.

17




SIMULATION FOR THREE NODE FULL SCALE MODEL
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Figurs 9 Temperature-time Histories for Three and Five Node
Full Scale Models




II1. ABLATION EFPECTS

A. ABLATION MODELING -

There was erosion in the quarter scale vanes exposed to
aluminized propellant exhaust flows. For the 0% aluminized
case, only 1% of the vane’s mass was lost. But for the 9% and
18% aluminized cases, the loss became much more substantial.
For the 9% case, 8% of the vane’s mass was lost. For the 18%
aluminized case, 50% of the Qane's mass was lost. Vane mass
loss was found to be nonlinear with the percentage of Al in
the propellant. The relationship using an exponential

function by an empirical fit was found to be

Smacs loss=1l: 0426‘0'21173)(“1) (lg)

Vane erosion profiles for the three cases are shown in Figure
10, [Ref. 2:p. 6,7] At least part of this erosion was likely
caused by ablation. Ablation is due to the melting of the
surface of the vane [Ref. 9:p. 122]. .

A short FORTEAN program, COBF‘FOR; was written to see how
the known A matrix coefficients were affected by the mass
loss. The geometric dimensions of length, area, and volume
were modeled as decreasing linearly as a function of time and
percent mass loss. The results for the 9% Al and 18% Al cases

are shown in Figure 11.

13
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Pigure 1 Vane Erosion Profiles

Several trends in Figqure 11 are worth noting. 'rhe'
dominent coefficient in both cases is a,. This is expacted

since

an‘-a-;R-:; ) {20)

and C, is small due to the small volume at the tip of the
vane. Also note that the coefficients are nonlinear over time

and the nonlinearity increases with increased masgs loss.

B. FOUR NODE QUARTER SCALE MODEL

The erosion present in the quarter scale vanes when the
aldmini;ed propellant was used needed to be inveetigat:éd, A
four node quarter scale model had already been derived by

20
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5Rého. IReff 1] Application of the law of conservation of

energy led to the following equations:

Ty==ay, Ty +a,Ty+byy Ty (21)
Ty=a Ty =5, Ty + @3 Ty +byp Ty (22)
Ty=a,, T, =8y, T3+, T, (23)
Ty=a4,T3=a T (24)

These equations needed to be modified though, since they
did not include the effects of erosion. Erosion of the vane
caused the geometric dimensions of the vane to change, while
the material properties of density, thermal conductivity and
specific heat remained constant. The program COEF.FOR modeled
the changing geometric dimensions with time. All that was
needed was to attach COEF.FOR to the main PID program as a
subprogram.

The other aspect of interest in the cases with aluminized
propellant was whether the convective heat transfer
coefficients were time varient. Once the values of b, and b,
are found in the PID program, the program COEF.FOR can be
modified so that the heat transfer coefficients can be

calculated at every time step since

ol __ —
e Rp1Ase he Rpzse (28)

22




1 1
' Rpg=— (26)
by, Cy " byG,

R, =

and C, GC,, A,, and A, ar? all time dependant.

- Ce CONVERGING QUARTER SCALE MODEL WITH ABLATION
1. Case 1l: 0% Al in Propellant

For case 1, data was taken for three seconds before
thrust began to tailoff. This allowed for 61 temperature-tinme
data points to be taken, or 20 per second. The data points on
the vane corresponded to nodes three and four of the model.
This data was read into the PID program NODE40.FOR along with
the geometric data and the recovery temperatures. In the
subroutine FCN, a delay of 0.3 seconds was used to account for
the time before the thrust reached its steady state value.
The results obtained were excellent; the square root of the
sum of the squares of the difference between experimental and
model temperatures at nodes three and four was only 1.19
degrees Kelvin. A plot of the experimental and model
temperatures is shown in Figure 12.

The values obtained for the unknown variables were
au~0.5376, ay=0.1528, a,=-0.1651, b;=7.6511, and b,=0.0722,.
These variables led to resistance values of Ry=l,2221,
Rp=6.4795, and Ry=-1.8206. The negative value obtained for Ry
indicates heating of the vane from ground. The convection

heat transfer coefficients were calculated to be 30405.43
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300 T T r

250k~ et s e L EXP, CAL
: : 5 : T3 |

200k - . - ; - / . : §

180

100

TEMPERATURE (degrees K)

50+

TIME (sec)

Pigure 12 Case 1: Experimental and Model Temperatures Vs.
Time

W/m’K and 222.43 W/n'K at the tip and fin respectively.
2. Case 2: 9% Al in Propellant

The same procedure was done for case 2. Temperature-
time data was only taken for two seconds before thrust
tailoff. A_{de;lay of 0.7 seconds was used to account for the
time before the thrust reached its steady state value. Again,
the reaulté-were excellent: the sum of the squares difference
was only 0;{;13 degrees Kelvin., A plot of the experimental and
model tampé:aﬁﬁ'r.'ea is shown in Figure 13.

.Thei —vglues obtained for the unknown variables were
ay=-0.2000,  agw3.5088, a,e100.00, by=3.4427, and b,=0.0837.
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- . CASE 2: 9% Al in Exhaust
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The variables lead to resistance values of R,=2,9135,
Rp=5.9930, and Rg=-0.1989. Again, the negative resistance of
Re indicates heating of the vane from ground. The convection
heat transfer coefficients were calculated to be 13354.40 and
251.80 at the tip and fin respectively.

The values for b, and b, found from NODE49.FOR were
added to the geometric and material data in COEF.FOR in order
to calculate the convective heat transfer coefficients at
every time step. The heat transfer coefficient at the tip
decreaséd from an initial value of 13742.78 to the final value
of 13354.40. The heat transfer coefficient for the £in

decreased from an initial value of 259.17 to the final value
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of 251.80. In both cases, there was only a three percent

decrease. The coefficients are plotted versus time in I'igure
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Figure 14 Convective Heat Transfer Coefficients Plotted Vs.
Time For Case 2.

3. Case 3: 18% Al in Propellant
The same procedure was done for case 3. Temperature-
time data was only taken for 1.6 seconds before the severity
of the erosion caused direct plume impingment to the vane
ghaft. _[Ref. 2,p.9] A delay of 0.1 seconds was used to
account.for the time before the thrust reached its steady

gtate value. Again the results were excellent: the sum of
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the squares difference was only 1.52 degrees Kelvin. A plot
of the experimental and model temperatures is shown in Figure

15.
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Figure 15 Case 3: Experimental and Model Temperatures Vs.
Time

The values obtained for the unknown variables were
2,=-0.2000, a,=5.9382, a,=100.00, b,=1.6236, and b,=0.0500.
The variables lead to resistance values of Ry=11.7085,
Rp=19.0253, and R,=-0.6380. Again, the negative resistance of
Ros indicating heating from ground. The values of the
convection heat transfer coefficients were calculated to be
4786.95 W/m‘x and 114.26 W/m’x at the tip and f£in respectively.

The values for b, and b, found from NODE418.FOR were
added to the geometric and material data in COEF.FOR to again
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find the convective heat transfer coefficients at every time

step. At the tip, the heat transfer coefficient decreased
from an initial value of 6451.38 to the final value of
4786.95. The heat transfer coefficient for the fin also
decreased,.from an initial value of 154.11 to the final value
of 114.26. There was a 26% decrease at both the tip and fin,
with the tip showing nonlinearities. The coefficients are

plotted in Figure 16.
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Pigure 16 Convective Heat Transfer Coefficients Plotted Vs.
Time For Case 3.

28




D. Erosion Front Modeling

An energy balance equation can be written between the
leading edge erosion heat flux, q/A,, and the heat required to
maintain the vane leading edge ablation rate, or

L =5,0,U.Cp_(Tay=Tyy) =Sp P [1+ s

A, ] (27)

where S; is the Stanton number, T,y is the leading edge
recovery temperature, Ty is the vane leading edge temperature,
Ty 18 the melting temperature of the vane material, F is the
heat of fusion for tungsten, and C is the heat capacity of

tungsten. Also note that

SePuUuCp =Hp5 (28)

where H;, the leading edge convection heat transfer
coefficient, is found by a parameter identification program
like one of those previously described. [Ref. 10:p. 2,3]

A theoretical erosion rate can be found by manipulating

equations (27) and (28)

puaFl1+ ICTH )

G Hy.g { Tan=Tw)
(29)

Tw can be estimated by running a four node simulation model

and using the node one temperatures at each time step.
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Equation (27) is based upon ablation of the vane, which
requires that Ty>Ty. Therefore the erosion rate was set equal
to zero until T, reaches Ty. The melting temperature for the
vane, which is a 90% tungsten-10% copper alloy by weight, is
3513K. This temperature is higher than T, for both the 9% and
18% cases, and therefore theoretically the vane should not
erode. Since the vane does erode, Ty for the vane was taken
as the melting temperature of copper, 1358K. This seemed
reasonable since the melting point of copper is lower than
that of tungsten.

Once the erosion rate is found, it can then be integrated
over the time of the firing to find a theoretical length of
the vane eroded, This was done in both the 9% and 18% cases
and is shown in Figures 17 and 18. The length of the vane
eroded using this method is estimated as 1.1 cm for the 9%
case and 2.3 cm for the 18% case Although the 1.1 cm found
for the 9% case 1s high compared to the 0.4 cm found
experimentally, the 2.3 cm found for the 18% case is very
close to the 2.5 cm found experimentally.

Equation (29) can also be used to try and validate the use
of the melting temperature of copper for T,. This was done by
plotting the wvane temperatures found in the simulation
programs as a function of the length between nodes one and
two, then using the known total length eroded from the
experiment to find the apparent melting temperature. The
plots for the 9% and 18% cases are shown in Figures 19 and 20.
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The melting temperature found for the 9% case was 1732K while
the m;lting temperature found for the 18% case was 1580K.
Although both of these are higher than the melting temperature
of copper, they are fairly close. The reason for the melting
temperature of the vane being higher than predicted is due to

the presence of tungsten which uas a melting temperature of

3683K.
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Pigure 19 Temperature Profiles Between Nodes One and Two For
the 9% Case ,
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IV. DISCUSSION OF RESULTS

The full scale three node model attempted to show that the
three fin nodes of the Parker five node full scale model could
be reduced toc one node. This was done, obtaining similar
results for the convection heat transfer coefficients at the
tip and fin. This validated the use of only one fin node in
Reno’s four node quarter scale model.

The erosion effects of aluminized propellent on the
quarter scale vanes had to be investigated. There were three
postulates considered of how the heat transfer coefficients
changed:

(1) the heat transfer coefficients were independent of
erosion rate and time,

(2) the heat transfer coefficients were dependent upon
erosion rate, 'but: given a fixed erosion rate, were time
independent, and |

(3) :he heat transfer coefficients were dependent upon

 erosion rate and were time varienmt.

The first postulate was investigated by A. Danielson in
[Ref. 2]. He found that as the percentage of aluminum in the
 exhaust and.the'ercﬁion rate increased, nonlinear factors
'began to have a larger impact and show the limitations of the
linear model [Ref. 2:p. 9].
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' To investigate the remaining two postulates, a model for
the erosion of the vanes had to be developed. The erosion of
the vanes was modeled as a linear decrease of the geometric
dimensions as a function of time and mass loss percentage.
This was done in the subprogram COEF.

For the second and third postulates, the coefficients in
the PID subprogram COEF were set to the appropriate values for
cases two and three, thereby allowing the geometric dimensions
to vary. This led to excellent results which remained fairly
constant even ag the percentage of aluminum in the propeliant
increased. The sum of the squares error was only 1.19 for the
0% Al case, 0.73 for the 9% Al case, and 1.52 for the 18% Al
case. This seemed to link the erosion rate to the heat
transfer coefficients.

To determine whether the heat transfer coefficients were
time dependent, the program COEF.FOR was modified to calculate
the heat transfer coefficients as a function of time.
‘Although the heat transfer coefficients remained fairly
constant at the f£in, they decreased over time at the tip.

An equation based on ablation of the vane was used to try
to predict the erosion rate. The erosion rate was then
integrated over the time of the motor firing to obtain the
theoretical length of the vane which eroded. Although the 9%
case predicted an eroded length which was more than double the
experimental value, the 18% case was very close. Two of the

reasons the 9% case was off can be explained by the simplicity
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of the model and the assumption that ablation would being
occuring at the melting temperature of copper instead of the
tungsten-copper alloy which the vane was composed of.

To find a closer value to the melting temperature of the
vane, the simulated vane temperature was plotted as a function
of length between nodes one and two. By using the known
length of vane_eroded, a theoretical melting temperature could
be found. The melting temperatures found were 1732K and 1580X
for the 9% and 18% cases respectively. This was much closer
to the 1358K for the melting temperature of copper than the

3513K for the tungsten-copper alloy of the vane.

37




CONCLUSIONS

'The five node full scale model can be reduced to a three
node full scale model by removing two of the three fin
nodes and produce comparable convective heat transfer
coefficients.

Erosion of thrust vector control vanes can be adequately
modeled by a linear decrease of the geometric properties
as a function of time and the percentage of aluminum used
in the propellant.

The negative values found for R, indicate heating of the
vane from the mount area.

Both the tip and fin convective heat transfer coefficients
were dependant upon erosion rate and were time variant.

The erosion rate and therefore the length of the vane
which will erode over the time of a motor firing can be
adequately predicted using an energy balance equation
based upon ablation of the vane.

The melting temperature of ‘the vane appears to be much

closer to that of copper than the tungsten-copper alloy
which is expected.
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RECOMMENDATIONS FOR FURTEER STUDY

® The erosion front modeling needs to be investigatad
further to see if erosion mechanisms other than ablation
can be modeled such as direct impingement of the
aluminized particles on the vane.

® The G-law erosion algorithm explained in [Ref. 9] may
provide a method to use results from a quarter scale model
to predict full scale heat transfer characteristics.

® The quarter scale model needs to be modified to include
the heating effects in the vane mount area. :

39




APPENDIX A. SIMULATION PROGRAM

This appendix contains the FORTRAN code used in the
program SIM.FOR, which is a forward model program to simulate
the temperatures of a three node fﬁll scale model, and
SIM4.FOR which is a forward model program to simulate the

temperatures of the four node quarter scale models.
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Program SIM

This is a forward model program to simulate the
temperatures of a three node full scale model.

integer maxparam,neq
parameter (maxparam=50,neq=3)
integer i1d0, istep, nout

real*8 t,tend,a(3,3),b(3,3),u(3),t2(61),y(3)
real*8 param(maxparam),fcn,float,alg

intrinsic float

external fcn, divprk, sset
‘common/datal/a,b,u

Open files for data input/output

open(9,name='gim3.mat’, sgtatus='new’)
open (8, name=’datam.dat’, status=’o0ld’)

read in experimental data

dO i-l ’ 61

read(8,*) t2(i)
enddo
close(8)

initialize matrices

do i=1,3
do j=1,3
a(i,j)=0.0
b(i,j)=0.0
enddo
enddo

enter data for trial run ‘
afl1,2)=0,2936
a(2,1)=0.0147

a(2,3)=0.0107
a(3,2)=0.0243
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a3ge0.0001 v
‘ (111)'1-0000 .
b(212)'0-0500

a(lll)-;(a(112)+b(lll))
a(2,2)=-(a(2,1)+2(2,3)+b(2,2))
-;a(3,3)--(a(3,2)+a39)
u(l)=2670
u(2)=2570
u(3)=0.0
- set initial conditions

t.000

do i=1,3

' y(i)=0.0
enddo

tol=0.0005
call sset (maxparam, 0.0, param, 1)

1do=1
do istep=1,61
tend=0.0768*£float (istep)
call DIVPRK(idO,neq,fcn,t,tend,tol,param,y)
write(9,9001) t,t2(istep),y
enddo
final call to release workspace

1d0=3
call DIVPRK(idO,neq,fcn,t,tend,tol,param,y)

8001 format(1f6.3,4£10.4)
close(9)
end
Qevmeecuscsnssmcnmenseassncneacnaseatnanonasaancanarananunnn.
subroutine fcn(neq,t,y,yprime)
integer neq |

real*8 t,y(neq),yprime(neq)
real+g a(3,3).b(3,3).u(3):d

: common/datal/a,b,u
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thrust profile simulation as step input

if (t.gt.0.2) then
d=1.0

else
d=0.0

end if-

do i=1,neq
yprime(i)=0.0
. do j=1,neq
yprime (i) =yprime(i)+a(i,j)*y(j)+b(i,j)*u(j)*d
enddo
enddo

return
end
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Coroevoveanan R R I I R I I T I T

Program SIM4

¢ This is a forward model program to simulate
temperatures of a four node quarter scale model.

integer maxparam,neq
parameter (maxparam=50,neq=4)
integer id0, istep, nout

real*8 t,tend,a(4,4),b(4,4),u(4),y(4)
real+8 param(maxparam),fcn,float,adg

intrinsic float
external fecn, divprk, sset, coef
common/datal/a,b,u

¢ Open files for data input/output
open(9,name=’gimd9 . mat’, status=’new’)

¢ initialize matrices

u(l)=2155
u(2)=2061
U(3)-0.0
u(4)=0.0

¢ set initial conditions

t‘o.o

do i=1,4
y(i)=0.0

enddo

tol=0.0005
.call sset {maxparam, 0.0, param, 1)
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ido=1
do istep=1,41
tend=0.05*float (istep)
call coef (tend)
call DIVPRK(id0,neq, fcn,t,tend,tol,param,y)
write(9,9001) t,y
enddo

¢ final call to release workspace

ido=3
call DIVPRK(id0,neq,fcn,t,tend,tol,param,y)

9001 format (1£6.3,4£10.4)
close(9)

end

subroutine fcn(neq,t,y,yprime)
integer neq

real*8 t,y(neq),yprime(neq)
real*8 a(4,4),b(4,4),u(4),d

‘cammon/datal/a,b,u
¢ thrust profile simulation as step input

if (t.gt.0.7) then
d.lyo ’

else
de0.0

end if

yprime(i)=0.0
do jw=1,neq
yprime(i)-yprime(i)+a(i JIey(d)+bid, j)*u(j)*d
enddo -

enddo

retura
end

'c--o-- ------ - eew ------‘--o.un-.---noo-----ou--‘-—;'.--c---cqo .
- subroutine coef (tend) |
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real*s vt,vE,vs,atf,afs,1tf,1£s,rho,cp,k,sf
real*8 vt0,vf0,vs0,atf0,afs0,1tf0,1£f80,a12,a21,a23,a32
real*s8 a(4,4),b(4,4),u(4),c1,c2,c3,r12,r23

common/datal/a,b,u

vtid=2.6
vEQ=52,0
vs0=23.0

atf0=5.9
afsO=5.2

1tf0=5.0
1£80=6.0

rho=18310.0
Cp=146.0
k=173.0
Sf=0.25

vt=vt0-0.0%tend
vEievf(0-0.0%tend
ve=v80-0.0*tend

':atf-ath-0.0*tend
afa=afal-0.0*tend

lct-lcfo-o.b*tend A
- 1£8=1£80-0.0%tend

‘r12=100.0*1tf/ (k*atf)
Y23=100.0%1f8/ (kvafs)

. ¢lerho*cp*vt*0.,.000001

- g2wrhoreprrfe0, 000001

c3wrhorcprvar(, 000001

r12wr12/8f
- £23=3123/8f
T Cleglegfee]
C2mc20afevy
c3acIvpLes)

a(l,2)=1/{c1*r12)
a(2,1)=1/(c2*r12)
- a(2,3)wd/{c2*r23)
a(3,2)=1/(c3vr23)

.a(3,4)=«0.5376

a(4,3)«0.1528
adg=-0.1651

46




b(1,1)=7.6511
b(2,2)=0.0722

a(l,l)" (a(1,2)+b(1,1))
a(2,2)=-(a(2,1)+a(2,3)+b(2,2))
a(3,3)=-(a(3,2)+a(3,4))
a(4,4)=-(a(4,3)+a4qg)

return




APPENDIX B. COEFFICIENT PROGRAM

This appendix contains the FORTRAN ccde used in the
program COEF.FOR which calculated the effect of ercsion on the
known coefficients of the A matrix and the heat transfer

coefficients.
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program coef
integer i

real*8 vt,vf,vs,atf,afs,ltf,1£fs,t,rho,cp,k,sf
real*8 vt0,vE0,vs0,atf0,afs0,1tf0,1£s0,a12,a21,a23,a32
real*8 asf(,asf,ast0,ast,bll,b22,ht, hf

intrinsic float

open(10,name=’coefl8.mat’,status='new’)
open(ll,name=’'htcl8.mat’,status='new’)

vt0=2.6
vE0=52.0
vs0=23.0

atf0=5.9

astl0=4.35
asf0=112.16

1t£0=5.0
1£80=6.0

rho=18310.0
Cpl145 . 0
kl173 .0

. 8f=0.25

bllel.6236
b22=0.05

t=0.05%float (1)
vtavt0-0.8125%t

. : S vEuvEQ-16.25%
s ] o VB=ve0-7.1875%L

W
&3

atfeatf0-0.0%t
afs=afs0-0.0*t

asteast0-0.90625%t
asf=apt0-23.367*t

lefwlt£0-1,5625%¢
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¥ 1fsw1£80-1.875%t

" rl2=100.0*1tf/ (k*atf)
r23=100.0*%1fs/ (k*afs)
Cl=rho*cp*vt*0.000001
c2=rho*cp*vE*0,000001
c3=rho*cp*vs*0.000001

r12=r12/sf -
r23=r23/sf
Cl=Ccl*gf**3
C2=c2*gf*+3
C3mg3kgf¥*3
ast=agt¥gf*2
asf=agfrgfte2

al2=l/(cl*ri2)
a2l=1l/(c2+*r12)
a23=1/(c2*xr23)
a32=1/(c3*x23)

rfl=1/(bll*cl)
rf2=1l/(b22*c2)

ht=10000.0/(xrfl*ast)
hf=10000.0/ (rf2*asf)

9999 format(1£10.4,2£10.2)
9998 format (5£10.5)

write(10,9998)t,al2,a21,a23,a32
write(11,9999)t,ht,hE

end do

close(10)

“close(1l)

~end
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APPENDIX C. PID PROGRAMS

This appendix contains the PID programs for the three node
full scale model (NODE3), and the four node quarter scale

models for propellant with 0% Al (NODE40), 9% Al (NODE49) and
18% Al (NODE418).
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Program NODE3

 This program is the PID program for the three node vane

model.

external temp

integer m,n,iparm(é),ibtype,ldfjac

parameter (m=61,n=3,ldfjac=m)

real*8 rparm(7),x(n),£f(m),xjac(m,n),xg(n),ssq,ubl,ub2
real*8 xlb(n),xub(n),xscale(n),fscale(m),float,ht,hf
real*8 a(3,3),b(3,3),u(3),t2(61),ys(3,61)

real*8 rho,k,cp,sf,cl,c2,¢3,r12,r23,a3g
real*8 vt,vE,vs,atf,afs,ast,asf,ltf,lfs

Variables

m = number of functions

n = number of variables

iparm = list of parameters for DBCLSF setup

ibtype = type of bounds on variables

ldfjac = leading dimension of fjac

rparm = list of parameters for DBCLSF setup

x(n) = the pt where the function is evaluated

£ (m) = the computed function at the point x

xjac(m,n) = matrix containing a finite difference
approx Jacobilan at the approx solution

xg(n) = initial guess of x

x1b(n) = X lower bound

xub (n) = X upper bound

xscale(n) = vector containing the scaling matrix for
the variables

fscale(m) = vector containing the scaling matrix for
the functions

88q = sum of the squares

a(3,3) = a matrix

b{3,3) = b matrix

t2(61) = experimental temperatures

ys(3,61) = calculated temperatures

tho « density

4 = conduction heat transfer coefficient

cp = gpecific heat

vt = volume of the tip

vE =« volume of the fin

vs = volume of the shaft

atf = Ccross sectional area from tip to fin
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o] afs = Cross sectional area from fin to shaft

c ast = gurface area of the tip

c asf = purface area of the fin

c 1tf = length from tip to fin

c 1fs = length from fin to shaft

¢ sf = gcale factor

c ubl = gtagnation temperature, TR1

c ub2 = free stream temperature, TR2

o] ht = 2onvection heat transfer coefficient at
tip

¢ hf = iénvection heat transfer coefficient at
fin

intrinsic float
common/datal/a,b,u,t2,ys
¢ Open files for data input/output

open(10,name=’'result.dat’, status=’'new’)
open(9,name=’'temp.mat’, status=’'new’)
open (8, name='datam.dat’, status=‘old’)
open(7,name=’input.dat’, status=’'old’)

¢ read in experimental data

dO i‘l ' 61

read(8,*) t2(i)
enddo
close(8)

¢ read in input data

read(7,*)
read(7,*)
read (7, *)
read(7,*)
read(7,*) rho,k,cp
read (7, *)
read (7, *)
read(7,*) vt, vE, vs
‘read(7,+)
read(7,*)
- read(7,*) atf, afs
read(7,+)
read(7, )
read(7,*) ast, asf
read (7, ¥)
read(7,*) _
read(7,*) ltf, 1lfs
read(7,+)
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:_fead<a”&yﬁsf ubl ub2
“‘close(7)

initial conditions
full scale data

r12=100.0*1tf/ (k*atf)
r23=100.0*1fs/ (k*afs)
cl=rho*cp*vt*0,000001
. c2=rho*cp*vE*0.000001
- c3=rho*cp*vs*(0.000001

scaled data

rl2=ri2/st
r23=xr23/8f
Clmclegfe®l
C2=c2*gfe*3
CIi~C3*gf**3

initialize matrices to zero

do i=1,3

u(i)=0.0
do j=1,3
a(i,j)‘o.o
b(i,j)=0.0 '
enddo

enddo

a(l,2)=1/(c1*ri2)
a(2,1)=1/(ca*rl2)
a(2,3)=1/(c2%*r23)
a(3,2)=1/(c3%r23)

a3g=0.0
b(1,1)=0.0
b(2,2)=0.0

a(l,l)=-(a(1,2)+b(1,1))
a(2,2)=-(a(2,1)+a(2,3)+b(2,2))
‘_a(3.3)--(a(3.2)+339)

- u({l)=ubl
u(2)=ub2

xg(1)=alg

xg(2)=b(1,1)
xg(3)=b(2,2)
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'¢. - set up parameters for DBCLSF call

do i=1,n
xscale(i)=1.0
- x1b(i)=0.0001
xub(i)=100.0
xg(1)=0.01
x(i)=0. O
end do

do i=1,m
fscale(i)=1.0
end do

ibtype=0

call dbclsf(temp,m,n,xg,ibtype,xlb,xub,xscale, fscale,
& iparm, rparm, x, £,xjac,ldfjac)

c calculate unknown resistances and convection heat transfer
c coefficients

aig =x(1)
b(lll) IX(z)
b(202) IX(3)

cl=xho*cp*vt*0,000001
c2=rho*cp*vi*0,000001
c3=rho¥cp*vae*(,000001

Clmcl*gfew3
C2mC2¥gfwe]3
C3mC3vgLfee3

rfl =1/(b(1,1)*cl)
rf2 =1/(b(2,2)*c2)
rig =1/(a3g*c3)

ht =10000.0/(xfi*ast)
“hf =10000.0/(rf2*asf)

¢ print and save results

write(6,*) ' aldg b1 b22’
write(6,9000) x(l).x(Z) x(3)

- 9ooo format (3£12.4)
9003 format(2£12.4)

- write(10,+)’ adg b(1,1) b(2,2)'
write(10,9000) x(1),x{2),x(3)
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- write (10, *)

C--

wriﬁe(id;*)f'
write (10,%)’ rfl - rE2 rig’

write(10,9000) rfil,rf2,r3g

write (10, *)

write(10,*)

write(10,*)’ ht hf’

write(10,9003) ht,hf
write the temp-time data for MATLAB analysis

do i=1,81
tt=0.0768*float (i)
write(9,9001)tt,ys(2,1),t2(4)
enddo

9001 format(1f6.2,2£10.3)

close(10)
close(9)

end

--------- L B2 I I R B S I I I e i A I TR S A Y

Subroutine TEMP (m,n,x,£f)

This calculates the temperature-time history using the
current parameters supplied by DBCLSF called from PID. It
calculates an error function returned to DBCLSF based on
the differences betweer predicted and ocbserved temperature
histories.

integer maxparam, neq

parameter (maxparam=50, neq=3)

integer id0,istep,nout,m,n

real*g t,tend,y(3),tol,fcn, float,param(maxparam),

real*8 x(3),£(61),coef
real*s8 a(3,3),b(3,3),u(3),c2(61),ys(3,61)
real*8 rho,k,cp,sf,cl,c2,c3,r1l2,r23,aiqg

‘real*8 vt,vf,vs,atf,afs,ast,asf,ltf,lfs

intrinsic float

external fcn,divprk,sset
common/datal/a,b,u,t2,ys
open(lz,name-'incoming.dat',statua-'new')
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u‘a3g ax (1)
b(1l,1)=x(2)
b(2,2)=x(3)

write(6,8000)a3g,b(1,1),b(2,2)
8000 format(3£12.4)

a(l,l)=-(af{1,2)+b(1,1))
a(2,2)=-(a(2,1)+a(2,3)+b(2,2))
a(3,3)=-(a(3,2)+a3qg)

¢ Set initial conditions

t=0.0
do i=1,neq
y(i)=0.0
do j=1,61
yB(ilj)-OOO
enddo
enddo
tol=0.0005

call sset (maxparm, 0.0, param, 1)

ido=1
do istep=l,61
tend=0,0768*float (istep)
CALL DIVPRK (id0, neq, fcn, t, tend, tol, param, y)
ys(i,istep)=y(i)
enddo
enddo

¢ Final call to release workspace

1d0=3
call divprk (id0,neq, fcn,t,tend,tol,param,y)

¢ calculate error functious

do i=1,61
£(i)=ys(2,1)-t2(1)
enddo

¢ print out rins error
88Qy=0.0
ssqregeqr+f (1) *£(1)
enddo
88Qre=88qr/61
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xer=gqgrt (ssqr)
~write(6,*) xer
“write(12,*) xer
return

end

subroutine fcn(neq,t,y,yprime)
integer neq

real*8 t,y(neq),yprime(neq)
real*8 a(3,3),b(3,3),u(3),d,ys(3,61)

common/datal/a,b,u,t2,ys
¢ thrust profile simulation as step input

if (t.gt.0.2) then
d=1.0

else
d-0.0

end if

do i=1,neq

yprime(i)=0.0
do j=1,neq
yprime (i)=yprime(i)+a(i, ) vy () +b(i,3) *u(j) *d
enddo

enddo

return
end
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Program NODE40

¢ This program is the PID program for the four node vane
¢ model with ablation from exhaust with 0% Al.

external temp
integer m,n,iparm(6),ibtype,ldfjac
parameter (m=122,n=5,ldfjac=m)

real*8 rparm(7),x(n),f(m),xjac(m,n),xg(n),ssq,ubl,ub2
real*8 xlb(n),xub(n),xscale(n),fscale(m),float,ht,hf
real*8 a(4,4),b(4,4),u(4),t3(61),t4(61),ys(4,61)
real*8 rho,k,cp,sf,cl,c2,c3,c4,rl2,r23,adqg

real*8 vt0,vf0,vs0,atf0,afs0,ast0,asf0,1tf0,1£s0
real*8 vt,vf,vs,atf,afs,ast,asf,ltf,1fs

Variables
m = number of functions
n = number of variables
iparm = list of parameters for DBCLSF setup
ibtype = type of bounds on variables
ldfjac ~ leading dimension of fjac
rparm = list of parameters for DBCLSF setup
x(n) = the pt where the function is evaluated
£ (m) = the computed function at the point x

- xjac(m,n) = matrix containing a finite difference
- approx Jacobian at the approx solution

xg(n) = initial guess of x
x1lb(n) = X lower bound
xub(n) = X upper bound

xscale(n) e« vector containing the scaling matrix for
: - the variables :
fecale(m) = vector containing the scaling matrix for
’ the functions '
- 88Q = sum ol the aquares
a({neq,neq) = a matrix :
b(neq,neq) = b matrix

000000000000000000000000000000

- u{neq) = [TRi, TR2, G, 0]
t3(61) = experimental temperatures at node 3
t4(61) « experlmental tomperatures at node 4
ys(neq,6%) « calculated temperatures
rho - = density
k = conduction heat transfer coefficient
cp « spacific heat '
vt = volume of the tip
v : = volume of the fin
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Q

volume of the shaft

vB =

atf = cross sectional area from tip to fin

afs = Cross sectional area from fin to shaft

ast = gurface area of the tip

asf = gurface area of the fin

1tf = length from tip to £in

1fs = length from £in to shaft

sf = gcale factor :

ubl = gtagnation temperature, TR1

ub2 = free stream temperature, TR2

ht = convection heat transfer coefficient at
tip

hf = i:?vection heat transfer coefficient at
£ ;

intrinsic float

common/datal/a,b,u,t3,t4,ys
common/data2/rho,k,cp,8f,c1,c2,c3
common/data3/vt0,vE0,vs0,at£0,afs0,ast0,asf0,1tf0,1£s80

. common/data4/vt,vE,ve,atf,afs,ast,asf,ltf,lfs

Open files for data input/output

open{l0, name=’result0.dat’, statuss'new’)
open(9,name=’templd.mat’, status='new’)
open{8,name«’datam0.dat’, gtatus='old’)
open(7,name=’input.dat’, statuss’old’)

read in experimental data
do iw1,61 |

read(8,*) t3(i)
enddo '

. do ie1,61

read(a,#)'tili)
enddo '

- elose(8)

read in input data

read(7,v)

read(7,+)

read(7,v)

read(7,v)

read(7,*) rho,k,cp
read(7,¥) -

read(7, v)

read(7,*) vt0, v£0, vs0

‘read(7,*)

read(7,v)
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read(7,*) atf0, afso
read (7, *)

read (7, *) .
read(7,*) ast0, asf0
read (7, *)

read (7, *)

read(7,*) 1tf0, 1£s0
read (7, *)

read(7,*)

read(7,*) sf, ubl, ub2
close(7) '

c initial conditions

t=0
tend=0
call coef (x,tend)

u(l)=ubl
u(2)=ub2
u(3)=0.0
u(4)=0.0

¢ -set up parameters for DBCLSF call

do i=1,n
xscale(i)=1.0
xlb(i)=-0.2
xub(1)=100.0
xg(i)=0.1
x(1)=0.0

end do

do i=1,m
fscale(i)=1.0
end do

ibtypeub

call dbclsf (temp,m,n,xg,ibtype,xlb,xub,xscale,fscaie,
& iparm, rparm,x, £,xjac, 1ldfjac)

c calculate unknown reaistanceé and convection heat transfer
c coefficients

a(3,4)=x(1)
al4,3)=x(2)
‘a4g  =x(3)
b(l,1)=x(4)
b(2,2)=x(5)
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¢lsrho*cp*vt+0.000001
¢2=rho¥*cp*vE*0.000001
. C3arho*cp*vs+*0.000001

Cl=mcl¥gf*l
C2=C2%gfex3
C3mC3kgfe*3

rfl =1/(b(1,1)*ci)
rf2 =1/(b(2,2)*c2)
r34 =1/{a(3,4)*c3)
c4 =1/(a(4,3)*r3q)
r4ag =1/ (ad4g*ci)

ht =10000.0/ (rE1* (agt*sf**2))
hf =10000.0/ (rf2* (asf¥asf**2))

¢ print and save resulis

write(6,*) ' a34 a43, 24g b1l b22°
write(6,9000) x(1},x(2),x(3),x(4),x(5)

9000 format(5£10.4)
9003 format(2f11.4)

write(10,*)’ a4 adl | adg b{1,1)
b(2,2)’

write(10,9000) x(1),x(2),x(3),x(4q),x(5)
write{10, ) :
write(10,*)

write(10,¥%)’ rfl rf2 rdg’
writ2(10,9000; rfl,rf2,rdg .
write (10, *)

write(10, %)

write(10,%)’ ht hf

write(l0, 9003) ht,hE

¢ - write the temp-time data for MATLAB analyaie T

dO i.l 6&.
t-o os*float (1)
write(9,9001)tt,ys (3, i).y5(4 i1),t3y, tc(i)
_ euddo
9001 format(2x,1£6.4,4£10. 4)

close(10)
close(9)

.‘-‘-.--.’.‘-- .............................................
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Subroutine TEMP (m,n,x,f)

This calculates the temperature-time history using the
current parameters supplied by DBCLSF called from PID. It
calculates an error function returned to DBCLSF based on
the differences between predicted and observed temperature
histories.

integer maxparam, neq
parameter (maxparam=50, neqg=4)
integer 1d0,istep,nout,m,n

real*8 t,tend,y(4),tol,fcn,float,param(maxparam),
real*8 x(n),f(m), coef

real*8 a(4,4),b(4,4),u(4),t3(61),t4(61),ys(4,61)
real*8 rho,k,cp,s8f,cl,c2,c3,c4,r12,r23,a4qg
real*8 vt0,vE0,vs0,atf0,afs0,ast0,asf0,1ltf0,1£s0
real*8 vt,vt,vs,atf,afs,ast,asf,lcf,lfs

intrinsic float
external fcn,divprk,sset,coef
common/datal/a,b,u,t3,t4,ys
common/data2/rho, k,cp,8f,cl,c2,c3
common/data3d/vt0,v£E0,ve0,atf0,afs0,ast0,asf0,1tf0,1£80
common/data4/vt,vf,vs,atf,afs,ast,asf,1tf,1f3 '
open(12,name=’'incoming.dat’,status='new’)
a(3,4)=x(1)
a(4,3)=x(2)
adg wx(3)

- b(2,2)ex(5)
write(6,8000)a(3,4),a(4,3),a4q,b{1,1),b(2,2)

8000 format(5£10.4)
a(2,2)=-(a(2,1)+a(2,3)+b(2,2))
a(3,3)=-(a(3,2)+a(3,4))
3‘414)-' (3(4'3)*349)
Set initial conditions
t=0.0
do i=1,neq
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y(i)=0.0
do j=1,61
ys(i,j)=0.0
enddo
enddo

tol=0.0005
call sset (maxparm, 0.0, param, 1)

id0=1
do istep=1,61
tend=0.05*float (istep)
call coef(x,tend)
CALL DIVPRK (id0, neq, fcn, t, tend, tol, param, y)
ys(i,istep) =y (i)
enddoe
enddo

Final call to release workspace

1d0=3
call divprk (id0,neq,fen,t,tend,tol,param,y)

calculate error functions

do i=1,61
£(1)wys(3,1)-t3 (1)
f(i+61)=ys(4,i)-t4 (i)
enddo

print out rms erroxr
8egr=0.0
do lel,m
esqr—aeqr+£(i)*f(i)
enddo
s8qre=gsqr/m
xer=gqrt (ssqr)
write(6,*) xer
, write(12,») xexr

- return
. end

- . subroutine fcn(neq,t,y,yprime)
integer neq

-real*s t,y(ney),yprime (neq)
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real*8 a(4,4),b(4,4),u(4),d,ys(4,61)

common/datal/a,b,u,t3,t4,ys
common/data2/rho,k,cp,sf,cl,c2,c3
common/data3/vt0,vE0,vs0,atf0,afs0,ast0,asf0.1t£0,1£s80
common/data4/vt,vt,vs,atf,afs,ast,ast,ltf,1£fs

thrust profile simulation as step input

if (t.gt.0.3) then
d=1.0

else
d=0.0

end if

do i=l,neq

yprime (i)=0.0
do j=1,neq
yprime (1) =yprime(i)+a(i,j) *y(j)+b(i,j}*u(j)*d
enddo

enddo

-----------------------------------------------------------

subroutine coef {x,tend)
integer i,3

real*8 tend,x(5)

real*8 a(4,4),b.4,4),u(4)

real*8 rho,k,cp,8f,c1,c2,c3,c4,r12,1r23,a4q
real*8 vt0,v*",va0,at£0,afs0,ast0,asfd,ltf0,1£s0
real*s vt,v.,vg,atf,afs,ast,ast,ltt,lfs

common/datal/a,b,u,t3,t4,ys

common/data2/rho,k, cp,s£,¢1,c2,¢3
common/datal/vt0,vE0, ve0,acf0,afs0,ast0,asf0,1t£0,1£80
common/datad/vt,vE,ve,atf,afs,ast,ast, 1tf,1£fs

a,b matrix modification due to ablation effects

full scale data |

vtevt0-0.013*tend

vievf0-0.26*tend

vasve0-0.115*tend

attwatf0-0.0*tend
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_zafs-afsd-o;o*tend

‘ast=ast(-0.0145*tend
asf=asf0-0.374*tend

ltf=1t£f0-0.025*tend
1fs=1fs0-0.03*tend

r12=100.0%1tf/ (k*atf)
r23=100.0*1fs/ (k*afs)
Clarho*cp*vt*0.000001
c2=rho*cp*vE*0.000001
c3=rho¥*cp*vs*0.000001

c scaled data

rl2=r12/sf
r23=x23/sf
ClmClegfed]
C2m2*gfe¥l
CimC3kgfr*3

a(l,2)=1/(c1¥%rl2)
a(2,1)wl/(c2¥*rl12)
a(2,3)=1/(c2*r23)
. a(3,2)=1/(c3*r23)

3(304)-x(1),
af4,3)=x(2)
a4g =x(3)
b(afZ)‘x(S)

all,1)m-(a(1,2)+b(1,1))

.a(2,2)w-(a(2,1)+a(2,3)+b(2,2))

- a(3,3)=-(a(3,2)+a(3,4))
“al4,4)=-(a(a,3) vasg]

- return
-end

B« L L i R A - oo
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Program NODE49

This program is the PID program for the four node vane
model with erosion from exhaust with 9% Al.

external temp
integer m,n,iparm(6),ibtype,ldfjac

parameter (m=82,n=5,ldfjac=m)

real*8 rparm(7),x(n),f(m),xjac(m,n),xg(n),ssq,ubl,ub2
real*8 xlb(n),xub(n),xscale(n),fscale(m),float,ht, hf
real*8 a(4,4),b(4,4),u(4),t3(41),t4(41),ys(4,41)
real*8 rho,k,cp,s8f,cl,c2,c3,c4,r12,r23,a49g

real*8 vt0,vf0,vs0,atf0,afs0,ast0,asf0,ltf0,1£s0
real*8 vt,vf,vs,atf,afs,ast,asf,1tf,6lfs

Variables
m = number of functions
n = number of variables
ipam = list of parameters for DBCLSF setup
ibtype = type of bounds on variables
ldfjac = leading dimension of fjac
rparm = list of parametexrs for DBCLSF setup
X(n) = the pt where the function is evaluated
£ (m) = the computed function at the point x
xjac(m,n) = matrix containing a finite difference
' approx Jacobian at the approx solution
xg (n) = initial guess of x
x1lb(n) = x lower bound
xub (1) = X upper bound
xscale(n) = vector containing the scaling matrix for

the variables
fscale(m) = vector containing the acaling matrix for
- the functions

88q = gum of the sguares

a(neq,neq) = a matrix

b(neq,neq) = b matrix ,

u(neq) « (TR1, TR2, 0, O]

t3(41) - experimantal temperatures at node 3
t4d (41) = experimental temperatures at node 4
ys(neq,41) « calculated temperatures

rho « density.

k = conduction heat transfer coefficient
cp = gpecific heat

vt ‘= volume of the tip

vi = volume of the fin

v8 = volume of the shaft

agf = cross gectional area frxom tip to fin
ats -

cross sectional area from fin to shaft
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surface area of the tip

ast =

asf = gurface area of the fin

1tf = length from tip to £fin

1fs = length from f£in to shaft

sf = gcale factor

ubl = gtagnation temperature, TR1

ub2 = free stream temperature, TR2

ht = convection heat transfer coefficient at
tip

hf = convection heat transfer coefficient at
fin

intrinsic float

common/datal/a,b,u,t3,t4,ys
common/data2/rho, k, cp,sf,c1,c2,c3
common/data3/vt0,vE0,vs0,atf0,afs0,ast0,asf0,1t£0,1£s0
common/data4/vt,vE,vs,atf,afs,ast,asf,ltf,1£fs

Open files for data input/output
open(10,name=’result9.dat’, status='new’)
open(9,name=’'temp9.mat’, statuss’'new’)
open(8,name='datam9,.dat’, status=‘'0ld’)
open(7,name=’jinput.dat’, status='old’)
read in experimental data

dO i'lp 41
read(8,*) t3(i

" enddo
7 do 11,41

read(8,+) t4(i)
enddo
closge (8)

read in input data

read(7, )

read(7,*)

read(7,*)

read(7,*)

read(7,*) rho,k,cp
read(7,+)

read(7,*)

read(7,*) vt0, v£0, vs0

‘read(7,v) -

read(7,*)
read(7,*) atf0, afso0
read(7,+)
read(7,+)
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read(7,*) ast0, asfo
read (7, *)

read (7, *)

read(7,%*) 1ltf0, 1lfs0
read (7, *)

read(7, *)

read(7,*) sf, ubl, ub2
close(7)

initial conditions

t=0
tends=0
call coef(x,tend)

u(l)=ubl
u(2)=ub2
u(3)=0.0
u(4)=0.0

set up parameters for DBCLSF call

do i=1,n

xacale(i)=1.0
- X1b(i)=-0.2

xub(1)=100.0
xg(1)=0.1

. X(1)=0.0

end do :

~do iwl,m
facale(i)-l e

end do

'-" ibtype-0

‘call dbelsf (temp,m,n, xg, ibtype, x1b, xub, xscale, £scale,
& iparm, rpamm, x, £,xjac, ldfjac)

- caleulate unknown renistancea and convectmn heat transfer
: coeftiaiente

a(3,4)=x(1)

.-'. al4,3)=x(2)

adg  «x(3)
b(l,1)=x(4)
b(2,2)=x(5)

. ciwrhoteptvt*0.000001

- ¢2=rhoreprvE+0.000001
- €3wrho*cp*ve*0.000001
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S olmol*gERe3
 C2mg2¥gfR¥3
T C3mg3vgfRw3

rfl =1/(b(1,1)*c1)
rf2 =1/(b(2,2)*c2)
r34 =1/(a(3,4)*c3)
cé =1/(a(4,3)*r3s)
r4g =1/ (adg*c4)

ht =10000.0/(rfi*(ast*sf**2))
hf =10000.0/(rf2*(asf*sf*+2))

¢ print and save results

write(6,*) ' a34 a4l a4g bii b22’
write(6,9000) x(1),x(2),x(3),x(4),x(5)

- 9000 format (5f10.4)
9003 format (5x,2£10.4)

write(10,*)’ a34 a4l a4g b(1,1) b(2,2)°
write(10,9000) x(1),x(2),x(3),x(4),x(5)

write(10,*)

write(10,*) :

write(10,*)’ xf1 rf2 - rig’

write(10,9000) rfl, rfz rdg
write(10,+) ,
write(10,*) ,
_write(lo.*)' ht . hf!
write(10,9003) ht,ht

‘¢ -write the temp-timnzdata for MATLAB analysis
do iel,41

ccno OS*float(i)
write(9, 9001)6t.¥5(3 i), ¥3(4 i),t3(1),t4(1)

- . enddo _
- 9001 tormac(2x,1£6.4.4£10.4)
 close(10) '
- .close(9) -
i, end
C‘-o'-sn -------------- di..n; ..... '----,a-i -----------------------

Subroutine TEHP'(m,n.x,f)

¢ .This calculates the temperature-time history using the
¢ current parameters supplied by DBCLSF called from PID. It
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calculates an error function returned to DBCLSF based on
the differences between predicted and observed temperature
histories.

integer maxparam, neq

parameter (maxparam=50, neg=4)

integer id0,istep,nout,m,n

real*8t,tend,y(4),tol,fen, float,param(50) ,x(n), £ (m) ,coef
real*8 a(4,4),b(4,4),u(4),t3(41),t4a(41),ys(4,41)
real*8 rho,k,cp,sf,cl,c2,c3,c4,rl2,r23,a4g

real*8 vt0,vf0,vs0,atf0,afs0,ast0,asf0,1t£0,1£s0
real*8 vt,vf,vs,atf,afs,ast,asf,1tf,lfs

intrinsic¢ float

external fcn,divprk,sset,coef
cormon/datal/a,b,u,t3,t4,ys
common/data2/rho,k,cp,s8f,cl1,c2,c3
common/data3/vt0,vE0,ve0,atf0,afs0,ast0,asf0,1tf0,1£s0
common/data4/vt,vE,vs,atf,afs,ast,asf,1tf,1fs

open{12,name=’incoming9.dat’,status=‘'naw’)

a{3,4)=x(1)

a(4,3)=x(2)
adg =x(3)
b(1,1)=x(4)

'. -b(2-z)-x(s)

~ enddo

| | 'writete 8000)a(3,4),a(4,3) acg,btl 1),b(2,2)
R 8000 format(5£10.4)

al(l, 1)u-(a(1 2)+b(1,1))

a(2,2)m-(a(2.1)+a(2,3)+b(2,2))

a(3,3)-f(a(3,2)+a(3.4))

‘Set initial conditions

:’tu0.0
do iwl,neq

y(i)=0.0

- do jwl,41
ys(i,j)=0.0
enddo ,
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tol=0.0005

call sset (maxparm, 0.0, param, 1)

id0=1
do isteps=1,41
tend=0.05*float (istep)
call coef (x,tend)
CALL DIVPRK (id0, neq, fcn, t, tend, tol, param, y)
do i=1,4
ys(i,istep)=y(i)
enddo
enddo

¢ Final call to release workspace

id0=3
call divprk (id0,neq,fcn,t,tend,tol,param,y)

c calculate error functions

do i=1,41
' f(i)-ya(a 1)-t3(1)
f(i+41)-ya(4 i)- t4(i)
. enddo

¢ print out rms error
- 88qQrs«0.0
- do i=1,m
- 88qr=a8qr+L (1) *£(1)
‘enddo _
gaqr=gsqr/m
xer=gqrt {ssqr)
-write(6,*) xer
- write(12,*) xer
- return '
end

! c ----- ﬂ.w-‘..‘.‘”‘ﬁ‘-“‘“rﬁﬂﬂﬂﬂﬂ ﬂﬂﬂﬂﬂﬂﬂﬂ e W S M A ) w A d SR w e e - -
-subroutine fcn(neq,t,y,yprime)
. integer neq

real*s t.Y(neq).yprime(neq)
- real*8 a(4,4),b(4,4),u(4),d.ys(4,41)

- common/datal/a,b,u,t3,t4,ys
- common/data2/rho, k, cp.sf cl,c2,¢3
. common/data3d/vto, vfo vs0, anfo atso asto,asfo, ltfo 1£80
~ common/datad/vt,vE vs,atf afg,ast, asf lcf 1£s
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thrust profile simulation ag step input

if (t.gt.0.7) then
d=1.0

else
d=0,0

end if

do is=l,neq

yprime(i)=0.0 .
do j=1 neg
yprime(i)=yprime(i)+a (i, j}*y(3)+b(i ji*u(j)*d
enddo

enddo

subroutine coef(x.teééxJ g
integer i,j

real*8 tend,x(5)

real*s. a(4,4) b(4,4),ulq)

real*8 rho,k, cp,sf c1,c2,¢3,04, r12 r23,a4g :
‘veal+ts vto,vfo va0,acf0,atan, astﬂ aef0,1tf0,1£s0
real*s vt,vf,ve.atf,afs, as».asf e, lfs

common/datal/a b,u,t3,td,ys

common/datag/rho, k, cp,af al,el,e3
common/datal/vto, vfo vBG, atfo,afs0, ast0,asfo, 1L£0, lxsa
common/datad/vt, vf,vs.a:fgafs ast,.a8f, ILE, ifs

‘a,b macrix modification due to ablation effects
- full scale data

vtwvt0-0.0*tend
viwvt0-0.0*tend
ve8eve0-0.0ttand

::atf-acfo-0.0*uené
afe«afs80-0.0vtend

. aste=ant0-0.0*tend

asf«asfy-0.0%end

1tfwltf0-0.0v*tend
" 1lfvwifst-0.0*tend
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- r12=100.0%1tf/ (k*atf)
r23=100.0*1£s/ (k*afs)
¢l=rho*cp*vt*0.,.000001
c2=rho*¢cp*vE+0.000C01
c3=rho*cp*va+0.000001

scaled data

ri2=r12/st
r23=x23/sf
Cl=Cligf®*3
C2wC2¥gfee]
C3nCikgfww]l

a(1,2)=1/(c1*r12)
a(2,1)=1/(c2*r12)
2{%Z,3)=1/{c2¥%x23)

ail,q)ex(1)
- afd4,3)wx(2)
adg  =x{3)
oi{i,1)wx(4)
b(2,2)=x(5)

a1, 1)-~(a(1,¢)+b{l 1})
3(2.2)--(3(2 1) +a {2, 3)+b(2,2))
‘a3, )=-la(3,2j+al3,4}))

a4, 4)~-(a(4,3)+ai§}A
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Program NODE418

¢ This program is the PID program for the four node vane
model with ablation from exhaust with 18% Al.

external temp
integer m,n,iparm(s),ibtype,ldfjac
parameter (m=66,n=5,ldfjac=m)

real*8 rparm(7),x(n),£f(m),xjac(m,n),xg(n),ssq,ubl,ub2
real*8 xlb(n),xub(n),xscale(n),fscale(m), float,ht, hf
real*8 a(4,4),b(4,4),u{4),t3(33),t4(33}),ys(4,33)
real*8 rho,k,cp,sf,cl,c2,c3,c4,rl2,r23,a4g

real*8 vt0,vE0,vs0,atf0,afs0,.as8t0,asf0,1t£f0,1£s0
real*8 vt,vf,vs,atf,afs,ast,asf,1tf,1lfs

Variables
m = number of functions
n = number of variables
iparm = list of parameters for DBCLSF setup
ibtype = type of bounds on variables
ldfjac = leading dimension of fjac
rparm ‘= list of parameters for DBCLSF setup
x(n) = the pt where the function is evaluated
f(m) = the computed function at the point x
xjac{m,n) = matrix containing a finite difference

approx Jacobian at the approx solution
xg (n) = initial guess of x
xlb(n) = x lower bound
xub (n) = X upper bound
xscale(n) = vector containing the scaling matrix for
the variables
fscale(m) = vector containing the scaling matrix .or
the functions

aooocoQaacocQQoaeaoaGcgoocaaaaaccanNnNacaaanan

ssq = gsum of the squares

a(neq,neq) = a matrix

b(neqg,neq) = b matrix

u (neq) = [(TR1, TR2, 0, O]

t3(33) = experimental temperatures at node 3
t4(33) » experimental temper.tures at node 4
ys (neg,33) = calculated temperatures

rho = density

k = conduction heat transfer cuefficient
cp = gpecific heat

vt = volume of the tip

vE = volume of the fin

vs = volume of the shaft

atf = cross sectional area from tip to fin
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afs = cross sectional area from fin to shaft

ast = gurface area of the tip

ast = gurface area of the fin

1tf = length from tip to fin

1fs = length from fin to shaft

st = gcale factor

ubl = gtagnation temperature, TR1

ub2 = free strean temperature, TR2

ht = convection heat transfer coefficient at
tip

hf = convection heat transfer coefficient at
fin

intrinsic float

common/datal/a,b,u,t3,t4,ys

common/data2/rho,k, cp,sf cl,c2,c3

common/data3/vto, vfo vs0, atfo afso ast0,asf0,1tf0,1£s0
common/data4/vt,vE,vs, atf afs,ast, asf ltf lfs

Open files for data input/output

open(10,name=‘resulti8.dat’, status='new’)
open (9,name='templ8.mat’, status='new’)
open(8,name=’'datami8l.dat’; status='o0ld’)
open(7,name='input.dat’, status=’old’)

read in experimental data

do i=1,33
read(8,*) t3(1)

enddo

do i=1,33
read(8,*) t4(i)

2nddo

close(8)

read in input data

read (7, ¥)

read (7, *)

read(7,*)

read (7, *)

read (7,*) rho,k,cp
read(7, )

read (7, *)

read(7,¥%) vt0, v£0, vs0
read (7, ¥)

read (7, *)

read(7.*%) atf0, afso
vead (7, *)
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read(7,*)

read(7,*) ast0, asf0
read(7,*)

read (7, *)

read(7,*) 1ltf0, 1l£s0
read(7,*)

read(7,*)

read(7,*) sf, ubl, ub2
close(7)

initial conditions

t=0
tend=0
call coef (x,tend)

u(l)=ubl
u(2)=ub2
ui{3)=0.0
u(4)=0.0

set up parameters for DBCLSF call

do i=1,n
xscale(i)=1.0
xlb(i)=-0.2
xub(i)=100.0
xg(i)=0.1
X(i)ﬂo.o

end do

do i=1,m
fscale(i)=1.0
end do

ibtype=0

call dbeclsf (temp,m,n,xg,ibtype, xlb,xub,xscale, fscale,
& - iparm, rparm, x, £,xjac, ldfjac)

calculate unknown resistances and convection heat transfer
coefficients

a(3d,4)=x(1)
a(4,3)=x(2)
aqg =x(3)
b(lo 1)’3((4)
b(2,2)=x(5)

cl=rho*cp*vt*0.000001
c2mrho*cp*vE®0.000001
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. e3=rho*cp*ve*0.000001

Cluglégfe®]l
C2m02%gfe*]
C3me3*gfe+3

rfl =1/(b(1,1) *cl)

rf2 =1/(b(2,2) *c2)

r34 =1/(a(3,4)*c3)

c4d =l1/(a(4,3)*r34)
r4g =1/ (a4g*c4)

ht =10000.0/ (rfi*(ast*sf+**2))
hf =10000.0/(rf2+* (asf*sf**2))

print and save results

write(6,*) ' a34 a43 a4g bil
write(6,9000) x(1),x(2),x(3),x(4),x(5)

9000 format(5£10.4)
9003 format (2x,2£10.4)

write(10,*)’ a34 a43 a4g b(1,1)
write(10,9000) x(1),x(2),x(3),x(4),x(5)
write(10,*)

write (10, *)

write{10,¥*)’ rfl rf2 riag’
write(10,9000) rfl,r£f2,r4g

write(10,¥)

write (10, *)

write (10, %)’ ht he’

write(10,9003) ht,hf
write the temp-time data for MATLAB analysis

do i=1,33

" tt=0.05*float (1)
write(9,9001)tt,ys(3,1),ys(4,1),t3(1),t4 (L)

endde

9001 format (2x,1£6.4,4£10.4)

close(10)
close(9)

end

---------------------------------------------------

'Subroutine TEMP (m,n,x,f)

78

b22’

b(2,2)’




aooaoan

This calculates the temperature-time history using the
current parameters supplied by DBCLSF called from PID. It
calculates an error function returned to DBCLSF based on
the differences between predicted and observed temperature
histories.

integer maxparam, neq
parameter (maxparam=50, neg=4)
integer id0,istep,nout,m,n

real*8 t,tend,y(4),tol, fcn,float,param(maxparam),
real+*8 x(n), £ (m),coef

real*8 a(4,4),b(4,4),u(4),t3(33),t4(33),ys(4,33)
real*8 rho,k,cp,sf,c1,c2,c3,c4,r12,xr23,a4g
real*8 vt0,vi0,vs0,atf0,afs0,ast0,asf0,1t£f0,1£s0
real*8 vt,vf,vs,atf,afs,ast,asf,ltf,1lfs

intrinsic float
external fcn,divprk,sset, coef

common/datal/a,b,u,t3,t4,ys
common/data2/rho,k,cp,s8f,cl,c2,c3
common/data3/vt0,vE0,ve0,atf0,afs0,ast0,asf0,1t£0,1£s80
common/data4/vt,vE,vs,atf,afs,ast,asf,1tf,lfs

open(12,name='incomingl8.dat’,status='new’)

3(3,4)-3((1)
a(4,3)=x(2)
ad4g =x(3)
b(l,1)=x(4)
b(2,2)=x(5)

write(6,8000)a(3,4),a(4,3),a4g,b(1,1),b(2,2)
8000 format(5£10.4)

a(lp 1)-' (a(l.2)+b(1, 1))

al2,2)=-(a(2,1)+a(2,3)+b(2,2))

a(3,3)=-(a(3,2)+a(3,4))

al4,4)=-(a(4,3)+adq)

Set initial conditions

t=0.0

do i=1,neq

y(i)=0.0
do j=1,33
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ys({i,j)=0.0
enddo
enddo

tol=0.0005
call sset (maxparm, 0.0, param, 1)

id0o=1
do istep=1,33
tend=0.05*float (istep)
call coef (x,tend)
CAL? DIVPRK (id0, neq, fcn, t, tend, tol, param, y)
do i=1,4

ys(i,istep) =y (i)
enddo
enddo

Final call to release workspace

ido=3
call divprk (id0,neq,fcn,t,tend,tol,param,y)

calculate error functions

dO i.l ? 33
£(i)=ys(3,1)-t3 (1)
£(i+33)mys(4,1)-t4 (1)
enddo

print out rms error
88qr=0.0

do iml,m
ssqregsqr+f (1) £ (1)
enddo

88qr=8sqr/m
xer=sqrt (8sqr)
write(6,*) xer
write(12,+) xer
return

end

subroutine fen(neq,t,y,yprime)
integer neqg

real*8 t,y(neq),yprime(neq)
real*8 a(4,4),b(4,4),u(4),d,ys(4,33)
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common/datal/a,b,u,t3,t4,ys
common/data2/rho,k,cp,sf,c1,c2,c3
common/data3/vt0,vE0,vs0,atf0,afs0,ast0,asf0,1t£0,1£s80
common/data4/vt,vf,vs,atf,afs,ast,asf,1tf,1£fs

thrust profile simulation as step input

if (t.gt.0.1) then
d=1.0

else
d=0.0

end if

do i=1,neq

yprime (1)=0.0
do j=1,neq
yprime (i) =yprime(i)+a(i,j) *y(ji+b(i,j)*u(j)*ad
enddo

enddo

return
end

-----------------------------------------------------------

subroutine coef (x,tend)
integer 1,3

real*8 tend,x(5)

real*8 a(4,4),b(4,4),u(4d)

real*8 rho,k,cp,s8f,cl,c2,c3,c4,rl2,r23,a4qg
real*8 vt0,vE0,ve0,atf0,afse0,ast0,asf0,1t£0,1£80
real*8 vt,vf,vs,atf,afs,ast,asf,1tf,lfs

common/datal/a,b,u,t3,t4,ys

common/data2/rho,k,cp,8f,c1,c2,c3

common/data3/vt0,vE0,vs0,atf0,afs0,ast0,asf0,1t£0,1£80
- common/datad/vt,vE,vs,atf,afs,ast,asf,1tf,1l£fs

a,b matrix modification due to ablation effects

full scale data

vtevt0-0.0*tend

vEavE0-0.0%tend

vsavg0-0.0%tend

atf=atf0-0.0*tend
afa=afs0-0.0*tend
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ast=agt0-0.0*tend
asf=asf0-0.0*tend

1tf=1t£0-0.0%tcend
1fs=1£fs0-0.0*tend

r12=100.0*%1tf/ (k*atf)
r23=100.0*1£fs/ (k*afs)
Cl=rho*cp*vt*0.000001
c2=rho*cp*vE*(0.000001
c3arho*cp*vs*0.000001

c scaled data

rl2=r12/sf
r23=x23/sf
Clmcl*gfe+3
C2mC2%gfw*3
C3mciwgfee3

a(l,2)=1/(c1*r12)
a(2,1)=1/(c2*r12)
a(2,3)=1/(c2¥%xr23)
a(3,2)=1/(cav*r23)

a(4,3)=x(2)
adg =x(3)
b(l,1)=x(4)
b(2,2)=x(5)

a(l,l)=-(a(1,2)+b(1,1
a(2,2)=-(a(2,1)+a(2,3
a(3,3)=-(a(3,2)+a(3,4
al4,4)=-(a(4,3)+adg)

))
Y+b(2,2))
))
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APPENDIX D. PHYSICAL DATA FILES

The physical data files for the PID programs which
contains the geometric and material properties of the vanes

and the recovery temperatures used in each case.

83




NAWC INVERSE HEAT TRANSFER PROGRAM. INPUT DATA FOR NODE3.FOR

Material properties:

rho (kg/m*3), k (w/m-deg k), . - Cp (J/kg deg k)
18310.0 173.0 146.0
Vol (tip, cm*3), Vol (fin, cm*3), Vol (shaft, cm*3)
2.6 52.00 23.0
X-section areas: tip-fin (cm*2) fin-shaft (cm*2)
5.9 5.2
“Surface areas: tip (cm*2) fin (cm*2)
_ 4.35 112.16
Conductive path tip-fin (cm) fin-ghaft (cm)
5.0 6.0
Scale factor: TR1 TR2
1.00 2670 2570
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NAWC INVERSE HEAT TRANSFER PROGRAM. INPUT DATA FOR NODE40.FOR

Material properties:

rho (kg/m*3), k (w/m-deg k), Cp (J/kg deg k)
18310.0 173.0 146.0
Vol (tip, cm*3), Vol (£in, cm*3), Vol (shaft, cm*3)
2.6 52.00 23.0
X-section areas: tip-fin (cm*2) fin-shaft (cm*2)
5.9 5.2
Surface areas: tip (cm*2) fin (cm*2)
4.35 112.16
- Conductive path tip-fin (cm) fin-shaft (cm)
5.0 6.0
~ Scale factor: TR1 TR2
0.25 2360 - 2260
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NAWC INVERSE HEAT TRANSFER PROGRAM. INPUT DATA FOR NODE42.FOR
Material propérties:

rho (kg/m*3), k (w/m-deg k), Cp (J/kg deg k)
18310.0 173.0 146.0
Vol (tip, cm*3), Vol (fin, cm*3), Vol (shaft, cm*3)
2.6 52.00 23.0
X-gection areas: tip-fin (cm*2) fin-shaft (cm"*2)
: 5.9 5.2
Surface areas: tip (cm*2) fin (cm*2)
' 4.35 112.16
Conductive path - tip-fin (cm) fin-ghaft (cm)
5.0 6.0
Scale factor: TR1 TR2
0.25 _ - 2464 2370
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NAWC INVERSE HEAT TRANSFER PROGRAM. INPUT DATA FOR NODE418.FOR

Material properties:

rho (kg/m*3), k (w/m-deg k), Cp (J/kg deg k)
18310.0 173.0 146.0
Vol (tip, cm*3), Vol (fin, cm*3), Vol (shaft, cm™3)
2.6 52.00 23.0
‘X-section areas: tip-fin (cm*2) fin-ghaft (cm*2)
5!9 - 502
Surface areas: tip (cm*2) fin (em*2)
4.35 112.16
iCOnductive path - - ’tip-fin (cm) fin-shaft (cm)
5.0 6.0 '
Scale factor: TR1 TR2
. 0.25 2970 3870
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APPENDIX E. IMSL ROUTINES
A description of the IMSL routines DBCLSF, DIVPRK, and

SSET used in the PID and simulation programs.
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-BCLSF / DBCLSF (Single/Double prec:ision)

Solve a nonlinear least squares problem subject to bounds
on the variables using a modified Levenberg-Marquards
algorithm and a finite-differeuce Jacobian.

CALL BCLSF (FCN, M, N, XGUESS, IBTYPE, XLB, XUB, XSCALE,
FSCALE, IPARAM. ~ iRAM, X, FVEC, FJAC,
LDFJAC)

User-supplied SUBROUTINE to evaluate the function to be

ainimized. The usage is
CALL FCN (M, N, X, F), vhere

Purpose:
Usage:
Arguments
FCN -
.| - Length of F. (Ioput)
N ~ Length of X. (Input)
X - The point at vhich the function is evaluated.
~(laput)
T X should not bc changed by iTH.
CF - The computed tu;ction at the poiat X..
B {Outpue) -
-
u -
. XGUESS -

FCH must he -decl.red EXTERNAL in the cauins progran.
Nugber of functions. (Iaput)
Numder cf variables. (Input)

Vector of lengtd N contaiming the iais iad- gueds. (Impat) .
- mms = Scalar indxcat:ng the types of bounds oo vayiables.
(Iaput) . S

FSCALE -

ISTYPE Action o L
-0 User will supply all tie bounds,

1 All variables sre compesative.

2 ALl variablas are nonposisive.

3 User supplies only the bounds on 1At unable.

all other variablay will have the same bounds.

Vactor of leagsh N coniaining the lcuer bounds oo
variables. (Iopuc. if IBYYPE = 0; ocucpuc, if IBTYPE = |
or 2; isput/output, if IBTYPE e 3)
Vestor of length N containfng the upper bousds ova
variadles. (Irput, if IBTYPE o O; outjac, 1 IBTYPE e 1
or 2; input/output, if IBYYPE » 1)

- Vector of leagch N contisating the diagotal scaliog sacrix

for ths variables. (Iaput)

Iu tbe absence of other information. set all eotries to
1.0.

Vector of leaysh N cantainsng cthe diagonskl scaiisg matrix

BCLSF/DBCLSF IMSL MATH/UIBRARY
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- for the functions. (Imput)
Iz the absence of other information, set all entries to
1.0. .
IPARAM - Parameter vector of length 6. {Input/Output)
See Remarks.
EPARAN - Parameters vector of leamgth 7. (Input/Output)
See Reparks.
X = Vector of langth N containing the approximate solution.
(Cutput)
FVEC - Vector of length M containing the residuals at the
. approximate solution. (Output)
FJAC - M by N matrix containing & finite difference approximate
Jacobian at the approximate solution. (Dutput)
LDFIAC - Leading dimension of FJAC exactly as specified in the
dizension statement of the calling program. (loput)
Remarks -
1. Automatic vorkspace usage is
] N . ETLEF 146N + 2¢¥ - 1 units, oO.
o S DBCLSF  26eH + 4sM - 2 units.
: Workspace Bay be explicitly provided, if desired, by use o!
B2L5F/DB3LSF. The referancs ia
CALL B2LOF (FCX, M, ¥, XGUESS, IBTYPB, XLR, XUB, XSCALE,
FSCALE, IPARAK, RPARAK, X, FVEC, FJAC,
‘ LOFJAC, WX, INK)
" ‘Yhe additional argusents are as follous:
WK -~ York vector of length 12eN ¢ 2eN - 1, WK contains
the following inforsation on ousput:
The second N locaticas contain the last step taken.
The third N locations coRtain the lasc Cuuss-Newton step.
The fourth N lccations contain an eszimate of the
gradient ar the solution,
¥k - Vork vector of lungih 2¢F coutaining tde
persutations used iz che QR fectorization of the Jacodbias
ag tdas solutica.

2. Ioformational errors
Type Code
'3 1 Both the actual and predicted relative reductions in tde
« funcriop sre less than or squal to the relative function
convargeacs tolerance.
4 2 The jterates sppear to be coaverging to a noangritical
.. poiat.
4 3 Marimin aunber of jcerations excesded.
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3.

4 ¢ Maximum number of function evaluations exceeded.
4 5 Five consecutive steps have been taken with the maximum

step length.

The first stopping criterion for BCLSF occurs when the norm of the
function is less than the absolute function tolerance. The second
stopping criterion occurs vhen the norm of the scaled gradient is
less than the given gradient tolerance. The third stopping
criterion for BCLSF occurs vhen the scaled distance between the
last two steps is less than the step tolerance.

If nondefault parameters ara desired for IPARAM or RPARAM, then
U4LSF is called and the corresponding pArameters are set to the
desired value before calling the optimization program. (Othervise,
if the default parameters are desired, then set IPARAM(1) to zero
and call the optimization program omitting the call to U4LSF.

The call to U4LSF would be as follovs:

CALL UALSF (IPARAK, RPARAM).

The folloving is & list of the paraneters and the default values:
IPARAM - Integer vector of length 6.
IPARAN(L) = Imitialization flag. (0)
IPARAN(2) = Number of good digits in the function.
(Machize depandsnsg)
IPARAM(3) = Maximus pumber of iterations. (100)
IPARAN(4) = Maximus nuaber of function evaluations. (400)
IPARAN(S) » Maximus nusber of Jacodian evaluaticns. (100)
(Not used in BCLSF.) :
IPARAN(G) * Interual variable scaling flag. (1)
12 IPARAM(G) = i the values for XSCALE are
set internally.
APARAN ~ Real vectur of lepgeth 7.
RPARAN(1) = Scaled gradient tolerancs.
(50RT(eps) sn single precision)
(epsee(1/3) in doudls precision)
-~ RPARAM(2) = Scaled step tolerance. (epe==(2/3))
© APARAN(Y) =« Relative fusction tolerance.
(NAX(1.0E-10,epawe(2/3)) in single precisiocn)
(HAX(1.0D~20,epse»(2/3)) in doudble precision)
APARAN(4) = Absolute fuaction toleraace.
(MAX(1.0E-20,spaes2) in single precision)
(MAX(1.0D-40,apavs2) in doudble precision)
 RPARAM(5} = False cosvergence toleraace. (100weps)
"RPAMAN(S) @ Naximum allovable step siza.
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(1000*MAX(TOL1,TOL2)) where,
TOL1 = SQRT(sum of (XSCALE(I}*XGUESS(I))es2)
for I=31,...,¥N
TOL2 = 2-norm of XSCALE.
RPARAM(T) = Size of initial trust region radius.
(Based on the initial scaled Cauchy step)

eps is machine epsilon.
If double precision is desired, then DUALSF is called and RPARAM

is declared double precision.

Keyvords: Levenberg-Marquardt; Trust regicn

Algorithm

BCLSF uses a modified Levenberg-Marquardt method and an active set strategy to
solve nonlinear least squares problems subject to simple bounds on the variables.
The problem is stated as follows:

1 T 1o
in sF(2)7F(z) = Ez.ﬁ(z)

)
subject to | € < u,

where m > n. F: R* = R™. and f;(z) is the i-th component function of F(z).
From a given starting point. an active set A, which contains the indices of the
variables at their bounds. is built, A variable is called a ‘free variable' if it is not in
the active set. The routine then computes the search direction ior the free variables
according to the formia
' dw =(J7J 4 ul)VTF,

where u s the Levenberg-Marquardt parameter. F w F(z). and J is the Jacobjan
with respect to the free variables. The search direction for the variables in 1A Is
" set to zero. The trust region approach discussed by Dennis and Schnabel (1983)
is used to find the new point. Finally, the optimality conditions are checked. The
ozl se h<am<w
8z,) <0, 2=y
0(") > 6- i = ‘i‘

whete ¢ is a gradicnt tolersnce. This process is repeated until the optimality criterion

i achieved.

: The sctive set is changed only when s frée variable hits its bounds during an
_ iteration. or the optimality condition is met for the free variables but not for all

_variables in [A. the active set. In the latter case, & variable which viclates the
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= optimality condition will be dropped out of IA. For more detail on the Levenberg-
Marquardt method. see Levenberg (1944). or Marquardt (1963). For more detailed
information on active set strategy. see Gill and Murray (1976).

Since a finite-difference method is used to estimate the Jacobian, for some single
precision calculations. an inaccurate estimate of the Jacobian may cause the algo-
rithm to terminate at a noucritical point. In such cases high precision arithmetic
is recommended. Also. whenever the exact Jacobian can be easily provided. IMSL
routine BCLSJ should be used instead.

Example
The nonlinear least squares problen

.
:2;{‘: a Z!I(:)z

‘-]
subject to =2<z; 05
-1<€z22<2
where /i(z) = 10(z3 = z{). and fa{z) = (1 = z)) is solved with an initial guess
(=1.2.1.0). and default values for parameters.

¢ Declaration of variables

INTEGER  LDFIAC. M. M
PARANETER (LDPJACs2, No2, Ne2)

¢
INTEGER  IPANAN(T), ITP, NOUT
AEAL FIACCLOPJAC, M), FSCALE(M), FVEC(N), ROSBCK,
2 RPARANCY), X(N), XGUESS(N), XLB(N), XS(N), XUB(M)
EXTERNAL  BCLSP, ROSBCK, UNACH
¢ : Conpute the least squares for tue
¢ fosssbrock fuactica.
-OATA ICUESS/-1.280, 1.0ED/, £5/201.0E0/, FSCALE/2e1.0EQ/
7 DATA 'W'l.m. 'l‘m,o wo-mo 2.080/7
¢ Al)l the bounds are provided
et RN .
c Defauit parameters are used
IPARAN(L) = O
. €
CALL BCLSF (ADSBCK, N, ¥, XGUESS, ITP, XLB, XU, XS, PSCALE,
& IPARAN, RPANUN, &, FVEC, FIAC, LOFJAC) -
¢ , Prist resules
CALL LMacR (2, Wt
, VAITE (NOUT.09909) X, FVEC, IPARAN(3), TPARAN(4)
e
99939 FORNAT (* The solatica is *, 2F9.4, //, ' Tha funtrion -,
: & .‘uvaluated at the solutiocn 18 ', /. 18K, P94, //,
& *  Tue susber of iteratioas is ', 10K, I3, /. ' The °,
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'3 ‘number of function evaluationg is ', I3, /)

END
c
SUBROUTINE ROSBCK (M, N, X, F)
INTEGER 1 |
REAL X0, F(W)
o
F(1) = 1,0E1(X(2)-X(1)*X(1))
F(2) = 1.0E0 - X(1)
RETURN
END
Output

* The solution is 5000  .2500

The function evaluated at the solutiop is
.0000 .5000

The number of iterations is 18
The oumber of functiod evaluations is 22
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“"IVPRK/DIVPRK :h’ix'nglv.! Doubie precision

Purpose: Solve an initial-value problem for ordinary differertial
equations usipg. the Runge-Kutta-Verner fifth-order and
sixth-order method.

Usage: CALL IVPRK (IDO. NEQ. FCN. X, XEND, TOL. PARAK, Y)

Arguments

D0 - Flug indicating the state of the computatiom.
(Input/Output)
1 Initial entry
2 Normal reentry
3 Final call to release workspace
4 Retury because of interrupt 1 .
S Return because of 1nterrupt 2 with step accepted
6 Return because of interrupt 2 with step rejected
hormally the 1n2tial call as made with IDO=1. The
routine thep sets [D0=2 and this value is then used Zor
311 but the last call which is made with ID0=3. Thas
“Zanal call ie only used to release workspace. which was
autcparically allocased by the inivial call with 1DOsi,
A See Remark 3 for a description of the anterrupes.
"NEQ -~ Number of differential squations. (Iaput)
FCE - User-supplied SUBROUTINE to evaluate functions.
The usage is
CALL FCN (NEGQ, X. Y, YPRIMNE), where
“NEQ - Number of equations. (laput)
X - - lndependent varasble. (laput)
¥ « Array of length EEQ contaiaing the dspendent
variable values. (lapus)
YPAIME ~ Array of lenjth NEG containing the values o!
dy/dx at (X.Y). (Output)
FCN wust be declared EXTERNAL 1o the calling progras.
X - ladependent var:able. (Input/Cutput)
0o snput. X supplies the initial value.
On output, X is replaced by XEED unless srror tonditions
, arise. Ses IDD for details.
XEND ~ Value of X at which the molution is desired. (Input)
XERD may ba less than the initial value of X.
T0L - Tolerance for error control. (Isput)
As attempr i3 made to control the nors of the local error
. - such that the global error is proportional to TOL.
Nore than one rus, with different values of TOL, cas be
(MSL. lae. MATH/LIBRARY : IVPRK/DIVPRN
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used to estimate the global error.
Generally. 1t should not be greater than 0.001.
PARAN - Vector of length 5O containing optional parameters.
(Input/Output)
If a parameter 1s zero then a default value 1s used.
The following parameters must be set by the user.
PARAM Neaning
1 HINIT - Initial value of the step size H.
Default: See Algorithm section.
2 HMIN - Ninioum value of the step size K.
Defaulc: 0.0
3  HMAX - Maximum value of the step size H.
Default: No limit 1s imposed on the
step size.
4 MASTEP - Maxaaum number of steps allowed.
Default: 509
§ MXFCN - Maxamum number of function evaluations
allowed.
Default. No limit
6 - Not used.
7 INTRP1 - If nonzero then revurn with IDO=4,
before eiach step.
See Remark 3.
Detauls: 0.
8 INTRP2 - If nonzers then Tesuxn with 1DQeS,
' afeer svery successful step and wth
ID0=6 after avery unsuccessful stap.
See Rematk 3. .
Defanle: 0.
€ -SCALE - A ssasure of the scale of the problem.
such AB A2 3pproxivAtion to the average
value of a norm of She Jacobian along
_the trajecsory.
Defanle: 1.0
10 INORN - Svitch determining error nors.
Ce , ' Io che following Ei 1s the absolute
S L ~ . value of an estimate of the ervor in
' ' Y(1). called Y4 hers.
0 - min{absolute error. relative error)
» max{E4/W1). i=1.2, .. NEQ, whers
¥ = sax(abs(vi.1.0).
1 - absolute error = max(El). iel.2,. .
2 - sax(Ei/we), 4=y, 2. | where
¢ = spx(abs(YL) FLOOR).
and FLOOR 1s PARAN{IL).
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ii  FLOOR

12-30

3-2

clidian norm scaled by YMAX

s sgrt(sum(Ea==2/Wi1»22)}, where
W: = pax(abs(¥i).1.0), for YMAX.

see Remark 1.

~ Usec ip the noro cOmputTation.

Defaulc:
- Not used.

The following entries in PARAM are set Dy the program.

31  HTRIAL - Cuzreat trial step size.
32 HMINC - Computed minisum step size 2llowed.
33 HMAXC ~ Computed maximup step $1Ze allowed.
34 NSTEP -~ Number of staps taken.
35 NFCN - Number of function evaluations used.
36-50 - Not used.

Y - Vector of length NEQ of dapendent variables.

(Input/Cutput)

On imput. Y contains the initial values.
¥ contains the approxizate solution.

Remarks

1. Automatic workspace usage is

IVPRK 10=NEQ units. o

PIVPRK  20-NEQ unats.
Yorkspace 3ay be explicitly provided. if desired, by use of
12PAK/DIZPREK  The reference is

CALL I2PRK (IDO, WEQ. FCN, X, xm 1oL, PM Y.

VRORX, WK)

The additional arguments are as ollovs:

On output.

© VNGRN - Usar-supplied SUBROUTINE to compute the porw of zho

error. (lasput)

© The routine gay be previded by the user. or the IMSL

routine I3PAK/DISPAX zay be used.

© The usage 12

CALL VNORK (MEQ, V. Y. YRAX, ENOAN), where
WEQ - ltumber of eguations.

v = Vector of lenged REQ containisg the vector whose

sOre 18 to b computed.

oy « Vector of iangeh NEQ containing the valuss of

the dependent variadle.

YHAX  ~ Vector of lengeh NEQ containing the maxismums Y

valuss computed so far.
ENORM - Nors of the vector V.

" VNORN must be declared IXTERNAL in the calling progras.
K « Work acray of length 10«KE. WX sust pot be changed
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froz the first call with IDO=1 until after the fipa, zall
with 1D0=3.

2. Informational errors

Type Cede
4 1 Cannot satisfy error condition. TOL may be too sma.l.

4 2 Too many function evaluations needed.
4 3 Too aany steps needed. The problem may ba stiff.

3. 1f PARAN(7) is nonzero. the subroutine returss wish
IDO = 4, ard will resuse calculation at the point of interrupsicn
if reentered with IDD = 4. If PARAN(8) is nonzero. the
subroutine will interrupt the calculatiocns immediately after :t
decides whether or not to accept the result of the most
recent trial step. IDD = 5 if the routine plans to accept,
or 100 = 6 42 it plans to reject. 10D may be changed by the user
in order to force acceptance of a step (by changing IDO froa é
to 5) that would otherwise bo rejectad. oz vice versa.
Relevant parameters to obaerve after returp from an LnTerTupt
are IDO, HTRIAL. NSTEP. NFCN, and Y. Y is the oewly computed
trial valus. accepted or not.

Algorithm
~ TVPAK ninds an approximation to the solution of a «vstem of Srst-ordsr differential
esyuations of the foom ¢ = Sz, 91 with intiad conditiows, The routine atteipts to
koep the global error proportional to a user-speciiied tolerance. The proportiouality

- depeinds on the differeatiad cquation il the eange of inrexrarion.

- IVPAK L etticlent for uonatitf syaroni= where the derivative evaluativm are not
expensive il where the solution is not required at 4 large number of tinely spared
pointe :a3 might be requited lor graphical vuepit),

. IVPAK is based on a code dengned by T. E. Hull. W. H. Eanght aad K. R.
- Jackson 11976, 19TV, It uses Rumkum formulas of order tive ard i dmloped

_ln J. R. Verner.

-Example

© Coasider & predator-prey problem with rabbits and fuxes. Let ¢ be the Jdensity
of rahbits and les [ be the density of foxes. In the absence of any predatur-prey
interaition the rabbits would incresse at a rate proportional 1o their numbet. and the
laxes wouhl die of starvation at a rate proportional 1o thewr number. Mathematically.

r o= M

_ ro= -l
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= The rate a1 whizh the rabbits are caten by the foxes is 2¢f and the rate a1 wiuch

the foxes increase. because ey are eating the rabbits. is rf. So the model 1o be
solved is

v = 2r-2¢f

f' = -f-rff.

The initial conditions are r{0: = 1 and f({0) = 3 over the interval 0 < 1 < 30.

In the program Y(1) = » and Y(2) = /. Note that the parameter vector is first
set to zero (using IMSL routine SSET) and then absolute errur control is selected by
setting PARAM(10) = ).0.

The lasi cali 10 IVPRK with ID0 = 3 releases IMSL, workspace. that was reserved
on the first call to IVPRK. It is not necessary to release the workspace wn this
example. because the progran ends after solving a single problem. The call 10
relcase workspace is made as a model of whar would be needed if the program
included further calls 10 IMSL routines. -

The following plots are the result of using IVPRK with more closely spaced output
than what is printed. {The program which does the plotting is not shown.) The
second plot is 4 phase diagrain for this svstem and clearly shows the penodic nature
of the solution.

INTEGER  MXPARK, NED
PARANETER  (NXPARN#S0, NED2)

c
.. INTZSER 100, ISTEP, MQUT ’ )
REAL FOX. FLOAT, PARANCMXPARN). T, TDMD, TOL, Y{XEQ)
CINTRIRSIC FLOAY :
EXTERNAL  FCN, IVPAK. SSET. UMACY
c.
o CALL UMACH (3, mOUT)
¢ ‘$at 331t1a) coaditioas
: T =09 ' . P
Y(” L lto )
: " = 3.0 :
[ _ Sst errsr tolerance
FOL & 0.0005 '
¢ : Sa¢ PARAN to defavit
CALL SSET (WPARN. 0.0, PARA. 1) :
¢ S . Salect aBablute EXTOY CoAtiod
PALN(IC) « 1.0 } ‘
Prist header

WRITE (MOUT.90000)
00000 FORNAT (4X, “ISTEP*. 5%, ‘Tise’. OX, ‘Ti*, 3XX. °‘Y23")
' 100 = ) ,
- 0010 15TIPe, 10
"tﬂb * FLOAT(ISTEP)
CALL IVPAX (100, KEQ. FCN. 7. TEND. TOL, PARMN. Y)
WRITE (WOUT.°(16.3712.3)°) iSTEP. 3. ¥
10 CONTINUR ’ '
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Final call to release vorkspace

ID0 = 3
* CALL IVPAK (IDO. NEQ, FCN, T, TEND. TOL. PARAM. Y)
END
SUBROUTINE FCN (NEQ. T. Y. YPAIME}
INTEGER NEQ-
REAL T. Y(NEQ). YPRIHE(NEQ)
c
YPRIME(1) = 2.0+¥{1) - 2.0=¥(1)sY(2)
YPRINE(2) » ~Y(2) < ¥(1)e¥(2)
ARETURN
END
Outpat
ISTEP Tine ) ¢ Y2
S 1.000Q ore . 1 485
< 2.000 0485 C .58
3 3000 m 2%
a 3.000 1 W 187
5 5000 4.048 1400
s 6.000 ) 2.2%
T T.000 088 908
¢ 8000 e .8
] $.000 633 188
10 100000 38 M1
d N
- _ Randiis
!
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“Basic Linear Algebra Subprograms

The basic linear algebra subprograms. usually called the RLAS, are routines for
low-level vector operations such as dot products. Lawson et al. (1979) developed
the original set of 38 BLAS routines. The II4SL BLAS collection includes these
original 38 routines plus additional routines. The original BLAS are marked with
a * in the descriptions.

Programming Notes

The BLAS do not follow the usual IMSL naming conventions. Instead the names
consist of a prefix of one or more of the letters 'T". *S'. ‘D’. *C’ and ‘2", a root
name. and sometimes a suffix. For subprograms invalving a mixture of data types
the output type is indicated by the first prefix letter. The suffix denotes a variant
. algorithm. The prefix denotes the type of the operation according to the following

table:
1 Integer
§ Real C  Complex
D Double Z  Double compiex
SD Single and double CZ Single and double complex

DQ Double and quadruple ZQ Double and quadrupie compiex
Vector arguments have an increment parameter which specifies the storage space
between elements. The coetrespondence detween the vector z and the arguments SX
end INCY is . .
. {sxm-x.umcxox) ifINCx 20
$T U SK((I-N)«INCXe1) if INCX < 0.
Only positive values of INCX are aliowsd {or operations which have a single vector

argument.
The loops in all of the BLAS routines process the vector arguments in order of

increasing i. For INCX < 0. this implies processing in revepse storage order.
With the definitions,
N = max(l.)4+(N-1)INCX|)
MY = max{l.l«+(V-1)IKCY|}
N2 = max{l)+(V-1)Ixc}

the routine descriptions assume the {ollowing FORTRAN declarations:

INPLICIT XFTEGER (I3

INPLICIT REAL S

INPLICIT DOUBLE PRECISION D

INPLICIT CONPLEX ¢ y
INPLICIT DOUBLE CONPLEX 2

INTEGER IX(NX)

REAL SX(NX), SY(MY), SZ(MZ), SPARAN(S).
[ SH(LDH, =)
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Basic Linear Algebra Subprograms

103

i ; i ‘ | Double i
! | Integer | Real Double ' Complex | Complex | Page
Iz, =0 | ISET ~SSET | DSET . CSET . ZSET } 1026
by =T, i ICOPY | SCOPY | DCOPY ; CCOPY | ZCOPY . 1026
7, = a1, | SSCAL | DSCAL | CSCAL ' 2SCAL | 1026
a€ R _ j CSSCAL | ZDSCAL | 1026
yi = a7, , SVCAL | DVCAL | CVCAL | ZVCAL , 1027
a€R | csveaL } zoveaL | 1027 |
L=5n-0 | IADD ! SADD DADD CADD i ZADD 1027
2, =a-1; ISUB | SSUB DSUB CSUB 2SUB 1027
W= azi+ Y | SAXPY | DAXPY | CAXPY ZAXPY 1027
Y-z ISWAP | SSWAP | DSWAP | CSWAP ZSWAP 1028
B SDOT | DDOT | CDOTU | 2DOTU | 1026
Y.y €DOTC ZD0TC 1028
j Ty i ; DSDOT CZDOTU | 2QDOTU 1028
E) CZDOTC | 2QDUTC | 1028
tg+2-y t i SDSDOT | DQDPOT | CZUDCT | 2QUDOT 1028
la+2 ¥ C2CDOT | 2Q0C00T | 1028
, bz on t SDDOTI | DQDOTY | CZDOTY | 2QD0TI 1029
ACCH+b—r1 4 1 SDDOTA | DQDOTA | CZDOTA | 20DOT. 102¢
XM SHPROD | DHPROD 1029
Yt SXYZ | DXYZ 1029
e ISUN | S5UM | DSUM - 1029
Y SASUN | DAGUN | SCASUW | DZASUN | 1030
fizlla ’ SNRM2 | DNRN2 i SCNRH2 | DZNRM2 | 1030
T "SPRDCT | DPROCT 1030
{_z, mmin, 7, | 1ININ | JSHIN | TOHIN 1030
i1 simmax,z, | IIMAX [ ISMAX | IDMAX 1030
[ Je min, Jz,] | TSAMIN | IDAMIN | ICAMIN | TZANIN | 1031
Ty, miX, [T;] T TSAMAX | TDANAX | TCAMAX | T2AWAX | 1031
FT:ousnun Given's SROTG | DAOTC 1031
rotation
Appiv Given's [sm‘F DROT | CSROT | ZDAOT | 1032
“rotation ,
“Construct modihied ' SROTHG | DAOTNG 1032
Given's rransform
Appiy modified SADTH | DROTN | CSADT™ | ZDADTN | 1033
Given's transform |
[Construct House- l SHOUTR | DEOUTR 10
bolder transform ,
Apply Householder SBOUAP | DEOUAP 1034
transform .
‘tHigher precision accumulation used.
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DOUBLE PRECISION DX(MX), DY(NY), DZ(MZ), DPAMAN(S),

k DH(LDH,*)

DOUBLE PRECISION DACC(2), DZACC(4)
COMPLEX CX(MX), CY(MY)
DOUBLE COMPLEX ZX(MX) , ZY(MY)

Since FORTRAN 77 does not include the type DOUBLE COMPLEX. routines with
DOUBLE COMPLEX argumensts are not available for all systems. Some systems use
the declaration COMPLEXs16 instead of DOUBLE COMPLEX.

The set of BLAS routines are summarized by the table on page 1025. Routines
marked with a dagger (1) in the table use higher precision accumulation.

Set a Vector to a Constant Value

CALL ISET (N, IA, IX. INCX)
CALL SSET (¥. SA, SX, INCX)
CALL DSET (N, DA, DX, INCX)
CALL CSET (N, CA, CX, INCX)
CALL ZSET (N. 24, 2X, INCX)

These sub-outines set z; = a for i = 1,2,.....V. If .V € 0 then the routines

rett . immediately.
Copy a Vector

CALL ICOPY (N, IX. INCX, 1Y, INCY)
. CALL SCOP* (M, SX, INCZ, 8Y, INCY)
. CiLL OCOPY (M, DX, ¥CX, DY, INCY)

N © CALL CCOPY (¥, CX, LMCX, CY, iCY)
- CALL ICCPY (W, ZX, INCX, TY, faCY)

Thase subtoutines sat i » 3; for i = 1,2......V. [V € 0 then the foutines
ceturn imieuistely.

Scaie a Veotor
3 CALL SSCAL (W, SA, SX. INuL)
~ CALL DSCAL (N, DA, DX, INCR)
CALL CSCAL (M, CA, CX, INCX)
: ChLL ZSCAL (M, ZA, ZX, INCR)
LI CALL CS3CAL (M. 3%, CX, IWR)
CALL ZDSCAL (N, D&, ZX, INCX)

. M‘wb@tiaygt':a-ugﬁorm LA V. [EV £ 0 thea the routines
. reum immwdiately. . ,
s - © {MSL MATH/LIBRARY

104




4.

8.

LIST OF REFERENCES

Reno, M. M., "Modeling Transient. Thermal Behavior in a
Thrust Vector Control Jet Vane", Masters Thesis,
Department of Mechanical Engineering, Naval Postgraduate
School, Monterey, California, December 1988.

Danielson, A. 0., "Inverse Heat Transfer Studies and the
Effects of Propellant Aluminum on TVC Jet Vane Heating
and Erosion", Naval Weapons Center, China Lake,
California, July 1990.

Danielson, A. 0. and Driels, M. R., "Testing and Analysis
of Heat Transfer in Materials Exposed to Non-metallized
HTPB Propellant", Department of Mechanical Engineering,
Naval Postgraduate School, Monterey, California,
November 1992.

Parker, G. K., "Heat Transfer Parametric System
Identification", Masters Thesis, Department of Mechanical
Engineering, Naval Postgraduate School, Monterey,
California, June 1993.

Nunn, R. H., "Jet Vane Modeling Development and
Bvaluation®, Final Report from VRC Corporation,
Monterey, California, January 1990.

Driels, M. R., "Reat Transfer Parametric Identification",
Final Report FY92, Department of Mechanical Engineering,
Naval Postgraduate School, Monterey, California, 1992.

Nunn, R. H. and Kelleher, M. D., “Jet Vane Heat Transfer
Modeling®, Research Report, Department of Mechanical
Engineering, Naval Postgraduate School, Monterey,
California, October 1986. _

Hatzenbuehler, M. A., "Modeling of Jet Vane heat
Transfer Characteristics and Simulation of Thermal
Response®, Masters Thesis, Department of Mechanical
Engineering, Naval Postgraduate School, Monterey,
California, June 1988, -

Rohsevow, W. M. and Choi, H. Y., "Heat, Mass and Momentum

Transfer*, Prentice-Hall, Inc., Englewood Cliffs, New
Jersey, 1961. ' :

105




10. Danielson, A. 0. and Figueiredo, W., "Erosion and Heating
Correlations for Tungstan Subscale and Full-scale Thrust
Vector Control (TVC) Vanes Exposed to Aluminized
Propellant", Naval Air Warfare Center Weapons Division,
China Lake, California, November 1992.

106




-5_-

7.

INITIAL DISTRIBUTION LIST

Defense Technical Information Center
Cameron Station
Alexandria, Virginia 22304-6145

Library, Code 52
Naval Postgraduate School
Monterey, California 93943-5002

Department Chairman, Code ME
Department of Mechanical Engineering
Naval Postgraduate School

Monterey, California 93943-5002

Professor Morris R. Driels

Code ME/DR

Department of Mechanical Engineering
Naval Postgraduate School

Monterey, California 93943-5002

LT Steven R. Gardner
P.0O, Box 188
Gilmanton, New Hampshire 03237

Naval Engineering Curricular Officer, Code 34
Department of Mechanical Engineering

Naval Postgraduate School

Monterey, California  93943-5002

A, Danielson :
Thermal Structures Branch
Naval Air Weapons Center

. Code C2891

China Lake, California 93555 .

107




