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> Parametric system identification procedures, using the software package

“ MATRIXR; are applied to the problem of simulating the thermal response
. pof & TVC jet vane. The jet vane ig discretized into thermal lumps and
. energy balances are written to develop the governing mathematical rela-

.. tionshins. Boundary layer convection and stagnation point heating are

considered as thermal inputs, and the associated resistances are
estinated, . System identification is used to determine the appropriate
“values for the convective resistances and the vane tmount thermal sink.
o dhe identified model, which is lipear time-variant, closely predicts

. the thermal response of the jet vane shaft, surface, and tipe v Lo
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Naval Pastgraduate School
Monterey, California

TVC JET VANE THERMAL MODELING USING
PARAMETRIC SYSTEM IDENTIFICATION

I. INTRODUCTION
Jet Vane TVC Syatemas
Thrust vector contral (TVC) systems offer means of
" f£light vehjicle trajectory control that are virtually inde-
pencent of external forces. Such a capability is frequently

'_rQQuirod for tactical missiles, as vell as apacecraft launch

- :vihlcle-. vhen the relative flov past external lifting sur-

:"jfnsoc is insufficient to generate the necessary control

qinibicou. Thie commonly occurg during lov-speed operations,
. such as at launch or during hovering flight. High angle of

_lttidk’ilight'nﬂy'qlso lead to aituations {n wvhich conven-

"'}’:tianil lifting surfaces are inadequate. In addition, there

°rurc.aoeuuiena'vhon sxternal steering devices are infeamible

. . Trom a‘daiianpaiut of viev, such as for tube-launched

devices.

. Severasl methods of TVC have been developed end applied
£¢ 6§trut1ﬁnul and experiunental vehicles. These include
;avoblo nﬁzzli-. internal fluid injection (secondary in-
 39~£1an).'nnd aschanical jet deflection systewns, Jet vane
ﬁ?itdﬂl-flli in the latter cstegory and they tend to be
-tqvorod'for voluae-limited spplicetione requiring relatively
lov sctustion torques, large thrust deflection angles, end

reapid response. Jet vanes may alsc be used vith relative




eaage to generate roll torquea. The application of jet vane
TVC dates back to the rockets designed by Goddard, and has
extended to the Redstone, Sergeant, Taleos, Pershing, and
Algo II and III mators (1,2), as well as several ingtal-
lationa in smaller tactical rockets,
0f course, there are disadvantages accompanying the
selection of jet vaneas for TVC purposea. Theee include
thrust locses on the order of 3-5X with undeflected vanes
(2}, In addition, the attainment of relatively high thrust
deflection angles may lead to axial thrust lossee of the
. same order of magnitude as the resulting side force. How-
aver, thqréhief problem associsted with the use of jet vaneas
5&0’tho.1urqolth§rwnl'lcnding that. they experience ae thay
;tré required tq operate in hot, high-speed, particle-laden
V flaiu,' Thiu'problua'lc-d- to deeign limitations ao that jet
;vﬂﬁon are éﬁtqn restricted to short-duration use in motaora
”Qith loe-temperature non~setalized propellants,
| The nornﬁynunzc (side-for=e producing) characteristics
:'61 jet §unaa way be cealoulated wvith fair certeinty on the
bamin bﬁfinvile&d flov theory vith suitable corvections for
- viscous i!f-cﬁo (2,3). On the other hand, difficulties that
sten from the Q.vnrity of the jet-vene thermal environment
have 10& to design pr-ctiovorthqt sre based largely upon
-pauf experience and cut-snd-try methods. Over-design is
therefore inevitable, vith virtuslly no capacity for design
optimization, In order to exploit the several advantages of

Jet vane TVC aysteum, therefore, it has become neceasary to




build reliable data basea and, to the extent poasible, at-
tain a fundamental understanding of the heat transfer char-
acteristicas of such systems.

This need has led to the work undertaken at the Naval
Postgraduate School (NPS) in suppart of a larger program at
“the Nsval Wespans Center (NWC). Previoua investigatione at
'HPS h.v; included appiications of computational fluid dyna-
mica (CFD) (4,5) and vind-~tunnel tests using infra-red ther-

Vnngr.phy {6]l1. A summary of the reaults of these studies,
:tngqthtr vith an overviev of relevant previoua varks, are
‘conteined in Ref. (71. Work in the ares of CFD haa con-
. iinhid (8] und recent results (9] have shovn that dynamic
:lxiinuintian»n.thcdn hold promise in further identifying the

dominant fectors affecting the thermsl characteristics of

—‘f Jot4v0hoa.rf?h1s letter sres of atudy has advenced to the

- spplication of pnr.nairic systen identification, and it is

:  §&§ results of these efforts that are the main subject of

7 thde report. -

In the demign oi & jet vane syaten, the integrity of
the vanes themselvos eust be gusrantesd over the apecified
-work oycle.  Although this is a serious ahnllongo{ di.ignera

" must also conmider the hehavior of the vanes and supporting

on Por
strudture during transient eventa. Upon motox ignition, Qi‘f““‘
4
localized jet vene temperatures may rise to near-stagnation .4
sation .
values vithin a fev soconds. Temperaturea in the vene at-
tachment device vill rapidly follov thia rise, and aevere J:;;7-
. . ___ﬁyﬁ{lnbili{y Co
e Avail ae/y
oy Dist Spesinl
mepeCTeR

s J

!
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thermal astresses may develop due to the proximity of a rela-
tively cool supporting structure. These and other design
aspects can only be addressed with precision if there is a
good understanding of the convective heat transfer process
i;hst givea riae¢ to the energy tranafer from the flowving
gaseée té the the vane. Put another way, the application of
éomplox computer cades for thermal conduction in the vane
aad-aupporting structure can only follow the specification
6: the éonvectivo boundary conditions.
ﬁith rg-poct 0 these conditions, the problem ie even
*f'ﬁcrnvqéuplox. The vane i3 immersed in a flov field that im,

5~i“;_$£3§oh§rllly demcribed, compressible, turbulent, multi-com-

-:ff;:hohtnt (and p§-aib;y multi-phase), three-dimenmional, and
»zfijnnqﬁéady, vith veriable properties and nonlinsar and time-
31{ é3vnrtqﬁ§ boundacy conditiona. Even 1 taken one at a time,
-_"f;i;gﬁgiqé-éauplexiﬁiuc ﬁwonnnt prohlesa that are beyond the
‘1 ;ti£éh6£¥£h§-nrt for exact solution. In addition, the aver-
"*7f;”“§1;f£1§v field will contain intersecting and impinging shock
-§§yec that givo';ico ta discontinuous evente and further
"sf?eégpiid-tion ot-tho boundary conditions. The presence of
‘ Qur$0uQ‘§ro§uh0r-.nc¢l'enly serves toc exacerbate thees

| &ﬁf;csuugn. | |

 “?j@ﬁ'$‘.'1 ATo further define® the problewm, it way be of umse to

_ s;ddppidor the levels of heat transfer that might be expected
jj;gssigz from the paint of viev of "aimple" convection from a super-
B sonic flov to e cooled vall. The convective heat transfer

SEET el

cowtficient (h) uay be described in terms of the nondimen-

SR




~ aional Stanton number (St) aa followa:

h = (pgVc ) St
P %

vhere ¢, V, and cp are the denaity, velocity, and specific
heat at conatant preassure of the flowing gas. On the as-

V sumption that the gas behavea ideally, this expression may
bp writgen

a kP
hoe St Iy re I

vhere P and T are locasl gas pressure and temperature and Igp

“i® the apecific impulse. Conaider, for instance, the condi-

" ticns at the exit of a rocket nczzle floving at Mach 3.

‘f-fwith & ratioc of specific heats assumed to be k = 1.2, ve

thvo,‘tpg&ouimittly:

_ P
h = St (0.25 TO g I.p)

-V ,‘vhorQ the cubieript (Q) referas to atagnation conditiona. It

e typical came is teken to be given by Po = 100 bar, T_ =

_'25&?\?&\;@6 Iﬂg w 250 &, then, in round nushers, the heat
rfttiﬁit;;‘aantizniont. in unite of (kW/m*K), ia h = 2000 St.
- ,16 rocket tnqihd nozzles, e typical velue for the

Stanton nusber is about 0.002 (10). Thum, wvith the result
: lbbvi.fthl expected value aof the heat transfer coefficient
18 on the order of 4 kW/e'K. Such a velue should not be
':7 bﬁkwﬁ_iiAnoncirvstivc. since actusl motor conditions may be
j‘oro uaveré and local regiona (e.g. atagnation points or

-'riqion- of flov reversal) may experience much higher values.

By vay of compsrison, valuos of h such as these are much




larger than those usually considered for convective heat
transfer and, in fact, they are maore typical ot those real-

ized in phase-change processes (111].

II. MODELING AND SIMULATION

Bagkground

A general goal of jet vane heat tranafer studiea i8 to
' 4develop a capability by wvhich the tranaient thermal behavior
qt the vane may be predicted vith confidence. An under;
standing of the energy transport proceases accurring at the
_ bﬁundnrien of the vane isg, of course, e¢ssential to the
achievement of thic goal but, haceuse of the complexity of
-the-tﬁorpciluid environmnent in which the vane operates, (FD
fuithéda cannot be expected to yield a complete and compre-
,;hinuivi_prodictivc capebility. In addition, the results of
: C?b sodeling must 1p§vvit.bly be simplified if they are to
be ﬁduptod-ta_vunt design purposes and the prediction of
dystpa_p&riarnanco. In order to couplement the CFD atudiea,
}thbrnfarop'i pragras has been initiated to approach the
problew from s less-genersl but more-practicel point of
visv. Underlying this epproach ie an scceptance of the fact
tﬁ;t detaila of the energy transport processes vill never be
_ £ullf defined. On the oth#s hand, there is almo the recog-
nition that the cumuleative or "lumped® effect of &ll the
various cosplications mentioned above is to tranafer energy
to Ihd {row the vene. These boundary processes iead to

further eonergy flov vithin the vane that ultimately gives




rise to a vane temperature digtribution that varies with

" time.

This transient behavior should reflect the nature of
the boundary heat tranafer processea that drive it, as wvell
a8 the thermal impact of varioua vane design parameters
':(thormnl_canductivity, heat capacity, denaity, geomeiry,
etc.). The trapaient reaponae i8 the ®"asignature" of the

gonbihod‘offectl of the thermal environment and the vane

- canfiguration. This premise is the basis for justification

‘of the modeling and eimulation (HMLS) study described in
vnQbaeduant seationa of thia report.

o The goal of the.H&S study has been to develop & dynamig
wodwl of vane hesting wnd cooling. If @uch a model can be
 f c9nﬁ€ructed, even though it iw spproximate, then uignifiénnt
'binvfitn vill eccrue. For instance, weasured vane tesperas-
Vfinrd h1ptbri¢o qaﬁ be uaﬁd for dedustive purpoaes s:ch ae
‘~_pnru-¢§rsé iy@tgi 1d¢nt1£inution'<PSX) vhereby the model ia

.ungdzto'ﬂoéudo vhat vould have had to be true in order for
the qbscfvsd tenperature history to have occourred. Having
dptiﬁltﬁd the valuea of appropriste psrametera, locsl tem-
..écrgturon can be deduced at points in the vane structure
vhere canﬁitien- {accessibility, sensor survival, etc.)
:'broc;uao iiu.urntong. In addition, s trustvorthy predigtive
‘-advl veul&x {l) reduce the occasions in vhich testing is
..ruquired‘to verify tho effects of design changes, (2) perait
the extension of sub-scale test data to predict full ecale

Jeot vane perforwance, and {(3) indicate the design directions




moat likely to lead to optimum ayatem performance.
Approach
The NLS approacb may be thought of as a vast gimplifi-
cation of a numerical moadel that, wvere it pogaible to con-
'atruct,rvould lead to a guccessful predictive capability.
Qhereaﬁ such a comprehensive model vould wreat the flowv
renvironment of the vane and the vane itgelf in fine numeri-
qal‘doteil. thé NLE method aasumes that eufficient accuracy
nay h§ obtained if the flov and “he vane are made up of a
 re1u£1§e1} fev thermal ﬁarta. An important product of the
".B&S éppranoh'&n th0 prediction of the time hiatory of the
:}9§n0'tqépo§ature -= 3in fnct. thias is vhat pravides the vitel
;iaiﬁﬁyvyhng sre used to estimste the values of the model
_ §§g.thpri. o |
) AAtho -9jtda identification procedures used in this atudy
l”éfgiﬁﬁas; f&iilipr to the diucip11n§ of sutomatic cantrola.
'.Iilthéfgnv§?ﬁing mathematicel rol.tian&hipi can be cesat in a
” trt§n£dr-£anticn nf other systewatic form (not aécoc.orily

‘lineayr), then experimental cbservetions cen be related to

" the verious paramstera of the model by ,stem identification

 ia§hcd§. " In order for thia procedure to be of value, howe-
over, the afore-mentioned neranetors msust be related to the

 phy0iaal éulntiiiol affecting the thermal treanaport procesa.

The eatablishment of these relaticnships im deacribed in the

nedt section of this report,




III. MODEL DISCRETIZATION
The model asg presently configured conaiders anly tvo

thermal energy input procesaeeg: forced convection at the
Avane gurface and atagnation-point heat tranafer at the
leading edge. Theae processea are driven by the flov atag-
nation temperature which {8, in turn, derived from the
mcnﬁur;d thruqt levela by means of the rocket-motor bal-
'liétic characteristica. The rise and fall gf the stagnation
~ tewperature ie asgumed to follov that of éhe thruat withou*
'aiqnificqnt‘dynamic ofiset. In other words, the generiag
.:pradudt‘es the Qodel is a meriem 0of functions that give
llocél'vanp temperstures in response to thrust. (If theae

: functionw vers linear, they vquld have direat tranefer-
 4£9netion‘caunterpurta.)
| Seversl vene discretization schereas have been tested,
"4{aﬁdfit hes been found that four “lumps® are sufficient to
;ﬂdicaté_thQ.eenernl therwal behovior of the vana: vane tip,
':  v.hi bedy. shaft, end mcunt. This configuration leuda to o

~eiwplicity thet ia & necessary feature of the HLS approuch,

: . end results to be desaribed later justify the use of such

sinple scdels ss design tools.

-A® & preliminary htep in the study, the actusl vane
design of interest 1o the Haval Weepons Center vas confi-
gured as & collection of lumps vith geometrice suitable for
estisation of thermel conduction propertiea. Figure 1 i11-

lustretea the vene geowetry that ham leen modeled (the vane
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ia conatructed of 1l0%Cu/W, and the mount materisl 1@ atoel).
From this deagign, the fictitiouas thermal vane haa bheen
hypothesized as coneiating of three rectangular solida: tip,

fin, and shaft. Thias discretized vane is shown in Fig. 2.

The tip of the vane has been geparately identified in order
_to account for the stagnation properties of the thermal con-
vection near the vane leading edge. Thia portion haa been

- arbitrarily sized so ams to have a chord length of 104 of the
totel vane chord of 3.75 inches. With this length fixed,
the discretized tig is shaped o aa to have the eame lateral
. srea (chord x thickness) as that of the actual tapered and
 fnunde tip.

The remainder of the discretized fin is eamuwved to be

.*fx-iubjocttd to thermal cenvection of a turbulent boundary

 l;’aff;ay0E typn._ It is lumped into & rectangular solid of thick-

”'~¥hca-:équn1 to the average value of the tapered fin (with tip

";f;tnhoved)_nnd‘apnn equal to the wmean span of the actusl fin.

Mf’?ﬁﬁhriiiinina length dimension is ast by equating the volume
: Qi'thﬁ réatingul.r solid to thet of the fin (lesm the tip
V'partion).-.fht,vané shaft is similarly "wclded® into a rec-
Vftgnquiur.sclid. and thia element is assused to be subjected
'6n1y to asonductinn (and radiation, vere it 1ncludod)-heat

” tgunu£pr. |
| Th§ vane mount (not shown in Fige. 1 & 2) im & rela-
A':tivoli sagsive and complex structure. In order to pursue
‘the basic fecmibility of the method, no sttempt vas mad-~ to

‘model the thermsl resistance of this component in detail.
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inatead, rezregentative gsets of values {(conduction lengtn
and crosa-sgection) for the main mount components were esgti-
mated using a rough scaling procedure. The appropriate

" thermal regiatance of the mount waa then computed from an
analyrig cof tlL.e analogousa electrical circuit. In prelimi-
vwasy atudies the mount thermal resistance wvaa conaidered to
he an "adjustable parameter™ for use in seeking agreement
»it> the gvailakle experimental evidence. (Determinatioun of
‘the carrect value of this quantity is one of the goals of
 tﬁe~$v3tem identification procedure described later.)

: tach of the ¢’ wpouents described above vas aasigned a
iiﬁh&rng; node located at it’s wmass-center which, in turn, is
:thﬁ naﬁumed‘lcg-tiun of the ene. gy storage agsouciated with

" §h0 0nt1r0‘6n.q. .Thw capacity to sture enerqy ves calcu-

‘lated in the usuel vay for each luwp For the mount, the

:  -jth0ﬁ§§l angmr;ﬁiy va.,-eéused to be infinite -- thua the

5ft¢uberstgvo'at this node remained cunstant at ambient
‘?;~(greumdévteupawaturé during the simulatica.
- It should be emphusized that st thie paint in the astudy

the discrectization rationale is guite arvitrary -- che goal

"i;ﬁicfb¢@n &a,abtuin adequete sgreement «.:h teat recultae

'?ua;ng-#hﬁ:b&niuul‘npnamf of thermel Cos.onents. Refinement

‘of tha und&l,u&n ai§$1§~1hcludo tae Jivieion of the vene

= fktructuft~in&o a laxger number 5f smaller "lucue.® Altnough

" thiw véuld permit the egtination of temperatuces at move
nodea and interfaces, the accuracy oi thege eseticates wvould

be no greater than that agaociated vwiin the "minimum node*
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| madel described here. Such added complication of the vane
iif nodal distribution wvould only be justifiable in canjunction
with a more-detailed description of the thermal boundary
condit;ona, and thia would add aven more uncertainty to the
model. Results described later indicate that such

complication is not necessary.

Development of the Governing Equationa

With the thermal network and sssaciated propertieg thus
-dqfined; the governing equations were formulated by meana of
. an energy balance at each node. In general, this balance
- feadu_'$gté of heat flow in = rate of heat flow out + rate

. of energy storage." For the fin node (node 2 in Fig.3), for

ﬂ{ALlnntnnccs

”mﬁé_nguz o St o A2, Cfy (1)
F2 12 23

ia;gﬁpfof£hq*gyybél'ﬁ is used to denote thermal reaistance --

}¥ ;IhX iﬁfﬂa@nV‘atian to the fin and L/kA for canduction

f;;g;;voﬁﬁ thp'noada.Q- and C im thérn-l capacitance (mame %

) ghééivﬁppgc£ty§{€ The lottorla im, as usual, the sywbol for

§h§i£§p;i¢§:vﬁfiiﬁlv. Calculation of the recovery temper-

:_;jj#n?glfhziit-ditaulled in the next aection.

_ e The ialp&rlturo at the node may be expreased explicitly

;ai%ﬁ.tofiﬂ 61 the ouriaunding ncdal temperatures aa follovm:
2 F2 12 23

where the nodal resistance an is given by:

i L 1 1
R, R.. R.. 'R
n2 - k2 12 23




values.

e
HAQ R,
T R R
/1 F1 1 |
&—-‘V\‘N——ﬁ oA
—_— _ L c
HA Icl KA 2
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Ras A\ XA
\)Q
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SR NOMINAL VALUES Xk SRyg
" " RESISTANCES | CAPACITANCES l
(_Klw). ) g
TF1 * 203 NODE 1 * O.11 -+
~Fa= 23 NODE 2 = 2.2 G
R B R 1. NODE 2 = 1.0
- i2w. 1.8 '
23s 26
‘BG + 10.3
E Figure 3. Ncdal configuration and table of estimated




and the nodal time constant is given by

o 2R Gy

Nodes of the madel that do not provide an energy storage
fu@ctian are also abaent the aasociated time conatant. Thus
the tempereture at the internal node shown at the interface
betveen the tip and fin of the present model (node i in Fig.
;;Asifia.expreaeed in terma of the temperature of the surround-
fing nodeg vith only thermal resistances ag parameteras.

A heailbalance st each of the remaining nodes yields

Vi rpingiunahipﬁ similar to those given above, 80 sufficient
o ;ﬁigrm.tibn‘ia avgilahle to determine each nodal tewperature
i t~-- & function of time. Initially, the system is essumed to
W";@ol;@fﬁh;rmsl qquilibriua vith the enviranment so that the
'fﬁqdaL §§wp§erﬁno- are all oqual to the ambient value. With
“pfihr fi}ing of the rocket motor thia equilibrium ie diaturbed
iiitnd thb tva r.aovory tonparltnron pravide inputs to the

) w;iTenluinq hent trnnciar process. In preliminary atudies the

'1fbigitol Simulation Lnngunqa (DSL.) ham been used to automati-

A'2<anlly*ﬂcgoupliih th. repeated integration stepm required to
’&}f:ditnrmihy,tho £horutl ro.p&nac of those nodes possesasing

' L£;f-tar.go cepacities.

- The cvaloulation wethod, together with preliminary

";{-2;reﬁult§.'aro dcucribéd in later aections. Before thia,
.:ﬁﬁ%hbﬁcxéxﬂ it 1. n.oclllry to estimate the driving functiona

:tﬁﬁf t'e ontiro process -~ the thermal inputs at the tip and

 £in surfacea. Thims ie the sudbject of the next chapter.




17

IV, ESTIMATES OF SURFACE HEAT TRANSFER RATES
A8 deacribed in the previous section, the forcing func-

- tiona of particular interest are those due to heating at the
vane tip and along the downstream surface of the vane. (The
caoling effecte of radiation and ablation, both clearly im-

‘ ﬁartant in the actual situation, are omitted from discussion
for the time being.) Moat of the heat tranafer computationa
outlined below are derived frowm the analytical methoda sug-

- gamsted in the worke edited by C.C. Lin (12] and in the AGARD

V.Hénégréph authored by Zieblend and Parkinaon {101.

» A particular feature of thede high speed flove is the

”l:lnfgp:dtfiorenaos in temperature that the gas experiences in

?591§§qnltfi§ihg‘nook'ﬁﬁa‘Sady surfece. In such caaes it im

iqucﬂuidry to»naoouﬁ£ for the temperature dependency of gas

7 Jiﬁi‘bréﬁﬁrtitif. A most-useful simplification for this purpose

_jizézic"ith-_t proposed by Diwssler and others (12, p.304) in vhich

’  f§ﬁa Ptbndtl'ﬁunbé§ and specific heat are considered to be

"féﬁhiﬁjﬁl inasmuch wme thtir’véri-tiona vith tewperature are

?bf n1i396r‘erer‘u£ magnitude than those of the other gae

’V';;f-cpéruu;c_viwouuy and therwal conductivity). Thua, vith

Afﬂfﬁhti‘ﬁ‘&dhﬁ&idﬂ. the quantity Px‘/ap « gonstant and a separ-

nto-inti-ato of the gas viecosity leads to the thermal

‘f'qﬁnduéttvity'Iar & given Prandtl number and specific heat.
| A'Far thc rough calculations used in this study, the

nPrtndtl-nuaber has been estimated uninq;tho Eucken formula

:FQ,.9‘139], PPV- ikltgkfﬁ). vhere k is the ratio of apecific

. hests. With the ges constant, Rg, the conetant-pressure
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- uspecific heat ia given by e, * ng/(k-l).
' In thia vork, the atandard Sutherland-type formula hasa

bsen adopted for determining viscosity:

Folloving the recommendation of (2, p.9], a value of n = 0.7

' hés been umed. In addition, the reference viacoaity has

e ~ -5 2 .
been taken to be ”ref s 4,080 N-a/m” at Tref" 1000 K.

-iggtggnat;an Point Heat Tranafer
| In the analynia of stagnation point heating, the solu-
;tion to. tho boundary layer equation requires an estimate of
'jtho Lnatl fluid accelerstion in the vicinity of that point.
‘tnAtna caue 0f supergonic flov, this can be approximated
,p&h tho .u-uupticn th-t ﬂewtnniun flov prevails betveen the
ihav vuve _
3baw ViVO und th- body and, (sse ven Driest (i, p.3661),

R 0.5

8. du /dx) <=0

.irﬂ the Iuhiuript (-) reiarn to freestiresw conditiona, (o)

s (U/D) . [B(P /P )(T /T LR
Qy @

_‘Qé.natnu nt;gﬁutinn canditionc, and (y) ie for conditions
fjdaunﬂtrcau a! tho norsel ahochf The pressure and tempera-
',{,turt vittou in the above expred.iona are knovn functions of
»aui;the xruictrnli Huch nuwber.

With 8 thue defined, the Stanton number way be computed
Eféivcu thn fnllavinqa -

"0‘ 5

0.5, .-0.6 Re
Q

'.5t° - 0.57 (ED/U) Pro




Turbulent Boundary Layer Convection

In high apeed compreassibkle flowa, the analysis of ther-
‘mal procesaea is complicated by the fact that considerable
compregsion and viacous diaaipation follov from the deceler-
“ations occuring in the boundary layer. This leada to tem-
peraturea wvithin the boundary layer that are in exceas of
that of the freeastream, and the driving temperature for heat
-;jﬁranafer ie the so-called recovery temperature, TR. Thus a

' -“;reaovorv factor ia defined as follova:

'_Fartunntely. it has been found by many investigators that

) ?th& recovery factor may be related to the Prandtl number in
-;j;;l uiaplﬂ way thnt inm ud&quate foy most purpcoses, For a tur-
’;fbulent haund-ry 1lyer {assuned here), the relationship in
Aﬁ?v ) Prlja.

_ | A mare-diificult problcm arises from the dependency of
'ifQiu prepartioa upon teUpar-tur. aince in nost cuaes the
Tfygpprgpvgnto refsrence temperature for thie cnlculntion
dqn@ﬁd&rﬁﬂen,tﬁ¢avull temperature. Thie, in turn, depends
_:'5 §b0n the reference tesperature. The roference tewpersture
."-'ﬁ:i_.' "'_;";;.-.-.'t,_ypwgi.ly defined am (2)

_‘ A"'.~."|_'“£ ~ 0.5 T, v 0.28T «0.22 Ty

:fffhv prﬁlent ﬁ.lculltionu are based upon the sasumption that
:*ffghu,vill tewsparature ie adequately represented for this pur-
J',}g&abrby tﬁé npan 0f the recovery and swbient tewmperastures.

Aif§Anwdv¢lultipn'n£ the validity of this assumption requires
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F?i'an iterative time-dependent calculation. In the @ystem
identification work to be descrihed, however, the convective
reaigtance is treated ag a parameter to be identified. Thus
thé experimental data lead to the deduction of the "effec-

.tive' £ilm coefficient and the detailed analyaea descrihed
in thig section may not be neceasary for design purpoaes. )
A‘Given that the reference temperature for gas properties

:ﬂ;é:adequately degcribed, the gas viacoeity and thermal con-

- ductivity wmay be eatimated ae above. The Stanton number for

:f?[“tgr5u4ent cgppressiblé flaov ia then given by [(21:

o St = 0.0296 pr 0" 67 ge70:2
. Fraom the euﬁroagiona given sbove for the Stanton num-

:Visépj.'ﬁuﬁﬁiit nuuhoru snd therwal resistancese can be calcu-~

“fléiﬁéﬁ ggr'tbgvaudoi coupapenta affected by :tagﬁation and

A;igﬁgnqﬁ§y~;§y§r_hnat trnn.fqr processea. It eshould be noted

.ii&ig’tﬁi'thdrwni,#sei-tunacs are ecnlé—dapendents stagnation

fipaint tharaal resistance decresses as (scale) ;'? and turbu-

VXent bounanrv L-ytr thersal reatstonce ia propportional to
'V;(canlvi ; 2‘ The uinulntiann conducted in this atudy have
' ?hoon'of_u-i7%40anls'v-ne,iﬂ order to provide a comparieon

7 with aveilsble NWC test data.

. ?ht iniornition nccoasary to provide values for the

"Lfthornul rtniitunao includes the freestresn characteristics

et the loaution of the jet veane -- Hech number, atagnation
7t0§p§ruturo. and ataqnution pressure. The concept of the

x i§rqd§nt wodel im that these quantities are determined from




the ballistic characteriastica of the rocket motor. Accord-
ingly, inpute required for the gimulation include the motor
chamber presgure, thrust, and characteriastic velocity, and
the discharge coefficient and pressure ratioc of the nozzle.
In addition, necessary propellant gas propertiea include the
.ratio of apecific heats and the gas molecular wveight or gaa
l conliant. Experimental values are preferred, to the extent

" that they are available, hut a conaiderable body of theory

xu_rcuiuti if analytical estimatea are necesasary.

From thoae quantities, the ataegnation temperature may

‘”:bs calculatod as followax

: . 2
‘ B T, =Gy enl /Rg
. where:
. C, -+ nozzle discharge coefficient (.934)
ST e tke2rke 1:‘“"”‘“ “10,0:3 (5,68

- ‘charscteristic veloaity (1312 w/m)

R » gne canstaat {318.5 a2/-2~xx

g
1‘jk ~_ratiu cﬁ uposiiiﬁ heats (1. 21)
"57Tﬁq nukbers given in parentheses sre those presently in use,
4v §§dAl§§é.to;§ uﬁngnqtion,tonporutur- of 2650 X,
_' 'iFr§u1£§b aotor noxtle pressure reatio Nach number at the
-u,itgég-kﬁ"“-.g to be that at the vene) ia computed from

w2 e t2/0k-000 e sp o RTBIE
.- ce’ a

1]
";iad'301.¢tlnq a nozzle pressure satic of PQ‘/?. = 186, thie

. eupression gives M, * 3.75. It ie important to note that

T the LOtor chewmber preasur2 must also be provided because the

7fh§.t’;runn£or calculations for the vane require the density
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- and hence the pressure in the freeastream at the vane loca-

tion -- in the calculationa presented here, the value of

P = 15.76 HPa has been uaged.

(s}

For ease of reference, the following table of values
describes the heat transfer quantities obtained from the

inputs and computed quantities described above.

Stagnation Turbulent Boundary
Point Layer
- . i ‘ -3 -3
- Stanton number 8. S3x10 3.01x10
J'-' ﬂu-uQLt nuwber 43. 1 438
Ei{n cosffiaient, H/nz-x 6.463103 2.2Sx103
 Therual resaistonce, K/ 5. 69 0. 634
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V. SINULATION RESULTS

B The sodel and gavbrning equstions, described above,

= ﬂghin7biéﬁ éado6'1n the Digital Simulation Langusge (DSL),

:f:fifhta'tﬁﬂ softvere product is & FORTRAN-based languege with

. _thn buétiuul&é sdv-ntsao that a vide variety of integration
- subroutinés are imbedded and directly avaiiiblo to the uaer.
v_ S§ch,;nt!gr.t1enn are necsrsary at each of tﬁe energy stovr-
‘fnq.ihadod; and for this purpoae a S5-th order Runge-Kutta
method sancorporating a varisble stop eize vas selected. In
1idﬁit$an to the vane conduction wmodel described above, the
code incorporates energy flov calculagtions in order to veri-
. £y that che model does indeed sccount for the diaposition of

all heat transferved to or frow the vane, am vell ae that




- atored at the varicua nodes.

The saimulation code has heen vwritten so that the dri-
ving input is the thruat of the rocket motor, as provided by
test data. In the case reported here, che point-by-point
'.thruct va. time mesgurements are approximated by a ramp in-
put from Q to 2335 N (525 lh) in & period of 0.5s8, held at
'thia>ievel for 2.3a, and ramped back to zere thrust in a
!uﬁther pefiod of 0.5a. Although the actual thrust data
Z:_painta éoulé ke uased, the ramp-up/ramp-dovn cloaely approxi-
o uatey the thrust schedule and provides a vseful input for

 §valQut1ng the mensitivity of the thermal remponse of the
 ynﬁe_t§ varioua parametera of the model.

"an inportant aspect ui the physicel event of rocket

--'f-iirihg'ii_thgt the convective resiatances to vane heat

;;téunaiav,Cnt_tha stagnetion point and in the boundary layer)
f~§§§ Qquﬂlgd to the presence or ebuence of flav past the

];vﬁﬁéf Thus thewe resistences ore initially very large,

L decrease repidly 0 pleteau values as the motor reachea full

}ﬁhrptt. and increase again during burnout. Thie behevior
'1huc-bnon wodelied by postulating that the film coefficients
begin and Qnd at 1¥ of the full-flov values and focilov the
-'rauﬁvup; plntcnur reup-dovn profile of the thruet echeduls,
Foyr caupirison vwith the aisulation resultas, the vene
tenperature datas vere likevise converted to a continuoua
record by means of the transier function furnished by NWC
(13). This tranefer function, vhich vas deduced from the

test deta, clozely approaches the actual sesaurements and is

<3




given as

TS a8

— et

THRUST =~ (1.233g+1)(50.768+1)

{In thia exprezagion, thrust in Newtons gives a temperature
regponse 1n degrees Fahrenheit above ambient.)
Vane Thermal Response

Figure 4 shows the computed vane temperature history
using “current best estimetes” 3f the problem parameters
deacribed previously. This fi: re shows that the predicted
temﬁeraturs-time history ¢ the reference shaft node igs vell
in excess of that obtail:ed in the tests.

In the model 8~ it is presently configured, the guanti-
tiea encuwbered by the grestest amourt of uncertainty are
thogse easociated with the bounderies of the thermal ayatem
-- the convective inputa and the conductive cooling of the
vane by the thermal sink effect of the mount., Some prelimi-
nary esperimentation with the simulaticﬁ-haﬂ led to the
ingight that <c<h® chief control over the maximum shaft
temperature is the mount thermal regsiatance. On the other
hand, the dynamic temperature rimse is meinly affected by the
convective thermal resistances acting at the vene aurface.
Theege ocbaervations lead *o the premige that the effective
time conxtant® for these tvo processes are videly separated
~- a clue ta vwhich is given in the previous trenafer-func-
tion model.

Adjuatment of these factar. leads results of the sort

shown 1in Fig. 5. which illustrates the gensitivity of the
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shaft temperature responge to the convective film caeffi-
cients. It will be seen from this figure that in arder to
éobt@in reasonable agreement between theory and experiment it
ia necessary to reduce these coefficients (with correspond-
:iﬁg increasea in the reaspective thermal resistances) by a
factor on the order of 60%4 to 80% -- the ratio FR in Fig. 3.
The need for this affaset is largely attributable to omission
-of'the coocling eftfects of radiation and ablation. It ia
iappéfent, hovever, that the model ia capable of reproducing
the main transient features (time conatants) of the vane

- thernsl rewponae.

t'Figur@ 6 illustratea the aort of agreement vith test
 ’d§t“thnt is achievable ua;ng the present model. To achieve
:ffiho'resultﬂ,dhnvn in Figs. 5 and 6,reault, a mount thermal
l;rﬁiiﬁtanablbi_ﬂss s 10.3 K/W vas used -- a value not incon-
" q;utgﬁt‘vith the mess and configurstion of the mount. Whe-
ther or not the reduction factor of 72% is conmistent with
; *Tthe'&££0ot‘ox radiative and ablative cooling is yet ta be
drterwinod. In any case, it is notevorthy thst the agree-

ment illustrated in Fig. 6 is attainable by meana of a sin-

- gle constant factor.

~ In sgdition to providing the framevork of a working
computationsl code, the results of the simulation indicate
th‘t it may be feasmible to predict the bulk thermal behavior
iQi selected critical elements nf the jet vene. In order to
" obtain these preliminery resulte, no particular attention

“hss been paid to the precision vith which the boundary ther-
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Temperature vs. time, FR = 0,72.

Figure 6.




jya@;reaiatgnces are calculated. For the purposes of this
;o%k,*the.simplicity of the model gives some encouragement
;@hatvii,mny be adaptable to the deductive or system-identi-
fication mode of analysis. Preliminary results, reported in
;géggﬂéﬁﬁént sections of this report, indicate that this is in

deed the cawe.

VI. STATE SPACE MODEL FORMULATION

jﬁ Tﬁe resulte presented thusfar have been obtained from a
“»fneqﬁontiui integration of the energy balance relationships
 at each calcgulation nodé, and Eq. (2) illustrates the form
;;p'wﬁich these relationships have been cast in the DSL pro-
jﬁgrau for purposes of simulation. If the physical quantities
7A£f9a;-£lncon and capacitances) appearing in the governing
‘aystem of equations are truly constant, then the system is
 a11n§lr'lnd the efficiency of a state space formulation may
;ﬁ;ibo brought to bees. The matrix formats that characterize
Ati;;jthn state npamm ﬁmrmulntian are particularly useful in pro-

“{f:vidinq Y -yutm;&%ic presentation cf the mathemstical model.
“In additxnn, tha folloving reaults have keen obtained
Aﬁuling tho porn@nul computer version of the softvare package
thallnd 'HATRI%x? (product of Integrated Systems Incorpor-
»,_itod.:P.lo Alﬁﬁ, Calif.). Incorporated in MATRIXX is a vast
',“Vlriity of -nﬁwix man1pulat1on schemes that are often found
f;ﬁo be essential in the wmodeling and simulation of dynamic
'?ﬁyutoua (particulsrly control systems). Included are meana

f!of_unnvornidn from continuous to discrete ayatems and for




trgnkfarqﬂtion of aystema from state epace to transfer func-

tion models and vice-versa. The system identification capa-

biilti@u‘of KATRIXx, essential to the goals of this study,
;é;éiiéuiqed in a subsequent chapter.

:iﬁathematical relationahips are expressed in state space
fijgorm4bf arranging them such that the highest order deriva-
V-.tivea of the dependent variablea (the temperatures at the
'“f“varioua nodes, in this case) are given as linear functions
 £5£ the quer order derivatives. For node 2, for instance,

fqu. ¢1) may be written

o Ta 1 1 Ty T3 Tr2
Tz x - ¢ (R . R * R ) c R + c R + C R (3)
T 2 F2 i2 23 212 223 2 °F2

?1 fRQ£orringrto Fig. 3, the corresponding relationahips for

? §f’hodos,1 and 3 are obtained:

: : T T T
T a2 - 4 ‘_L— - 1 ) —_— . —R1_

(4)
i Cy Rpy Ry CyRyy  CyRpy
o T ~ T T
fae-d gk o = (s)
“3 Raa 36 3823 alag

¥ - The- internal node designated (i) in Fig. 3, vhich vas
7 included to sllov separate estimation of the tip and vane
 .rdi$¢tiﬁd.l.'ip not a storage node and, as previously nated,
fA '“OhirQy b§llnu0 for thia node does not include a rate term:
T, - 7T T, - T
i

£, 4" "2

Rys Ri2

(6)

'Equation (6) may be solved for T, and Eqe. (3) and (4) may

i
be used to obtain an expression for its rate of chuage in

the format of Eqm. (3)~(3). This vould lead to a four-atate




=£pfmﬁ#§tion for the four node temperatures. For efficiency
SoilﬁamputAtion. hovever, it aeems good practice to eliminate
Lfﬁueh'nen—atorage nodes from consideration -- temperatures at
yguch nodes can alvays be calculated from algebraic expres-
T:Qiunn..auch ag Eq. (6), involving the temperatures at adja-
Y‘f cenl‘node-;  Using Eq. (6) to eliminate T, from Eqs. (3) and

*“:,14) gives the folloving 3-state set:

Ty 1 To 3y Th
W "¢ %R.."R.*C, R."C. R (7
€ Rpy 12 - Cy Ryo 1 Rpy

T Xy '
‘1,-.;-‘--—3-(1*19-&'—)0'&—‘0-&2'—1—‘ (8)

2 Gy Ryn Gy Rpy Ryy, Ryt CoRyg Gy Rpg
PR T SR R S SN N U (o
T3 *C R~ ¢c.'r R R 3
Cs3 Ry a Bag  Rag 3 Rag

ff??‘”?*?izu' Rys * Rype

| ;t;i; ‘€?‘n°.d in such a fashion, it iw spparent that the
" nodal expresuions pomssss & certain ancunt of syssetry.
'fjl;{Eléh'Qiithp'éopfi§°1*“t' of tempersture on the righthand
-iﬁpiiidﬁé:ﬂf gqg; ;7{-(9) have the diwension 0f inverse time
A%';;-uﬁdg in fact, the RC products ere representaetions of the
E {;nb‘gpn@tqntd~doncr;b1ng the energy trﬁnapart proceases
| f vq;aUr*“g"t and around the nodes. To further illustrate
:'ﬁi ~tht; !Gf‘.l;‘rtﬂﬂﬁ-'.“t' 1t is useful to define the

’;'ié;}avinq parameters (inverse tise constants):

e, ,*L/C. R

8y ingoeayqh, 0, @210 R, o 13"

=1/C_R (1

"8y tMyathos )y 8yt L/C,R,

By ¥1/CR, B2

b

LT 852" I\CaRy I RRALF YRL DALY




b = l/CBR

F2 ' 733

Byy= 1/C Ry o byy = 1/CR

3G

'}withethelo definitions, Egs. (7)-(39) may be written

T=AT+BU (11)

— w—

. ihdre the vgtate® conaistg of the n = 3 nodal temperatures:

T= (T, T, Ty’ ,

_t@p *input®* vector containa the m = 3 boundary temperaturesa:

U= 1Tpy Tpa Tg!'

.énd the nxn matrix A and the nxm matrix B are given by

7 %11 M2 13 Py O 0
coA® gy 8yp 8] 0 B 10 By O
T ®31 %32 %a3 0 0 by,

#Quﬁtéqn (L) io expremsed in the atate-space form familiar
,}i@piﬁhj}snliyliﬁ of ééntrolq aystens, and if the vector of

< i;npgtﬁﬁéupqratureq_g sre specified the time histories of the
1 2§64§1 £égpqr|tur§¢ dro_encily obtained.

R 780@69dn the 'qround'vtoapor.turé TG is o specified

* conetant in this wodel (in the case at hand it is 290K) the
5i ai1§ula£19n ﬁny‘bp wimplified by f-terring sll tewperatures
;tbugréﬁnd.  This has the effect of removing the ground tem-
'fxpurnturd';ﬂ .nvtnpuf (1t is zero relative to itgelf) and the
inpu#-yhatar bcconqa U = (1‘rl Trzl'. With only the recov-
”f,_qry temperatures s inputs (m = 2) the last column in the
'%1;ipput coeificient meatrix § ie redundant and muast be deleted.
o The threa nodal temperatures sre "outpute,® in a con-

- trél'hy-tea. ssnse, and the usual output relationship wmnay he

"wpritten se




° the four submatrices A,

cT

b A +DUu

. 'where.C i® a 3x3 identity matrix and D is a 312 null matrix.

As a final step prior to simulation, the four matrices may

‘be combined into a single partitioned matrix, §, containing

B, €, and D. Thias isg particularly
" useful vhen dealing with the MATRIXx softvare. Thus
| Ale

_s_ = .'-'-- » or
S c,o)
- r
: %1 %2 fa By 0|
o 821 %22 %23 O Py
g | % %2 %3 0 0 (12)
. . 1 Q 0 o Q

0 1 Q Q 0

0 0 ] 0 Q

In this forsulation th: thersal characteristice of the

*.fpynto- are -puaxriod in the A matrix and the input reeis-

:’ tnnaQu aro found in the elements meking up the B matrix.

"_ Nate thnt the ﬁisacnul clouentg of the A wmatrix sre the

 f fnoqutiva inverses of the chnract&rintic tiwme conastants for

‘the therwsl response of each of the nodes. As defined in

{1'Eﬁ. (10}, these diuqannl elements are guos of the values on

 ~ Q§Q earfcspandina rov, dinaluding the input matrix. Thie
>::elati§nsbip éxprccuo- the conpervation of energy embodied
iﬁ the analysis and the disgonsl elementa csnnot be indepen-
;d;ntL? veried vithout violating this principle. Thie is an
inﬁportunt constraint vhen syeten identificetion procedures

>arb applied tO the systew.

J3
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 The generaiity of the formulation ie apparent, and
" - there would be no particular difficulty in adding atorage

nodea to the model in arder to obtain a more-detailed view

'~ of the temperature distribution within the vane. Such

refinement at thie point geems unvarranted, haovever, since

'T-Q'little information is available to allow a concomittant

'ijfinement of the diatribution of the thermal inputs. In

’1,_5f&ct. the present model wvould not be drastically affected if

':iﬁi astagnation point and boundary layer heat tranafer wvere
B combined into a single input, thue reducing the model to a

© two-state syatem.

SINULATION IN STATE SPACE

" vf;?1gure 3 includes a table of the thermal resistances
iirind nodi1‘cgpa&itnncen thet have been setimated for the
-ti?§§§blpm‘5g‘hand. tIn sstinuting the "effective® input
 5:§§§iiiiéc&n'gi9bﬁ}1n ?1q. 3, the calculated heat transfer
-:‘f§0§i¥;31¥ﬁ§a h&vi'ﬁéou reduced by the 72% factor leading to
-fgﬁhéafqiplt- dodarib*ﬂ’in'tha previous chapter.) Wwhen these
- ;9&1un§f§r9 inncréarsﬁoﬁ intg the present analysia, the A and
 7;E nhtrié&p iukﬁ the following values:

T Tesas a7 o } [o.¢5 0 J

A 0.23 -0.62 0.18 B = ¢} 0. 20 (13

a - 0 0.38 -0.48 0 o}
'Fe?'thi tip node the input tewpersture is the atagna-

tion inmpor.turo {2630K) and for the vane the recovery tem-

. pecsture calculsted by the sethode of Ch. IV im 2550K (very

nesrly the saze as the agtagnation tewmperature in thia high-




:fgpeed,campreasible flow). When referred to an ambient tem-

ﬂﬁﬁ perature of 290K, the appropriate input values for tempera-

. ture are

RL 2360K and TR2 s 2260K

"~ Although the thrust vas used aa the fundamental input for

T

-.'the siwmulaticna previcusly deacribed, these temperatures may
'.be-aalﬁmed to follov an input schedule that is mare-or-lesas
:'ﬁYnchronoua vith the thruast. Accordingly, in the simula-
~tione that followv the recovery temperatures have heen given
the aare remp-up, plateau (st the valuea given above), and
‘ramp-dovn contour that is described in Ch. V.

CLin

i'ﬂith the model matricea values given in Eq. (13) and
7 the echeduled input temperstures described sbove, simulation
of tbg-vano thernal segponse is accomglished using the NAT-
f  RI*3 LSIH’dpunund ild.'p;L0~6]. In thie cace, the ayntax is
h [T, Y] = LSIN(S,NS,Y, DELTAT)

- where § is the aystss matrix foreed aw in Eq. (12) and in-

'1{'“corporating ﬁhb_ﬁnluet given in Eq. (13); NS i the number

of utitii'(ﬂs ¢« 3 -« the three nodal temperstures); U ia the
_input:irrpy, in this cuse expresaing the acheduled input
:ttnppriiu:ia; end DELTAT im the specified time increment
‘botviqn steps ia the | array. In all aimulation cases de-
A.ﬂribod herein, a time increment of O.ie has been used for a
duretion of 1Ss. Thus the time vector has dimensions 151lxl
and the U array ias 151x2 for the twvo inpute.

Figui'e 7 shovs the results of the sinmulation sacuming
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thai the elementa cf the A and B matrices are caonatant w#ith
time. Ao expected, the results are unaatisfactory because

" the linear time-invariant (LTI) assumption does not account
for the variation of *the heat tranafer coefficients with
tiwe. In other waords, the elements of the B matrix and the
diagonal elemenrte of the A matrix must be calculated at each
time atep in the simulation.

. Linegr Time-Verjant (LTV) Model

-With MATRIXx, the accomodation of time-varying parame-

ters nay be relatively eaasily achieved by using the SYSTEM

.. .BUILD cepebility. SYSTEN BUILD provides an interactive,

‘?,pmehu-drxvoulqraphic-l envirgnment for building, wodifying,

if@nd editing computer simulation models. Any combination of

' l1ﬁ.ir.'nua-l1n0qe, continuous-tine, diascrete-time, or mul-

C tisrate smodels thet describe a system may be conetructed

- $r9§1u3Libﬂary,afrbin;c building blocke. Syeteme may be
':?gadélcd bv~divid;naithpuvxnto individual compcnente with
i  ;iBh:éQﬂan0ﬁt being daicribcd by a apecific type of func-
:_tXani_bler. Super-hlocke can be used to repreaent ae-

‘wewblivs Of individuml blocke and the heirarchics). design

'1 prbv1dq'»ph ofgenlized repronwntqticﬁ of the physical eystem

" thet i wodeled,

- In SYSTEM BUILD, eny super-block or set of nested su-
é&r-blcck- can be aiwulated, lineerized, snd aneslyzed. Ko
:Qnor eeding_io necessary (althaugh it ie alloved), and SYS-
'Tﬁﬁ BUILD csn be driven by user-defined cowsand procedures

that sutometicelly build or modify syatem sodela. All of




this capability ie available for PC hardvare (which hazs been

~uvaeed thusfar in this study) and the net effect of the SYSTEM
BUILD capability is that the user may concentrate =fforts on
degig:, analysis, and simulation in an efficient graphical
environment.

The SYSTEM BUILD Model. In this study, the vane ther-

mal behavior has been madeled by means of seven super-blocks
named as foilows:
NODiIN, NOD2IN, NOD3IN
NODE1l, NGOGDEZ, NODE3
VANES
The aprendix provides illustrations of these super-blocks,
and 8 brief discusaion vill be provided here.

‘The first three blocks are compute the parameters ne-~
cessary for the atate equaticn. The input to both NODLIN
and NOD2IN ies the ramp-up, plateau, ramp-dovn schedule pre-
-vioualy deacribed, but with a plateau value of unity. In

NODLiIN, for example, thig input is multiplied by T and bl

R1 1

as gains to form the time-varying elewment in the firat row
of the input coefficient array B. Also in NODLIIN, the quan-

tity o, i genersted hy meanz of the step function ond

12

this, in turn, iw uased to form - a " aa given in

84y % 82" By

Eq. (10), The outputs of NCDLIN are - and a, .

833 ¢ By1yTRy 12
NOD2IN and NOD3IN are similar in function, vith the excep-
tion that NOD3IN doee not rejuire the time-varying input.

The firet three super-blocks liated above ere elomenta

of the second three, reapectively. In NQDE1l, for example,

Lt U e UL L T e L LT T T ey



‘the external input T, is combined with the outputa of NOD1IN

4
to form the quantity BllTl + 312T2 + hllTnl = %1‘ An inte-

gration is also vithin NODEL to obtain T, from %l . T, is

the ocutput of the NODE!l super-block and, in a similar wvway,
.:NODE2 and NODE3 pravide autputs T2 and T3.
Super-block VANES *wirea®™ NODEl, NODE2, and NODE3 to-

gether in order to provide simultanecus aolution for the

. three nodal temperaturee. In VANES (amee appendix), NODEL

receivea the dual ramp input and T2 vhile generating Tl;

NODE2 receivea the dual ramp input, T and T3 vhile gener-

1'
atinngzt and NODE3 receives T2 and outpute TS.
To execute the SYSTEM BUILD madel, the program is first

:,éheaked'by means of the ANALYZE command (151, Folloving

» V;thid. one of aix integration methoda may be selected from

_ the menu provided. The results described here have been
”‘“Obtained;vith>a variable-step Kutta-Nerson scheme vhich ia
:‘van explicit fourth-order method that employs the largest

u.tiﬁé ntep‘pqaaible vhile remeining vithin error tolerancea

“*U‘_(mguimuﬁ step eize is the time increment epecified ior the

7”-_iimglst;on). |

- Sisuletion ie schieved by executing the SYSTEM BUILD

'}l;géa!nhd |1, ue in 'Y = SIN(T,U)", where the time vector T
71§nd~thn input U must be provided. In the cese at hand, T is

the 15ix1 vector conteining 15 seconda of 0.1-gecond steps

end Y 18 the 151ix2 erray exhibiting the ramp-up, unity pla-

toun. rasp dowvn schedule previously described.

Figure 8 phove the reaults of aimulation uming the
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'=SYSTEH BUILD model to provide linear time-variant (LTV)

- behavior of the vane heat tranafer coefficients. In this
figure the improvements attained with the SYSTEM BUILD LTV
medel are apparent. With the model now cast in this format
it_ia possible to take the system identificacion approach

that has been the ultimate goal of this study.

VIII. PARAMETRIC SYSTEM IDENTIFICATION
The philosophy of parameteric system identification

CT(PSI) is to uae measured remponse data to "masgage" the

:':‘paramotora-of a ayatem mod®l such that simulation resulta

;mstch,ﬁhécc cf experiments. Sowe of this has already been
.’Acéompliehéd by tﬁe manual varietion of parameters described
 %1ﬁ'¢h‘ v, ﬁﬁt PSI will nov be ulod‘to complete this process
lin Q'nyt;natic_vuy.

” Ih tho ﬁfobliu at hand, it is reckoned that the most

. uncertain parsneter values are thoue associated vith the

' ":‘hcititrsnuitr processes at the vene surface snd the thermal

yinkfﬁiiocgs:at'the vane mgunt, The vane tompersture to be

5. and although the stagna-

.+ watched i thet of the shaft (T,

:~*; £;55 hest trensfer process st the vane tip hes bheen modeled

’,fth;g provides relstively little heat flux into the vane and

. 35 thereiore of secondary 1mportlnéc ag fer as the thermnal

“vesponee at the shaft is concerned.

Thua the resulta deacribed here have been aobtained by a

“_:tvo”ptrun.tor variaeation involving b and a... It ia to he

22 a3

vill sl@o regquire a

igidilxod that the variation of b22
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'phange in 8, in accordance with the energy balance, and
-ftﬁgt thig ia accomodated in the SYSTEM BUILD model. In ad-
aiaitéon,‘the value of 84n hag within it 1;13:3 which is not used
2:in the simulation since the relative ground tewmperature is
iﬁzeta. .Nevertheless, a8 kKnowledge of 851 will lead to the

.apprapriate value of b33 aince b = -a - a

33 33 ag given in

A 32
i; sq.-<1o>.

h -The MATRIXx/PC family includes a variety of capabili-
_fiés that provide for data analysis, parametric and non-par-
'5m§tri; aygtem ideptification, and digital filtering. In
Lﬁﬁia.#ark. PSI ia achieved by using e scheme known as "maxi-
;%wum_iikelihpod estimation® (MLE) [16]. Ae its name implies,
sgyﬁp@ggimizeu'the likelihood of the parameter estimates

;biven the obmervationa (in thia cage, the mearsured transient

rotpanso oi T4).  HLE operates on an entire time hiatory

rathar than on@ w@ample st a time) and ia applicable to

multipleviuput/multiple-output (MINQ) aystems such aa that

ada* snelyais heve.

3 :;Tht anmuund that executes the NATRIXx version of the
'NLE prGQQdurc is MAXLIKE t17], with the following syntax:
IYHA?,P] = MAXLIKE(U, T3, PO, 'VBN2', NIT)

Itﬁnd tc bn previdod by the user are Y, canteining the time
:fvdﬁtor.nnd_.rrgy_ot input coaefficients; T3, the vector of
thipré valuss that are the atandards for comparisan; PO,
‘5ith§ vnctof'c£ initidlveutim.tec ior the parsmeters to be
: €§;ti§d;}VBH2'.vu uier-aupplied command file that creates the

and the current valuee of P; and

——

" ‘valuea of T3 based upon U




HiT,Wﬁhe apecified number of iterationg to be performed.
. :;fhe reaulta of MAXLIKE are YHAT, the system response

ug;ng current values of the parameters; P, which contains

“phése current values; and RSS which is the sum of the

;qn&ree of the differences betwveen the measured and pre-

dicted values at .each time atep -- RSS = gum(T3 -~ YHAT)Z.

. ~- Ad has been shown, the LTV nature of the vane heat

}traﬁater,problem requirea the use of SYSTEM BUILD. Thus, ir

3th9-prnb4em at hand, the command file ‘VBM2’ reads as fol-

"~ lovat

_ hUILD,EDIT,NODZIN,O,EXAHINE,2,NEW,P(1),DONE,TOP,...

o EDIT, NOD3IN, O, EXAMINE, 3, NEW, P(2), DONE, TOP, . . .

. ANALYZE, VANES

}3X3§$IﬂfU(:,l),U(3,2:3));

’gaAT;?3<=,3);l

CRETURN

hi}ﬁ9§§b¢§hii innguago.mgy nat be familiar to the reader, it

;géf;gélpﬁiiiblo'to deduce that in the SYSTEHN BUILD lexicon

hééb'inﬁtruatigna sequentially update P(1) (= b__) which ia

22

| 7in position 2 of super-block NOD2IN and P(2) (= a..) which

18 in position 3 of super-block NOD3IN. Y3 ia the name gi-

";ﬁig;ﬁoﬂfhb tﬁroc-tbuporature array obtained from simulation
'jﬁguﬁiﬁq thb:aurront7p.rnnotor'vulue-. P(1) and p(2), with YHAT
. ?(;.Ta)>§ontuintd in third column. It should be noted that
'ffﬁin #ncﬁ iteration the NAXLIKE procadure executes °VBM2’ at

535¢nﬁo:£ar each paraneter value under consideration.

" _Figure 9 is the result of a PSI run of three iterations

TR -3-% 3 W s o
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“using initial parameter valuea given previously (b22 = 0.20

?Qnd 333 2 ~0,48), The "maximum likelihood" values obtatined

. through the use of PSI, and giving the results shown in Fig.

33
“.residual associated with these resultis is RSS = 59.4. (This

9, are b,, * 0.2027 and a . = -0.4565. The value of the

ia 8 very amall value, bearing in mind that it is a sum of

151 squared temperature differences.)

Discussion of the PSI Results

- Am - ves done in Ch. V, the experimental shaft tempera-
i;vtﬂrp date (ahown aa %’as in Fige. 7-9) have been obtained
from the trenafer function provided by NWC. In thia case,

},thé tempersture above ambient, in Kelvine, is given by

0*—3-13-—'»” q'ﬁ;&
THRUST — (1.233@¢1)(50.76a+1)

(14>
'.Lvnpfo,fguAnnibro, the thrust has the dimension of Nevtona
'fgpé_?;g‘ 6). - A:-ti&e—spacq equivalent of this expresaion,

'?yhiéh*is-oanily obtained by meana of the HATRIXx function

" SFORH, 1w
SRR AR LA
where |
ST - 1 =0083807 -.0.0160 1
Al ‘ , B s, C =10 0.0716)
S ! 0 o

*gﬁd=g--,a. .{In this representation, y is the shsft tempera-
_Eiturtpfs_ﬁﬁQﬂu is the thrust.) In the combined matrix format
7:@rwviﬁ¢qufdianu-lod in coanestion with Eq. (12), these wma-

© trices yield




-0.8307 -0.0160 1
g = 1 0 0 (15)
(8] 0.0716¢ O
' The agreement illustrated in Fig. 9, which is clearly
- excellent, can be evaluated in several waya. Foar inagtance,
- the temperature response regulting from the identified sys-

-tew. may be cast in a forw that is directly comparable with

.that provided by NWC. To accomplish this, the system model

, may,be»aonverted to the 2-state matrix form given above, and

the three parameters of § subjected to system identifica-
tiﬁn. Thig has been done by m@anag of the MAXLIKE procedure
;gith_ihg,inlloving regult:
| [ -0.8218 -0.0173 1
g = 1 0 0

T 0_ 0.076 G
with & valun of RSS 2 63.4. Comparison of this result with
€t$§, (LS) doaanntraten the agraement. UJaing tha TFORM com-
mund o£ HATRIR&. the atnteﬁapaca repreagentation may be con-
eVﬁrﬁGd baak ta transfcr function form, yielding

Ta . _4.13
"THRUST " (1.2508+17(46.08m1)

‘échupurinq with Eu. (i) the agreement is, agein, remarkable.
"T*?Thtfreador should bear in mind thut these erguwents are nade
'fhbrt only for the purpose of demonetrsting the effectiveneas
';oi thn PSI pramlduro in thie came. The varioum tranefer
_ﬁ;igngtimqj and parameters in theae models have no relation to
lziﬁbélﬁh§ﬁicul situation -- in fact, wince they represent LTI
.ifﬁfiéiun; Lhoy lro vholly inadequé&o for any purpose other

‘then espressing the experimental measurementa simulation



results in functional forms.

Several agets of initial valueg have been uged in iden-
tifying the parameter values in the physical wmodel, and the
regultgs have been found to be independent of this factor.

In acddition, a number of teats have been performed to deter-
mine the effect of varying other parameters in the asysten
model and ro significsznt improvement haa been obtained an
the'reaulﬁa illuatreted in Fig. 9. The selection of the
apperriuta parameters to vary in the PSI proceass requires
aemb'&pprecintion for the phyaical nrocesa wmodeled. Thua it
hae &een’cbsarvod. for ingtance, that the delection of too
msni,plraaetetu,will laﬁd to unrealigtic valuea, such ag
ﬁd&etivé’thcfué; conductances, unless constreaints are added
to_@hﬂ HAXLiKE procedure. These and other aspects of the

-ueihgﬁléro"unddé continued study.

X, cunc‘wsious AND RECONMENDATIONS
The 0nphhnia in tha vork repurtod here hams been to in-
v&aﬁigaﬁe th. feanibility of uling systenm identification
ne;hq@n tp'dnyelap1taol- for use in the design of jet vane
TVC d;v&e&&.: B‘toéb'prnecoding to éunaluaiona in this
rﬁgnrﬂ. hﬁﬂﬂ?‘?, it muy be uatful to coament on the reaults
oht-in&d in thc case that has been enalyzed.
Esnnl*s.ﬂa*ShsuAnllxﬂLa
?h. excelient agreement botween meagured and predicted
lhngt tbuporgturﬁ responaea shown in Fig. 9 gives some cre-

615i3$t9 to the model parameters used in the simulation.

ML A tadk SRR Ca 1 AN AR A S S T Mt AT Y Mt RO T A ST AR AE T A N A S



Thesy may *n turn be related to vane physical properties to
lend some ingights regarding those quantities that were

'in;tinlly subject to relatively large uncertainties. For

ﬁ_ the heat sink effect of the shaft mount, for instance, the

parameter b33 = < ag, T ag, may be obtanined fraom the identi-

i;ed»value of 333 = -0.46 and the assumed (and relatively

| certain) value of aj, = 0.38. The result ia b . = 0.08 a '
'ahd,th;s may in turn be related to the vane physical praoper-

~ftLE° 9i“°e b 1/€. R3 Thia newv value is daown from the

e a3 G

;ffbf;g;nal value of ©.10 s ! (Fig. 3), and, since RC = mcL/kA,
-;ﬁhﬁ:fcﬂult may be used to adjuat the rationale used in esti-
:i mating the effective wass and geometry of the thermel sink
;fﬁepra&entingfthe wount (aesunlng that the heat capacity and
'1‘tharuu1 acnductivity are firm values).

. | Thd ‘other persneter identified in the PSI analysis is
Aiﬁhg;vani;thg:ualbinput cogfflciant, baz = 00,2027 @ "1 It
iiﬁh;éﬁuaig§iigfuead to recaloulate the convective heat trana-
2£§57ﬁé#££iéiénib x| vslua of h =« 6368 w/mzx iag obtained vhich

?1# gbcut 2% leua than that vatinmted in Ch., IV for turbu-

'”“Lpnt baundarv'luy-r convoctian. The conclusion, as haa been

‘Juanﬁianld;aia that th& sowplex processee of ablation and
{2rcd1atidn lcuaunt ior a congiderable amount of cooling of
:thﬂ vane. It ia ilwportant to keep in mind that the agingle

'gvdxueaxq&o{¢d~ﬁwro are ueseful only inaswuch as they give

:°fggnnd retultu for predicting ahaft teamperature reoponse using

N?“gh«,mad&1~th§t has been constructed. In this case, the wmo-

'fdﬁl‘inaludnnvu ramp-up, plateau, ramp-dovn behavior for b



80 that the above reault, which applies to the plateau value
- of the "effective" heat tranafer coefficient, accounta in a
crude way for the fact that vane heat tranmsfer effects vary
videly throcughout the firing. The assumption af a constant
Qlateau value for h is, of couree, subject to question and
refinement if sufficient information is available.

Referring to the vane suriface temperature responses
iéhavn ih Fig. 9, it ig seen that a maxiwmum of about 1240K

~ {950K above ambient) i@ reached at about 3.5 seconds (3 se-

-,2 coands after motor ignitionl. This value ia vell below the

. m@lting naint'di the vane material, and the tenasile modulus

T Am atill about 22,000 kai at this temperature (though it is

i9ag§l;,belny the asbient value of about 45,000 kai). It might

i ?pQ:h:edidted :fau.thogo reaults thet the 1l/4-acale vane that
: fhgqﬂbe&nvmadolsd would rewmain more-or-leas intact during a
;Q:£z¥iﬂ§ ei,ghe ﬁyp‘,thn;Ah.g.boen'uimul.ted. A notevorthy
':j £¢§§gro<a§.thowﬂ"d00§lapm¢ntb i® that it vould be a rela-

““tively wiwple watter to simulate the thermel response of &

jifﬁiukldaén;alvnnb.‘ Each 0f the paraweters in the preseat ro-

' ~¢Q1»is:§uQn§bLo.ta direct scaling procadures such ae thoaee

u'ﬂLgthntf§QV#’&00n given in Ch. IV.

Thl rclultn thusfar ohtgsined in this study justify aeone
:;uuniidbnnu thut tho thorn-l behavior of the jot vane can Le
ff‘uuéclod uaing a rolativ.ly gisple and straight-forvard model
;ffntruaturd. But elthough the atructure of the model is vell

| “dnfsuwd, sous 0f the values of the msystem parametera necea-




o

gary to make the model "work" are subject to conaiderable
uncertainty. In thia study the power of the system identi-
fication method has been brought to bear in removing some of
thig uncertainty., In addition, it is worth mentioning that
the relatively new capabillities now available with software
products like NMATRIXx have greatly facilitated these advan-
cea.

Future research in thease areas is warranted from both
(  ghe @odeling and system identification points of view. Us-
% inguthe'model +hat has bsen developed here, or perhaps an
1‘ éveg si§plev model {(without the tip node), it is impertant
Ji§; dater&1ne if thé good results obtained in the present
‘findtéqéé,can_ge expected in other camsems. With thias in mind,
 $§§:t9au1ﬁs'6f»cther firing tests should be predicted with

'5'§hefpadél'and further gystem identificetion conducted if it

"ﬂ,uﬁr&ven to be nauéusarys The baaiag izaue vould be to deter-

1-§in§ th9'f§bua£heua tor lack thereoil) of the present wodel.
.i F?mm'£h§ modeling adint of view, a number of inter-
t titing'q§o¢tionc remain of @ more theoretical nature. The
iif@iatianahip betveen the complexity of the model and the
~¢§i§9.dy ‘of experieental compariaon data is of some impor-
 :i§tn6Q, “In mddition, more realism could be introduced into

"»thp,prclohﬁ'nodol in an effort to determine the senaitivity

’ “f_p£,the.reault- to euch satters. For inatsnce, it might vne

' -pdésible to introduce a multiple thermal input model that
’Tnnccmuntd for rediation and ablationges vell ae thermal con-

'“'Qqcﬁian. Other elements of realism could be introduced by




allawing for the temperature dependency of several of the
parametera nov talien as canstant. These include the thermal
conductivity of the vane material and the reference tempera-
ture used in calculating the thermal properties of the motor
exhauast gaseas.
Another sspect of the method that may lead to important

-;nsighta ie that the initisl and final thermal responses

A éeggato heisémeygag'unqeup;ed under the preaent circumstan-

:”ceu;. ﬁggééxémpis;rﬁhe LTI responge illustrated in Fig. 7 is

‘Lquﬁtﬁlﬂd§ngﬁé'during the initisl phase. The implication iam
zjiééhét ihgiipitiai snd final transienta might be uged to iden-

Atiﬁy pprticular pavaneter values under “he assumption that.

J”thé§;a¥§‘ﬁaéé*invatxnnt. I{ this were true, the handling of
:naglxﬁaar'ﬁgkéviars, ahould this becoune ﬁacaseary, vould be

greatly fecilitated.
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APPENDIX

Diagramg of System Build Super-Blocks
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