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AB STRA CT

This thesis presents a new theory of ablative heat transfel and

its experirnental verificatlen ¡¡¡d,-r rnr-1<cr f li oh¡ conditions.

In section 1.0 the fundarnenLal equations of conlinuurn flow and

their lirnitations are discussed. It is shown how these equations

can be adapted for a wide range of specific vehicle geor:retries

and coupled with an analytic linear forward finite difference

rnethod to predict ablation procession, and Lransient ternperature

distributions in cornoosite strucLures. A brief discussion of the

accLlracy of the analytic rnethods is given, showing that they are

practically indistinguishable frorn exact solutions.

To test the accuracy of the new theory and the analytic rnethods,

section 2.0 describes a set of carefully planned inflight rocket

experirnents, using a varied ïange of sirnple experirnent geornetries.

A1l experirnents \¡i/ere conductecL using Black Branl sounding

rockets as environrnental platforrns, Iaunched frorn the Churchill

Rocket Research Range.

Section 3.0 desclibes a set of versatile digital cornpurer pïogïarns



which lncorporate the new theory and analytic rnethods, to

facilitate cornputations for the theoretical analysis.

The results of the theoretical analysis ancl experirnental data

are corrl.pared in section 4.0. Arnongst the rnaln conclusions

to be drawn frorn these cornparisonsr is that the theory and

related cornputer prograrns can be used with confidence for

certain vehlcle geornetries and flight conditlons for

prediction of ablation rates, and ternperatuïe distributions

ín cornposite aerospace structures. It is hoped that the theory

will prove a useful "toolil for future vehicle design work.



J.. 0 THEORY

1.1

1.2

1.3

r.4

tÃ

r.6

t.7

INDEX

FrrndarnentaJ. Equatlons and Llmltatlons

Stagnation Point Heat Transfer

Stagnation Point Heat Transfer With Ablation

Non-Stagnation Heat Transfer

Linear Forward Flnite Difference Method

Ablation Procession-Linear Forward Finite Difference
Coupling

Accuracy of Ablation Procession-Finlte Difference
Method

PAGE

I

z

I

t9

z9

35

40

43

2.0 EXPERÏMENTS

z.r

2.2

3.1

3.2

??

Fin Stagnation Experírnent

r'in Center Line Experhnent

Ablative P anel Experirnents

Fln Planforrn Experirnents

2.

z.

+)

+I

s9

bJ

66

3.0 COMPUTER PROGRAMS

Stagnatlon Point Heat Transfer Corrrputer Prograrn

Ablation Heat Transfer Cornputer Program

Polynornial Curve Fit Coneputer Prograrn

73

74

8Z

95



4.O COMPARTSON OT' THI4ORETICAL ANALYS$
AND EXPERIMÏiNTAL RESULTS

PAGE

r02

103

IIz

I 'tq

IZB

138

I ?q

r43

7.44

150

154

4"1

A'/

4"3

4"4

Cornparison of Tiieoretical Analysis anrL

Resu-lts for Fin Stagnation Experir:nent

Cornparison of Theoretica.l Airalysis and
Results for Fin Center Line Experirnent

Cornparison of Theoretical Analysis ancl
Results for Ablative Pa¡rel Experirnents

Cornpariso¡r of Theoretical Analysis and
Results for Fin Plaleforrrr Lxperirnents

Experi'r.rentaL

Experirnental

Experirnental

Experin:rental

5.0 CONCLUS.IO}IS AND RECOMMET.IDATTOI{S

5.1 Concluslons

Recornn.^ encLations

6.0 SYM]]OLS

7.0 I{EJiEIìE]'trCES

8"0 ACKNOT/VLEDGEMEI{'-IS



r.IGURE

1.3.1

1.5. r

1.6.1

Z.L.I

z. r.2

2,. r"3

2.1,4

z. L.5

2.2" r

z.z.z

2.3. r

2.4. r

?^?

2"4,3-

244

4"L"1

4" r.2

I.IGURE INDEX

TITLE

Boundary Layer Mass Balance Diagrarn

Facial, Internal and Interface Node Diagrarn

Ablatíon Facial Node Diagrarn

Section and Plan View of Type ilA'r Fin

Plan View Typ. 'rArr Fin

Section and Plan View of Base Plate

Vehicle and Ground Telernetry Block Diagrarn

Location of Ablative Fins on BB IV 07 and 0B

Section and Plan View of Type rrBrr Ilin

Side View of Type 'rBil Ï.in

Specirrren Holder

Vehicle Trough ln stallations

View Along Vehicle Roll Axis

PIan View of Therrnocouple Installation

Section View of Therrnocouple Installation

Avcoat-rnetal Interface Ternperature Versus
I'1 i øht 'lirne

Insulcork-rnetal Interface Ternperature Ver sus
FIight Tirrre

PAGE

20

35

40

54

55

50

3(

5B

OI

62

o)

70

7I

72

72

111

111



4.2. r

4.2.2

4.2.3

4.2.4

4.3.7

4.3.2

4.3"3

4.3"4

4"4.1

CONTINUED

F'IGURE TITLE

4.4" 2

Avcoat-metal Interface Ternperature Versus
l-1 i ohf Tr'rn r.
- -*b---

Insulcork-rnetal Interface Ternperature Ver sus
Flighi Tirnc

Cornparison of Avcoat-rnetal Interface
Ternperatures Versus Flight Tirne

Cornparison of Insulcor]<-rnetal Interface
Ternperatures Versus F1ight Tirne

Heat Flux During Ablation Versus Flight
Tirne (Pane1 Experirnents)

Insulcork ZZ75 Thickness Ablated Versus
tr'light Tirne (Panel Experirnents)

Avcoat II Thickness Ablated Versus Flirvht
Tirne (P anel Ex,oerirncnts)

Theoretical Interf ace Ternperattrre Ver sus
Flight Tirne (Panel Experirnents)

Theoretical Heat Flux Versus Flight Tirne
(Fin Planform Ex^oerirnents) BB VA Flights
I 19 and 120

Theoretical Thickness of Avcoat Ablated Versus
Flight Tirne (Fin Planforrrr Experirnents)
BB VA Flights 11! and 120

Theoretical Ternperature Distriibution Through
Fin Structure Ver sus Flight Tirne (Fin Planforrn
Experirnents) BB VA Flights 119 and 120

4^7

PAGE

I17

tr7

1r8

r18

724

rz5

r26

727

135

136

137



TABLE INDEX

TA"BLE TITLE

4. T.1 Theoretical and Experirnental Results for
Avcoat (Fir: Stagnation Experirnent) F1ight
BB IV 07

Theoretical and E>çerirnental Results for
In sul c ork (F in Sta gnation Exp e rirnent) Fli ght
BB IV 07

Theoretical and Experirnental Resutrts for
Avcoat (Fin Center-line Experirnent) Flight
BB IV 08

Theoretical and Ex;oerirnental Results for
Insulcork (Fin Center-1ine Experirnent) Flight
BB IV OB

Heat Flux and Material Thicknesses Ablated
(Panel Experirnents)

Insulcork and Avcoat Interface Ternperatures
(P an el Ex-;: e rirn ent s )

Theoretical Fleat Flux and Thickness 'A.blated
(I.in Planforrn Experirnents) BB VA Flights
1I9 and 120

Theor etical Ternper ature Di stribution
(Fin Planforrn Exlperirnents) BB VA Flights
119 and 120

4.7.2

4.2. r

4??

4"3"1

4.3"2

4.4. L

44?

PÁ'GE

109

110

115

rr6

rzz

L23

133

t34



TFIEORY



1.0 INTRODUCTION

During the past decacle, interest has grown in the uses of

ablative rnaterials as heat shields for therrnal protection of

space boosters. To date, a vast arnount of literature has

been published on ablative rnaterials used as heat shields,

ernbracing experirnent and theory. On reading sorne of the

literature available on ablation, it is apparent that rnosl

writers either ignore the rnaking of theoretical predictions

needed to corlelate theory with experirnent, or where the

theoretical results are cited, they are very poor. (For

exarnple, see references l, Z and' 3.) IL was Lherefore

f.eIt that the purpose of this thesis should be to delve into

the.theoretical aspects of ablation, and try to produce a

sirnple theory and rnathernaLical rnodel. for predicting

reliable estirnates of ablation characteristics, and then

perforrn a set of carefully rnonitorecL flight experirnents to

test out the new theorv.



1.1 FUNDA M.ENTAL IIOUATIONS

Because of tlie sheer volr,rrne of theory required to descrilre the

dynarnics of higli speed airflov¿ or./er bo.:lies couplecL witb ablative

phenonr,err.a, it was d-ecided to formulate ttLe goveriring equations

of fluid clyiiarnics v¿itL tensor calculus, <1-ue to its cornpactness of

notatiori. The general governin¡; eqr-ratioirs of fluicl- dyiramics, the

equatioir of contiut.ity, rrrorrìentllrn and energy taken fror-':r refelences

4 and 5, are

t.1.1Dp _L oôcfi --orlDt. axi

PDui _6F¿,-'Dr r 
'

a,.ral

Ð-L;;
Jxi

r .I .7,\-r,c) 1'

dhe

+ Òq,;
dx¿

^ 
t) Lt¿va I

I t¿J)V

--41

1.1.3

respectir¡ely, together w'ith the equation of sÏate.

T= PR¡î 1.1.3a

The coiitir,urity eciuation 1" 1.1, is the sir-nplest of tlie tirree

equations, ai:Lcl- ha.s the property tÌ:at its forrn d.oes nót change

under coorclinate transforr¡ratioii. Equaticn I " l.Z, tl:e rnornentu-¡n

equation, sirnply expïesses Neivtonts second law, that force

pðr.(J + r-iiòuti
l- JXi A\l



equals the rate of change of rnorneirturn, while equation 1" 1.3,

tLre energy equatiolr., expresses the energy balance in a controL

volurne of fluid" These equati.oiìs are quite general and. applical¡le

to any type of flov; as long

stress tensor T¡ ancl heat

stres s terLsor T¡ anC' heat

follor,ving sections.

as the assurnptions for tlie fcrrri of the

vector fri are valid" The fc¡rrns of the

flu"x vector cþi wiTI be developed in

It is throrr.gh the expressions for tlle stress tensor 7.¡'and tlie

lieat fltix vector ol; that the rnornenturn a:r.cl erlerglr equatioirs

d-epencì. cn ttre forrn of the rnolecular velocity distril-,r-rtio;:r flrirction.

The furiclarnental e-quations for tlie subsecluent analysis v¡ill now

be formulated; to show the lirnitations and restrictions applied

to tliern

If we let ,- L;; ancl , ar¿

stress tenscr .t:;' ,

can write

J,¡

Jt.
derrote the f "' orCrer

and heat flux vector

approxirnations to the

ori'' respectively, r,ve

-l_,
== ,2._t

f-11| -u

(r)
7.r.4
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lqlL : t 1,"ì' 1'1'5
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v¡here 'iJ¡'and qi" are the l'''- order corrections to ,-L¡l and

r q/¿ resPective1Y.

1.1.6

, ol i :i ,rl,^ ':= O r.1"7

wliich together with equations I.I.Z and 1.I.3, yield tire Er-rlerian

equ-ations for the rnotio¡r of a perfect fluid, Hence, the inol:nentu¡n

eguation becornes

The first orcler approxirnation, to the rnolecular velocity

distr:il--.utior: (which is a Maxl,.¡e1lian d-istril¡u-tiolr) gives the stress

tensor ancl heat flux vector as

| ^\.*,. \ "/
n L;i --::: Ll: - Q
- ¡t !t{v

p.Ttt.i -oFt -iAP ==- o 1'1'8
'ñ I 3x;

and the cor:respond-ing eirergy eqtr-ation t¡ecor:oes

pDE -, Þ ã.l.i ::ï' a 1"1'9
' pî ' di.¿



It should tre rerrrernbered. that the equatiorr of continuity rernains

unchanged, because of its invariance to coordirrate transfo::rnatio¡.

The usefulness of these equations will t,ecorne apparent in the

section on stagnation point heat transfer"

The second order approxin-^,atic:: frorn reference 6rto the rrrolecular

velocity distriT:utior:r function gives

-r- 'r- û)
I *iJ *ij .= -27"'.)tr; 1"1"10

Jxj

(t)

,Ç¿ : cl,'¿'=-: --KâT 1'1"11
óx¿

v'tllere V( and. i( are the coefficients of viscosity ancl therr:rLal

conductivity. These coefficients are zera for a perfect fluid, as

clescribed by eqr-rations 1.1.8 and 1"1.9., The terr¡r a¡i'/^ , is a
/dx¡-

non-divergent syrnrnetrical tertsor associated with the velocity gradient

"*r/àX¡ . Suk'stitution of 1"1.10 and- 1.1.11in ecluatior:s 1,1"1

ancl 1"1"2 yields

pÐui. .* pl=, -i .àP * 2 ?*- (¡,à-::;\ '= o t'r'rz
\ ---- -

þt ' åxf åx.; \ dr¡ 1

which is the Navier'-stokes equation, and the corresponding energy



equation for viscous corrÌpressible flow beco:mes

^ 'I-ìr .1,, \,,. 
^:: 

n 1,, ^r \f yï.^ J P q-,Ji - 2 y'LlJ4, rtLt t - ¿_ (n ¿l I : o 1"1"13' PL rxj .txj ðxJ ,xl\ ay.L)

The th-ird terrrr in equation 1.1" 13 is called the energy dissipation

function arid is the rate of doing work by the viscous stresseso

T'he dissipation function is never negative Lrecause it alr,vays

increases the internal eÐergy of the air" ICquations 1.1"1, 1,1.12,,

and 1.1" 13 r,vilI he used extensively ttrrouplhout the thesis " To use

equ-ation,s 1.1.12 and 1" 1.13 for supersonic ancl hypersonic flow,

it rnust be assurned that the air can be treatecl as a continur-':rr in

a shock. This caTr. tre realized if the shock is ccnsidered as a

rapid, trut not discontinuou-s, viscorr-s change in tl:e air " The

solution of 1.1.1, 1.1"12 anr,d 1.1"13, with the appr"opiate boi-rndary

conclitions, will give the continuum flolv a.rouird. the bocly provid,ed

the assurrrptions for the forrn of the stresses and. strains are

valid and the cleirsity of tlie air has neeaning at a point" When

tlie rnean free patli of the air appr:oacl¡es the orcler of rnagrritude

of ttr.e experirnent dirnerisions, the equ-ations becorne inacleciuate

because density v¡ill not have a mearrin g at a point" Therefore,

airy theoretical results v¿ill L'e restricted tc¡ coritiiluurn florv,

excluding the effects of d-issceiatio;r. Th.e continuurn region is

loosely characterizecl lsy the fc1lo';virrg eguation"



\
L >>/\ t.r.rq

which states that the rnolecular rr.ean free path À of the air
'

rnust be rnuch less than the experirnent dirnensions L. For the

types of experirnents considered., transitlon betrveen continuurn

and slip flow occurs at approxirnately 50 rriles altitude where

the rnean free path is of the order 0.01 feet.

It will now be shown how the general equations of continuity,

rnornenturrr and energy are applied to the theoretical analysis,

using an adaptlon of the Van Driest aerodynarnic heating theory

frorn reference B.



7.2 STAGNATION POINT HEAT TRANSF'ER

The purpose of this section is Lo present a non-linear differential

equation for transient larninar and turbulent heaL transfer to a

two dirnensional stagnation point. To do this, it is necessary

to analyze the rnotion of the fluid in the therrnal boundary layer

behind the shock. In the locaI free strearn potential flow outside

the boundary layer, the viscous stresses in the air are negligible

cornpared with the inerLia stresses as shown in equation 1.1.12;

whereas in the boundary Iayer, the viscous and inertial stresses are

of the sarrìe order. The viscous stresses within the boundary layer

do shearing work on the air which tends to altel the air ternperature.

This aLteration of. air ternperature seLs up ternperature gradients

and hence heat conduction through the boundary layer.

At 1ow Machl'nurnbers heat transfers in the boundary layer are

relatively unirnportant because the internal heat transfers are

of the sarne order as the viscous shear work which is quite srnall .

At high Machl'nurnbers, the viscolrs shearing work is 1arge, and

consequenlly heat transfer through the J-ayers is high because of

the presence of large viscous forces and inertial forces.

{< FIight Mach nurrrber



The analysis of the stagnation bounclary layer rnust take into

account 'ot only the concepts of co'tinuity, Ínornerltr.rrn, and

energy, but also de'sity, since trre density of the bou'dary

layer varies inversely as tlie ternperatu-rei'and the viscosity

varies approxirnately as the 3f 4 í'.d,ex of the terrrperat*re" This

rneans that at high Macl: nurnbels the corrr.pïessibility effects

are of the sarne order as viscosity changes..

As yet, ttre gerreral equations are very cornplicated ai1d. u,nsolvable

for a real fluid, br-r.t forturLately for sta¿rration poi:rrt analysis in

tlie larninar boundary 1ayer, the geieeral equ-ations lend tlierrrselves

well to sirrrplificatioir.

The non-divergent syrnm-etrical te'sor ire ecluation 1" l,l3 can

be r,vritten an

ê4, : J_(?:L,+Ð¡)-,!=Jø* S,.i r.z,"lpxj z\rxj åyil 3âra

wtrere $¡ is a unit terrsor k:row' as the Kronecker d.elta" sin.ce

tl-,e flow in the bounclary layer at a stagnation poi::t is virtu-ally

incornpressible! \¡/e can regarð, ,p as treing the inconr.pressible

clissipatiou function, an.-J- tlierefore the seconcl ter-rrr on t}.re riglet

lrand sicle of equation I.Z.l vanishes since

>ß Bounclary layer theory indicates pressure does r'Loù vary
through boundary layer



10

VV :0 r.z. z

where is the velocity vector. Thus we can write Lhe

incornpressible dissipation functj.on using the convenLion of

repeated subscripts frorn refelence 6 and equation L2,7 as

. f- 1.,,\2 t \ - z^ \e /)W , âr\¿+ :./(l^(*)"t(Y,)oz(* ) n (fr -f ), L \o'Xl \e$./ ,dâ, -d -¿'

. lã¿t'iAY\t*1¡,-*è*ltl I'z'3
+ \ã2 ôx) '\;ç ã5t l

This can be further sirnplified in the following way. Refererrces

6 ancl ? show that if an oïder of rnagnitu-ele analysis is applied to

the bou-ndary layer at a stagnation point, and if S is the bounclary

layer thickness, and the velocity Ll changes fr'.orrr zero at the bocly

surface to'tl in the free strearn in a length 6 and, if we take

{f, as a standard older of rnagnitu.-de and. 6 as srnall , then

u%fwill be ó[5-']",a '=Yà.Å''wi11 be o[S''Jin the boundaly

ax/-,+ ,rtYão unaa'rfix)- wilt be of o[,J

equation of conLinuitv for two dirnensional

layer. Also U- ,

Using I . 1. 1, the

becorne s

flow

&- +Z{ :oãx JT
ç

This shorvs that }r,/.,,is of oLtJ, ancL since
-'¿

7.?,.4

[i-; o when Li = C)
d
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r ,n%t,ðoA,
will be of o[¿-'] .

anaàzr/Uxt *i11 be of c;16] ar.a è'r/Sr,

t,'t ù 4- ur 2* : p'>< + t' ò1u. r'z' 6

ãx ðrk òV

'k See Section 2, L and Z,Z.

tNot. u* -_ åX.=.ßex.

For two dirnensional incorrrpresslble flow, the

third, fourth and fifth Lerrns on the right hand side of I.2.3

vanish, and the incornpre ssible dissipation function reduce s to

the approxirnaLion

I .2. 5a

rrnif Filmê ñêï

ted on the rnodel

he potential flow

ation point.

LI=ßx r.z.5b

r \2+:y'((y\
\ ¿tJ,/

where * is the raLe of dissipation of energy per

unit volurne. Ne¿ r the stagnation point anticipa
+fin experirnent, the free st::earrr velocity [,[ in t

is proportional to the disLance X frorn the stagn

Thus, we can write

where B is the velocity gradient at the stagnatíon point. Just

outside the boundary layer, in the potential flow regíon, Eulers

equations of rnotion 1. 1. B and 1 . I.9 aye valid. On applying the

order of rnagnitude analysis to 1.1. B and using I.Z.5b, we can write



TZ

where y' is the incornpressible kinernatic coefficient of

vi s co sity .

The corresponding energy equation on applying the follovrii-rg

order of rnagrLitude analysis can be v¡ritten frorn 1" 1.13 as .

/ \ / ,\ ,,ra-- /. t2

e cr(X"r¿rà'-1 ":.! l-fà?r u.lf ì= xd*Í -t,¿,!à1rl t"?'"8' ' \tr av ali I l+, ax I I'i, lel J

since the velocity i( varies frorn zero at ! = ö to LL,*

^t { = f while the ternperatwre T varies frorr.r -fL^/ at the

stagnation point J = ô to "fA , the free strearo fluid

ternperature just otr-tside the bou-¡rd ary layer " IÍ t( aird 1'u, -T,,1

are taken as rnagnitu-des of stancl.ard order, then l.l. is of lirl ,

lf is of ô [S] , â"TA,r-is of o [. rl , and ð''f/^.,r. is of n¿5-ï/Jx- ,êg-
, \?*- ¡arrd à''l'/dfr.rnay t,e neglected" AIso ,' à1/¿o i" oLt'l , oèT/al is

nt t1 ,.r å{,/ ¡s o[t] v¿hile r;,-Ji7\.. is oLST ,rrd ""r, bJv Lt ) t ", -='/âx Ll J /Ay

neglected. Ecluation 1" ?..8 cant be further sirnplified by as surning

that tlre incornpressible dissipatiorr functioiì and tt à?¡r_,rnay
VA

be neglectecl" These assurnptions are valid¿ since the

cornpressibility effect can be incorporatec1 into the stagnation

velocity graciierrt" IJence , tiie steacly state ecluation for

ternperatLrre distrihu-tioll in the bouirc'Lary layel for tv¿o*cl-irnensional

flo-u¿ can l¡é v¡ritten as
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r¿àT + u-al - 5 à:J
5l' ã! ?cr âg'

The contínuíty equation can be satisfied followinq

rnethod used in reference 7 by putting

120
L Ok ë /

clo s ely ttre

1"2.10

T "Z "IT

I 
"?, 

.12

I "Z "13

o¡r cL. u =*d.Y
^ \/c,r'^

ancl defining

fcr)

where

FJence, we rrlay write

tt 
-

Differentíati,rtg LL anC tÍ and subetituting

equation yields the clifferentia.l prtrrar'inrr

tt :Ð4
èLI

o

, , l/.
rr- : (l p)'x

"4 == I lr\"' ,,' l7) d

Pxf '(+¡) ('t þ)"'+ bt)
I

a
nl, \ ., \ "llt L , ¡llì , r

1 ui) '1q) f 0¡) : r l -l {1//

in the -rnornentu-rn

I "Z .I1r

If the boundary layer terrrperature distril:ution function can ï¡e

represented by



I4

I"2.15

r.z "!6

1.2"r'l

I "7, .lB

\.?, "2,0

then, using 7 '2.17 anci I .Z "73, 1 .Z "9 ca:n be written as

*f 
=- -l* , t)h¡) :: 0

aúil * Pr { rl) a'(ni - o

It is easily seerr that tire bounclary conditions for 0h¡) , the

bor-r:rdary layer ter:rperature distribu-tion function, are that v'zhen

7. -. -'Tz¿ 
, 0 (+¡) : I

and wherr

where

Usiirg the boundary conclitions, Io2"t'| , 1.Z.1Be equation

l,?,"16 can be solved to give

¡1 r (Yi *l
u("i == .{,(Fr) lnrf l-0. / {t1¡dt¡ lCa¡ t.z,"te

JÐ t L Jo J '

.z^\*l - (*^, f n r\r,.^, ",-'i -1.a.,(?r) _ 
J nyii-ì', 

1-[rt,).:i_,,; 1t,.,,;\

Accorclin g to reference ?, ttre stagnatiou fu-tl

closely approximated to

.¡^ \ctlcil c<tl!î,i can 0e



15

si¡ ( Pi:) =' o' 57 ?r c'q' I "7..2r

heat transfer rateFrorn reference B, the forr¡.1 of the larninar

is

q, 5; h ('lr,,u- r*) I "z'?'z

where fu is the lam.inar stagnation Íilrn heat transfer coefficient

written ac

,-r
1.1 '-= ll f)^t---:_: f "a

l'\y l',etfc.t
ë

Now the Stan.ton Nu:nLrer

*fr-
{i&.1,¿

0

vk(r r.z "?,La'i,

t-hcp can Þe wr1ufel1 as

Cn¿ : Nu¡-
Pr¡ /?r;,^-q

Hence , L,?" "?,'1,, using I "2.?.Za and I.

I.2.?,3

2.23, -can be written as

V * 34" prV¿ ( 7 
(r^,u *7",,)

4r;a Íl. r;*5

The solution for the heat transfer coefficient

at tire stagnation point can be v¡ritten frorn I
7 .2. 23

(Nus s e1t

) 21 I
o.JoH+,

: u¡.
Væ

r "z "24

nurnk'er)

Z.ZZa' and

I "Z "25Ntt ", =- e,(

Hence we rrÌay v¿rite

'i< Note +, : Õ,57Pr-o'' , and

o, \ /,, ,,-- \ 
t/,

t ,/t /"-,' Irt+l
\ 12, /I l& ¿

,f)
t\J-tl _
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r. z. z6

Using the first law of ther-r,r odyÍr.arnics, the larninar heating rate

can be further expressed in linear coordinates as

7 .2. 27

? : a.sT p; o'b 
cp ( p ¡*,,u*)å 

( T,,,, --1,)

t*
4, = I'CLlw
/ lr

CIY

Assurning that this is valid at the flat stagnation point, equation

I. Z. 26 car' be written as

dJ', = e'-sl ?r.l'',, (B 
f",,,,o)* 

(-rn,, - Tn)
clt f?

1.2. zB

This is a linear differential equation for wlúch the explicit

integral is not useful, but it can be integrated using nurnerical

rnethocls as will be sho..vn later

If we assurne all ternperatures to be nreasured frorn absolute

' 'zero, then the radiation terrn can be incorporated into 1.2.28,

and. the equation written as

çA* = ?-t-lil:.'' " c, ( þp' 1 r*)t (To,,-lì") * g:t,"üf r. z. zs

c¿t . r1 rL

where c). is Boltzrnannts constant, aitcl G the Qrnissivity of

the surface. Equation I.Z.29 is an exact solution for a stagnation
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point on a flat plate norr¡.al to incornpressible flow' It can be

seen frorn equation I.Z.28, that the lneat ttansfer raLe ís

lndepenclent of X in the vicinity of the stagnation point, It is

hoped to confirrn this by experirnent later.

It was noted earller tlnat 8,, the velocity gradient is considerably

al.tered by the proximlty of the shock at high speeds. The reason

' for this is that the shock alters the potential flow around the

stagnation region, rnaking the flor,v virtually incorrplessible.

It has been found frorn reference 9, that the forrn of 13 is

dependent on Mach nurnber in such a way that the dirnensionless

stagnation velocity gradient ÊD , dÊ.cr"ases with increase in
V*

Mach nurnber

In conclusíon, it is clear that for larnlnar supersonic flow, the

ternperature decreases at an increasing ra.te avay frorn the

stagnation point and therefore þ and f,l"t will likewise decrease.

Consequently, heat transfer is a rnaxirnurn at the stagnation point

as long as larninar flor.v is present.
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Refererrce I has su-ggested under certaii'r circurnstaiìces, that

flow at'the stagiration point could be tu.rbulent" This is irot

arrticipated for th.e experirnerité" irrvclved. in this thesis because

of the lorx' Reynold-s rrrrrnbers expected near the stagr.ation poirit"

Equation I"2.29 can be useil until ablation occLl-rs at tlie stagiratioL

poirrt. At ttris tirne, the heat inptr-t is radically alterecì. by rrrass

transfer to tire bourr.iary" The rrext section examines tLis

problern 
"

'í< The experiments referred to .hele are the fin stagnation ancl

fin centre line experirneuts. These fins have blunt serrri-
cylindrical leacling eclges, r,i,,Ìrich will cause the bor-'ndarv
layer to thicken at Lhe stagnation point.
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1.3 STAGNAT.'ION POIN'T FJEAT TRANSFtrR 'W'ITI.T ABLATION

f"rorn the last section, it was stated tliat tlie þl¡r''f nrrli'rá-i c:''l

body shape of the fin leadir-r g eð-ge calr-ses the boundary lay-

.er. to thicken at tlie stagr'.ation point. Tire sleielcliirg efLfect of

the air tends to recl-u.ce ti,ie stagrration heat transfer rate, Ìrut

at elevated Mach rrurrrl;er rar\ges in the continr-rurn at:mospliere,

tlie slrieldir,g efíect is rrot ¡;ufficierit to rnaintairi desiraJ.¡le skirr

ternperatLl-res. To c1¿rte several rnethoc'Ls of controlliug skirr

teraperatlll'es arre irt urse slrcli as rragrreto- aer:od¡r¡r¿¡v.1is

techniques, refrige::atirrg sirsterrls, ilrsulatiirg mateïials aïìd

rn.ass transfer cooling. Pelhaps, the rrìost Lr.se¿l arrc.1 efficient

technique is a cornl-rirration cf instrlatior. ar;d rrrass tra¡rsfer

cooU.nri ca1led al,lation .

Ablatiorr can take place in rnany vrays depending on ttie type of

ablator chcserr. Iir this ttresis , the ttieo::y will T;e restricted to

strblirnirlg ablators. A 'rStrt¡lirrring Ablatoril technique is orte i¡r

v¿l,rich lieat is e:<per-¡-ded on suL,li-¡rratioir of the Troci¡t rnaterial ar,rd

is an extensioir of tÌre l-,ltrnt n.ose colcept, o:f usii-rg a thickened

boun.clary layer to protect ti-re r)ose. ¿ $1r-blin:ing Ablator is a

rrratêrial rvl,icfi, wlten reaching a critical ternperature called

the aL,Iation ternperatLl.ïe, turli.s dii"ectly frorn a solid iirto a
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gas" i"e: the solíd sublinres, leaving a porolls char" The gas

arrd- charrecl rnaterial are transferrecl to the boundary layey ,

trence abso::tring heat and ccnvecting rnore heat parallel to the

surface.

The follov,tíng analysis for a su.blirning ablator v¿as d-evelopeci

in a parallel rnanner to refererrce 11 by Roberts, who originated

a tlreory for stagnation poirrt ablation Ì:y rnelting anrl vapori.zation"

Because of the nature of tl,e ii"ltended- experiment geornetrfesrwe

need onllr q6nsider two-dirnensional ffows. Consider figure

1.3.1

External Flow
T.^*

Body

// .'--," '. \
')-

BALANCE DT,\GRAM

'I he arl'llow 1

larninar boun

the velocity,t

#ì+
8=

figure I .3. 1

s considered to be in the - 2 direction. In the thin

cl.ary' Iayer whiclr forrns in the stagnatícn region,

ernperature and coircentration of the airflow vary

v /ooco*
I '- Tr rL'+ ¿¡Ìuft lf- = 7¡ * (-r'", - rr ) ¿
J-* l,.."-Tu 6
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Consideration of figure 1.3. I for the wall conditions on ablation

shows that the heat transfer to the walI is used as bodv heat and

as latent heat. It will be assurned that the total aerodvnarnic

heat Jlux will be cornrriitted to this Þrocess. The forrner

staternent can be written as

t , \ | , ,l(t<*i)",: "^1,r4-co (r--TrlJ I.3.I
à

-TVh.ere 1i is the rate of nÌass loss.

frorn the external free strearrr values to those at the

wafl" It is assurned that the velocity :.t parallel to the wall is

Linear in X and that the norrnal cornponent velo city V , the

ternperature T , and n).ean concentration of rrÌass transfer

rnaterial W , ar e functions of the coordinate u/ , the distance
CJ

norrnal to the wa1l.

The rnass transfer condition at the wall shows that diffusion of

::-raterial awa'y from the ablating surface and convection of

u-raterial away frorn the ablating surface rnust equal the r¡.ass

rate of ablation. This can be written as

(î,,,Tdy\ -
\ du )*

7,

l*o*W,, ç n/'¡1 1.3.
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d condition which states there is no net transfer of air
..:waII rs wrltten

/\I- ,-.-l , --, \-=..--
-lp*Dc(Wl == ('l-W\^/) Q-rF* 1.3"3
\ d,t 1., I

ó ,rr

IiarLcl terrn is tlie diffusion of air away frorn the

and the right hand terrn represents convection of air

the. ablating surface. Elirrrination of the cliffusion terrn

ions I .3 "Z and i.3 "3 give

left

ace

urds

r Llat

c

L I<

va

sl

Lto

he

IL" )

)wi

Lg

ã

1n

TI

to'

in

Further exarriination of figu.re 1"3" I sho-v=¿s that a sirnple

expressio¡:r for continuity of rnass can be obtained. Co¡:sicier

tlie srrrall control area of l:eight f and length À>( near the

stagnation point, then flor,v of Iì1ass frorn the external potential

flow and lïr.ass gei.ierated over: tÌre portio¡r of al,latin-g sti.rface of

length ÁX n:ust equal the difÍerence between the flow at X a¡rd.

X+^X. This can b'e expressecl as

t-i ,J If ,),1
-^,15¡\r¡'ll') /,',:. -:-,r,-i L>i =. I.I pucf.(l l- I lPr',"1 i t.a.sf\Á./v\rrl¡--.\ ,,\-.. lJ", ¿ l LJ, , )

XJ.AX " X

Takírrg the lirnit of equation 1.3.5 and letting Áxtend to z.ero,

we have

Where tL¡e subscript W refers to conditions at the wall.

frv Liw := 'n'1

econ

the

7.3 .4
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Also, frorn figure 1.3.1, v/e can derive two rnore equ.ations"

Tire rnaterial ablated at the wall rnust equral the rnaterial

convected frorn the wall , this can be r,vritten as

7--.r¡4 : ßñ,^, I vt¡u clr.- 1"3"11/'f" J""tii"?'
The second equation is derived from- the reasoning that heat

flow frorn the external strearn into the boundary layer rninus

the corrvectiorr of heat in the boundary layer along the sur-face

rnu-st eqr,ral the heat trai-rsfer to thê surface. This can be

expr e s s ed. rnath ernatical-ly as

C.,r

where ð,, i.

rnixturre.

: e Ç/ + cr(t_
I

the specific 
.treat of

,\
(Tct';r - lv ) "t'rt L "3 .I¿l

.3 .IZ can be elirnirrated

the relationship

1"3.13

ablated rnaterial

/ , \ , \ .* lK ct-l'\ = C,,(T --t \= \7t'¡'' \ ,- ,1 :r |f
\ ;,; /, -¡1/a'v- ''') ?'' v \"'t) -i- [': fv': J,t- 

t
\ Vl ! ¿/\i^./

The quantity \i (L-,) appearing in equation l

by using equatiorrs 1.3.8 ancl 1"3.11 and

the air and.

On eliroination of li(¿) r,ve obtain
ÞJ
l-t('- \ / ,-1,-

P f.r,,[ c o 0",,'l ) :v Çl:)" '= (tt /':.1 -' ''',lo1¿\ct*/¡,

The rate at v¿hich a bocly loses -rÍ-rass 
'

is deterrnined in part by
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ttre aerodynarnic heat transfer which would prevail in the absence

of ablation.

I{'hen aJ:lation occLr.Ts, the increase in rnass flow due to

diffusion and corrvection of gaseor-rs and solid irraterial has tlre

effect of thickening the boundary layer and changing ttre profile.

This results in a :-'eiluction in tlie velocity, ternperature and

concentration gradients , red-ucirig heat transfer to tlle vrall ,

since rnore heat becorrres convected. para.11e1 to the wall surface"

T'he increase in the velocity bounclary layer thickness carr l;e

found. t'y considerirrg the rnass flov¿ parallel to the surface.

The rnass flow with ablation rnust equal the rnass flov;z for no

ablation plus the rate of nrass ablated. This can be forrnulated

AS

Eþ"

I r.t d,,J;;d"oW

rhar 
f,.,,--.

a
aLL

I

PP,'.'I .L- d'Ì, 7=
' I | -?r svo PL

If the asst-rrnption is

integratecl- to give

n-/Í /),^,
| 

/ 
11

rnade

4 e+t 1 .3. 15

ô..,, eqllatioll 1"3"15 canbe| " '

!
2_

Since the linear p::ofiles give,

_u-.
þP*

for iro ablation

1.3.16
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rt
::"
l

ancl.for ablation

(.
,1

By using the

heat transfer

v¿ ritten as

e-
î_-<) t(

equation I .2.?"3 for the

to the wa11 when there

I .3 .I-/

1"3"18

wall values, the rate of

is no ablation can be

:=í
A u. ,c,

\/ \1/. /
--1,,,)(,¡t ¡,,u * ) ^ ( -¡;!,: _"' ' \pr,0,1

ô

rl"i) =',+:l
atN /w

14 cant

(1, =, (Nfl
llence, 1.3.

I 1.3.le
t/z I

/vJ

1lrrflrt\v/

Ì¡e written as

t.
/'d

, (t* -.\.. I
J-l/"|Ått* I \LLçlt',--l= ¿
-\.. tl 'r - -r I I.lv.\J \ tA\V ,1./ / "

by use of eqr-ration

I

(
çùr

, ,tt^r / \ r

/,r.¿* \''l! -!:!y \'r-- tn _ lr.3.zo
l,î:;,ei L\;', ?ni"')u,(1,,,t,,, 

ie)"' J

'| '1, ',l o
L oJ. L / o

Using eqtr-ations 1.3.16 ancl 1.3.17 and the following relatioirships

for linear p::ofiles frorn r:eference 9.

-1'la,,r -- I

--ftc\!v tw

| -- ')r/ra/
;----
C)-r ¡'')"

1"3 .Zr

anc-1
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"3 "22

? 7?

two-

1"3 "7,4

/Nt \ 1
{----.--.--J
\ Rt.y'/=-/v.t

d to the follov,ving result.

I | \ r

I | '* r,'- oii \ 'r^- I

\. s / (ç.,,¡t,.,f)"^
following relationship for

ft

T =Lc^(-r;"-r;) * L + (r¡crt (t-rl) c.)6.r\,)(,-Y,'I,,r "3 .26

The telrn in parenthesis is calleci the effective lreat of alilation

t-lo.i : c,.6,,-îL)rt-u (+icî'(- rt) r.)(Ï'o-'Tu,) ,-#') r "3 .?'7

The first terrrr. on tlie riglit irand sicle is the heat input required

ñ O'4'(fwo,4

s,.,,o (ye\',, ._=, g

',A,,.,'/
equation I.3 .20 can be reduce

/ r, \ /1! \

I.-lìtl-*- I :.-,/. fiit -]lD..r¿n,,ttrl t- ^ tttt
l r ,- .4 /w '. i1 l-"t¡ '- /ovl

Using eguatioir 1 " 3. l9 and the

olrner1s101ia1 llow

/\
I lt,u_ ì -= o,S-lI--,, I -"
\ ru,J'tz f v'/

Again taken fyorn re"t

4Þ

equation I "3 .7,3 can Lre wlitten

/\
f p,-sr(( t ì
lL )\ Q,';r{ivt /

azor.¡a Cv¿ v¡rev / ,

r /- -r\,r ,-7/-- -t-\/,- n---oa\-l^:.La [1"¡-',t )u L-r-c.p\la',.t- lv.,f \t- lí- w ) l"rn 1-3"2b-3 J

rnake the assurnption that charrecl rnaterial is rerrroved-

as and trarrsferr"ecl to tl¡e 'b,oundary layer, equation

n be writte¡r as

rnélv-l
L

If we now

witli the g

1.3.25 ca
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to yai-se the body surface to the walI ternperattrre, the second

is the latent heat of ablation required for the rnaterial phase

change, and the third and fourth are the heat blockage terrns

due to rrrass transfer of the pyrolysis gases and char rnaterial

into the boundary 1ayer, r,vhich absorb heat because their

ternperatures are ïaised frorn that of the bocly, to the effective

bounclary layer ternperature. The syrnbol ( ïepïesents the

pyrolisis gas rrLas s fraction.

In surnrnary of this section, we have assurned that on ablation,

the ablation surface rnaintalns constant ternperature and that the

total aerod.ynamic heat flux is absorbed by the ablation process:l<

and secondly, that the ablated rnaterial which consists of

pyrolists gases and. char, 1s transferred to the boundary layer.

Hence, the heat flux to the bocly is reduced by thickening of the

boundary Layer, absorption due to latent heat and trânsferred

rnatería1s, and raising of the body to the ablaf;ion ternperature.

t' Ablation process is taken to include heat required to raise
body ternperature to the ablation ternperature.
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r.4 NON STAGNATION POINT HEAT TRANSFER

The purpose of this section is to present a non linear differential

eguation for transient larninar and turbulent heat transfer for

flat surfaces and bodies of large radius such as rocket rnotor

cases. There are a nurnber of ways of obtaining the boundary

layer equations frorn the general equ-ations of continuity, rnornenturn

and energy, such as in reference 6 and,7, but none are ïealIy

satisfactory frorn the point of view of rigour. This is due to the

fact that the boundary layer equations are only approxirnations

thernselves, to the rnost general equations which descriJ:e the

flow.

In order to see hou'these approxirnations are rnade, it woulcl be

best to write down the governing general equations 1.1.1,

l.I.Z and 1.I.3 again,and show how a brief order of magnitude

analysis along with physical argurrrents can reduce the general

equatior:s to a workable forr:r. The general equations written

again are

1.4.1T>o
__-:- *t.-
!)\-

-L ê -c ¿i --:' 5-.u
+?j

a-/ L

flDt{; - r¡ E.I 
-¿ 

Iat¿
D{t

I .4.2
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and.

ìrr. \ ltr,
P y,l 'ì 'i'ç¡i r'-¿1idlli ', !2 :: ù L.4.3' J)ì. dyi ðX; â:l¿

Since the equation of continuity I.4.1 does not alter under

coordinate transforrnation, it can be written after assurning

a steady state conditioir, in the two dirnensional forrrr as

\r\*\r\
.rq (Pl( j r l:l.i['-r: --::i-) 

1.4.4
ðX ðL¿

If the air flow is assurnecl to be sLeady state, i. ". .tì ..-r at ancl
Ë;"i

that body forces are zero, then applying the boundary layer

approxirnations to equation I.4,2, the Navier Stokes rnor¡.enturn

equation reduces to

n " ,i,'ð q-t ; -- l :., -l- .ð (,Lt ì,'t"jPL( (:ll -l- P -i *, ',,"t äì1ì ) t.+.s' ua:i 
' l ã¡1. ' i;.,'. a'U ' ã,,1 t

ð

since the morrrenturrr in the 'ri direction is zero .

If for the energy equation I.4,3, it is assurned that the velocity

and ternperature gradients in the )1 
. 
direction are rnuch less

than in the direction '.1 , rnaking the corresponding viscous shear
¿

stres ses and heat conduction terrns in the ì , direction negligible.
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then

o"F,if ..t]-,.P,ilrÈ,(ÐJ-&(-ry +/"'1Yä) ,.n u

. I l?

prrcpl-L.¡ !:v'cr_irl .- ur.i¡¡]., ! l\<at\*¡,(¡':\' r.4.7' '.t)í ' i ' ¿1,/ .ii .5i1\ è(¿ l '' \tJl

TÍ zero pressure gradient i.s assurrled and the energy dissipation

function is neglected in 1.4.7, then we can rvrite

A useful forrn of. I.4.6 can be obtained by rnultiplyitg 1.4.5 by

the velocíty t/ in the ! dilection ancl cornbining with 1 .4.6 to

obtain

The assurnption of zero pressure gradient, is dependent on the

pïessure distribution over the bocLy. It should be noted, however,

that in the writing of the digital cornputer progranìs, the pressure

distribution was included as a function of Mach nulrrber.'k

'k Mach number just outside boundary layer.

xèf + r7r =. _4- llf r.4.9
OX Ð"t PCr êtt''L'g

It will be noticed that 1.4. I is identical to 1.2.9 f.or stagnation

point heating.
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The rnethod of solution of equation 1.4"8 is identical to that for

the stagnation point heating. This results according to reference

7 , in that the convection functior. o¿, (P.) becornes

d-'(?Ò : o,b6tr p-.?'" 14q

I .4. 10

I .4 .10a

and the heat transfer coefficient as being

-n.ÄL
h == 6,g 'r'r;ç" 

"- 
CLt, l* C rVs

Using I.2,22., I.4.9 and assurning that the sirnple energy

equation

,2 z \yg -.': rf (-To**T*)
2-

for flow through a shock is va1id, the forced convective heat

'transfer for sLtpersonic flow can be written as

Equation r "4. 11 is quite general and can be applied to larninar

' or turbulent flows by taking into account the forrn of the ïecovery

Q.¡.::. ô.íts i'r- ''^nar,*,p.or/,^t (-t u-:rrL\ I.4.IIt' ,. | , =íro._J f* )
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factor.

The general eguatíon for the recovery factor is

R == ll-^rv *T*
lo¿ tó

where for' larninar flow

r.4.r2

r .4. 13

and for turbulent flow

1 .4. 14

Hence, for forced larninar flow, the larninar differential equation

can be written on using I.4.74, I.4.13 and I.Z.Z7 as

Sirnilar1y, the turbulent flow equations can be written using

I .4.II , I .4.14 and the rrrodified Reynolds Analogy for turbulent

flol'¡ as

ft =- (r,)"'

R = (n)'^

& == _r I A'n rr.^ puvÅ fu"J. ) - or 1;,* 1 r .4 . 15

CL f 1", '-T kn,, --,' I J

where tfru rr¿iu-tion terrrr has been included.
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i.5 LiNEAR FORWARD FINiTE DIFFERENCE METF]OD

Before ablation occurs, the pr:oblern of heat transfer to the

structure reduces to that of finding the transient aerodynarnic

heat flux Q,, and coupling this with a linear finite differencer

rnethod. To rnake the ablation- proces sion linear finite difference

coupling clearer, it wí1l be of benefít to exarnine the forrn of

heat transfer before ablation starts. Consider figure 1 .5. 1

-c^ >
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figure 
1 

.5.1

f igure 1.5,I illustrates a rnodal distribution of ternperature

through a section of an aerospace sandwich structure. Only trvo

materials rlt and il are consídered, since all the forrns of the
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finite difference equations can be written for the two rnaterials.

Consider a heat balance at the facial node " The heat flux transrnitted

to the structure rninus the heat cor:ducted out of the first half nod.e

must equa.l the heat stored in the first half node. Expressing

the conducted. and stored. heats in ternperature forrn, the forrner

staternent can be wr jtten rnathernaticallv as

t/ /* + \ . 4 /*l 
-\q, - ß (7,' t') '= i?c:.C::-!-'= (7, - 1 ) -, Ã, 1r_r

L 64 2_- ¿.r;

t

where T is the terrrperature of the facial node after the heat

frlux c¡ has been applied. Rearrangíng equation 1.5" I and solving

.*lfor 'ì , we call write

tl\/\/\-71.' -ti 
(r" : gAi \ t 'G 

lzK¡_t* ) 
_, q, | _Zll I

| æñ,, ) lu p^c,,/ 
' t'l-8,, 

e..e ) r '5 '2

A general cond.ition for stability of any forward finite difference

problern is that all coefficients be --j\,ri1 This leacls to the stabilitv

criterion that

{ I - 2r,(..,^-f \ \ ^l, rfil- ) 't \/ r.5.3
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This rneans that the tirne interval At f.or the transient heat inpur

rnust be cornpatible \Ã,ith the nodal period -[a ín rnaterial Â , to

satisfy the above stability criterion

I .5.5

e

r.5.6

I l tat

Exarnination of the heat balance fol an ilrternal node reveals that

the heat cond.ucted frorn tr.e (c"-- l)t^ to Lll' nod.e rninus the heat

conducted frorn the ;íi to (tl t) /Å rrod. must equal the heat stored

in the LlL rrodal period. Again writing the heat balance in terrns

of ternperature we have that

,/\/\t./ l- -r\. tt, l'r--'"1- \- n-.a-1- /--/ -r-\
+l'¿-,- 'i)- + / " 

- 
',u' ): l!:,!:,al 1 t¿ - Ir) 1.5.4

L.^\ / La\ / 1\1:

Where -f¿' í" the ternperature of the iä ,ro,le due to initial

aerodynarnic heat input. Rearrangernent of 1.5.4 and solving

" -r/lor lL glves

T¿'= t; (r-?K,g) * &tal lt,-, -r-f'¿,,)
\ p,, orYÍ I p*c,,*Ei \ /

For stability of the internal nodes *. Lrr"t have positiv

coefficients and the stability criterion becornes-

/, \ll- 2t(a.L|: l.t' c)( *'..- - -- I ,r'
\ 1",.(n t: /

It should be noted here that the facíaI and internal stabi

criteria are identical
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At the interface between rnaterials .,,,-'- the staternent for the heat

balance is the sanÌe as for the internal nodes exceÞt that the new

rnaterial physical conditions rnust be accounted for. Hence,

writing the heat balance in telrns of the ternperatures T*_, ,

'Tnt and -T.-u, , w€ have

t/ /-- -r\ t/ l- -r \ 
- ^ 1--r- i¡ . T /--,--\5< lfn*,- t".)-y_ l..n- 

t.,'vt 
) :- ?aCc,*C¿:!1tr9u_Ivf 7",'- ,"' ) r.5.7-¿;\ / Tr( / zdt- \ /

*lwhere l.n' is the ternperature at the interface node. Rearranging

1.5.7 and solving for '-l-rr' we have

t;i --r^f t-(yo.&\/- __e-â! 
-\lL \ r'. -t:', 

/ \ ?"cu-T¿,'t ?ocuTu / l

j- -lu'-, / 2 Ko al \
Tu \ ¡'^Cr.-ft 'i ,ouf r,"/-¡ /

* 'T"n", t /-,!.,K,4t*-.*- \
T, I er. fr. 

-C¡,* pt Ct l-t, J

Again for stability we rnust have positive coeffic

stability criterion becorne s

1.5.8

ients , so the
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It should be noted that the tirne interval [.lf.or the transient

heat input should be rnade cornpatible with -fe..and*Cb tne nodal

thicknesses of rnaterials ¿:r. and b to satisfy the stability

condítions expressed by eguations 1"5.3, 1.5.6 and 1,5.9.

The foregoing equations describe a finite difference rnethod

coupled with a transient heat flux ?., It wilt now be shown

how the linear forward. finite ¿irr"t"n.e rnethod can be adapted to

describe the proce"" oi ablation.
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1,6 COUPLING OF ABLATION PROCESSiON TO
LTNEAR (I'ORWARD) FTNITE DIFFERENCE
PROBLEM

'When ablation occurs, the facial node ternperature "T, 
== I 

^1

becornes equal 1o-fct! the ablation ternpelature. Since T,=-faf, is

knou'n and will be assurned to rernain constant, the next step ís to

find -T:z_
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It should be noticed that when

I .5 .5 as would be expected.

X:O , equation I.6.2 reverts fo

stability criterionused until the

\t./ À J.- \

Krr ÁÇ- t r-
--tl4 u

po,e¿ Uc. /
this situation occurs i

nd write the heat balan

the new nodal distance

Equation I .6.2 rnay be

l, '-*(tlt--
\ ,.,^ I .-r.. (t"-x)\ fÚt Lc\ i Ç\

is not satisfied. 'When

drop the seconcl node a

-T;t , -T3 and -l'ii. and

surface.

The heat balance on rearrangernent for this condition would be

oJ 
-/ 

t. ,/,ìr \lt : /sl /-- !<'r 5': * nnu:; l-tþ!"4t -- i -T+K,,AI, r.6.4
\ (r.r"-nh,GI,., ¡c,cc'.-ci^. I ert":ñ-p^dr" p"ç.r:

When the (ti*,)1i'nod" is dropped due to ablatiorl pïocession the

nodal distance in the equation becornes

and the stability condition for the .111" node wolrld

/\
/ I -_ K,,/'{
\ f/n'lr'-,- \. ..r ^ ¡ -,- | '/'z' tt
\ t\ + .-^,¡-xlPr.Cr.-l|.. Po'Cn 1:; /

This and the previous equations are all tltat are

r.6.3

t is necessary to

ce in terrns of

frorn the original

1 "6.5

. r.6.6

necessary for

t) to@'-

be
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cornputing the ternperature distributions in a Lrvo rnater-ial

, structute, when ablation occrtrs. It can be seen that the

ablation process, on assurning constant surface ablation

ternperature, can be represented by a sirnple series expression

with the stabili ir¡ nri fcrì nrr ^f equation 1. 6. 6.

The next section discusses the accuracv of the rrAblation

Procession-Finlte Differerrce Methodrr.
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T.7 ACCURACY OF' ABLATION PROCESSION_FINITE
DIFFERENCE METHOD

Sorne knowleclge of the accuracy- of ablation procession finite

difference rnethod can be obtained f rorn refer ence ZI , a recent

paper on a finite difference rrrethod with ablation (Septernber

19 67). This paper corrrpares a forward finite diff erence process

sirnilar to that.clescribed in this section, with exact solutions f.or a

steady state problern. It should be rernerrrbered that in this thesis

all problerrrs are transient. The analytical solution is indistirrguishable

frorn the exact solution provided the following condition is observed

7,

r.6.7þ < a.25

2 p corresponds to the Lerrn

1-)
.t Il ---¡''4!--{ llñ=;' i r -r } i 1.6.8

I I { X L, )- * | paac'To. Pacr' Ta 
It L\áã, 'l J''-- r

in equation I.6.6. In a1I digital corriputations for thís thesis the

value of 1.6. B was tr*."" less than 0.25, corresponding to 7.6.

showing that not only is the stability criterion of equati on 7.6.6

satisfied, but that the analytic solutlons are inclistinguishable

frorn exact solutions. This accounts for the extraordinary

corlelation betrveen experirnent arid theoly recorclecl in secLion

Á'.0, It is suggested that dlfferences which do occur ale due to

itrr"".lttcies in other data inputs, such as trajectory pararrreters and
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the Van Driest Aerodynarnic heating theory (reference B), adapted

, for this thesis and described in sections LZ and 1.4.

It should be noted that when the recession distance x in I. 6. B

is zero, corresponding to the no ablation case descriÌ¡ed in

section l. 5, that the stability criterion of equation I.5. 3 is

preserved and

(3 = ry"-!:*
zl P* co

showing that the analytic solution is rrexactrr.'i' This concludes the

discussion of accuracy of the analytic solution.

The next section describes a seL of carefully planned ex,oerirnents

to test the theory cited in previous sections.

>F This was subseqüently provecl by taking several values of
(:, {= 0.25, and cornputing ternperature distributions in the
ablative rnaterial with the ablation prograrrl described in
section 3. 2.
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Z.O EXPERIM.ENTS

The following sections describe a set of carefully designecl in

flight ablative heat transfer expelirnents, to probe a wide range of

inflight vehicle heating conditions .

The design and geornetry of the experirnents was dictated by

several anticipated inflight conclitions and tailored. to suít:

theoretical considerations. It was endeavoured to avoid anv

undesirable aerodynarnic effects and to duplicate as near as

possible, the conditions and assurnptions rnade in the theoretical

analvsi s .

A second objective to verifying the ablative theory in Section 1

was to cornpare the relative rnerits of thin ablative coverings, of

Arrnstrong Insulcork ZZ75 and Avcoat II as thermal protection

systerns for booster vehicles during the ascent boost phase " The

experirnental results obtained are indicative of the ablative

rnaterial perforrnances only for the geornetries and inflight

conditions experienced, and rnay not be indicative of other geornetries

or flight conclitions.
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Although the results obtained frorn the inflight experirnents will

onl;. þs cornpared with the theoretical anaLysis for the continu-urrr

flight region, ttrey are vatid for a rnuch rn,ider rarige of flight

conditions. Experirnental results were obtained for continu.urrr,

sllp, interrnediate, free rnolecular and deep space heating

conditions, and coulcl be used to indicate therrna-L conditions in

real space.

Perhaps at som-e future cLate the data in the slip, interrnediate,

and free rnole ctilar regions can be analysecl theoretically, bt¡-t

as stated before, the experirner-rtal restrl-ts will on17 be given and

cornpared with theory over the continllurn flight regirne.

It should be noted that al-l dirnensiolÌs on diagrarns in the follolving

sections ha.¡e the units of inches, t:r1ess otherwise stated.
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Z . T FIN STAGNA TION EXPERIMENT

The fin stagnation experírnent was designed specifically to

gather transient ternperature history data at the interface between

an ablative coating and a stainless steel substructure over a wide

range of ternperature and flight conditions.

Two identícally constructed fins were produced, one coverecl with

Arrnstrong Insulcork ZZ75 ancl the other with Avcoat II. By

exposing the ablatíve fins to sirnilar fiight conditions, it was

hoped to compare the relative rnerits of Insulcork and Avcoat as

aerospace therrnal protection systerns . The fin design and geornetry

\Ã/eïe dictated by the facts that it was necessaïy that the fins would

not adversely affect the platforrn vehicle aerodynarnic characteristics

and performance, and yet ensure true stagnation conditions to enable

a good cornparison with the developed ablative theory. True stagnation

conditions were realized by producing a fin rvith no srÃ/eepback to

rninirnise crossflow and non linear boundary layer effects. The

therrnocouple sensor. locations were placed to elirninate influence frorn

fin body interference and fi.n tip vortex effects. Ernployrnent of the

afore rnentionecl philosophy 1ed to the follor,ving fin design and

fabrication desi.gnated type rrA'r .

The tlpe trAtr fins were machined frorn a solid block of A.I.S.I.
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32 I heat resistant stainless steel to the dirnensions shown in

figure Z .7.I. The fin blanks were drilled with a 0.078 inch

diarrreter drill at an angle of.45o, 0.20 inches fron-^ the leading

outer edge, ancl countersunk to a depth of 0.50 inches frorn the

opposite end of the hole. Using the sarne diarneter dri1I, holes

'were drilled frorn the fin root chord alons the centre line until

the 45o holes \Ã/ere rnet. The fin leading edges were then

bevelled to a radius of 0. i25 inches to forrn an unsweot serni-

cylindrical stagnation surface . The fins were then rvelded to baseplates

rnade of the same rnaterial having diarneter s of 2.38 inches and

thicknesses of 0.24 inches as shown in figure2.I.Z andZ.I.3 to

facilitate securing of the fin blad.es on the rocket igniter housing

rnounting. To effect therrnocouple installations, a fifth hole of 0.1695

inches in diarneter was drilled in the centre of each base plate ro

accept the Chrornel - Alurnel therrnocouples. The thermocouple

installation was effected by pushing the therrnocouples through the

base plate hole into the centre line ho1e, and bending the

therrnocouple wire through 1350 into the 45o ho1e. The

therrnocouple heads were then brought coincident with the fin

surfaces, and welded into p1ace. V/elds were finished flush to

the contours of the fin leadíng edges, the therrnocouples therrrselves

being held in place by srnall p1ugs, tack welded into the 45o holes

and finished flush at the fin trailing edges. The completed type 'rA,t.'
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fin substructure shown in figure Z.I.Z

The GG- ZO-CT Chrornel-Alurnel therrnocouples used in the

experirrrent lvere chosen for their accuracy through the experirnental

ternperature ranges anticipated.. Theír acclrlacy is guaranteecl to

within L 0.75T0 through the ternperature range 5O - 18000 F which

coïresponds to * 40 F or t 0. 89 rnillivolts e.rn.f .

The therrnocouples consist of Chrornel-P, a heat resistant

nickel chrorniurn aI1oy containinE 90To nickel and 10% chrorniurn.

This alloy has a ternperature e.rn.f . relationship that is positive

to alrrrost every known rnetal or al1oy. Alurnel alloy was used as

a negative wire in the therrnocouple assernbly. Fabrication of

the therrnocouples was accornplished by twisting the wires

together before welding. It was felt that although the rrtwistrl

type is known to have slorver response characteristics to

ternperature fluctuations than 'rbutt't typé welds, it had the advantage

of greater reliability in the sense that ít held the wires in place

and reinforced the weld. Even with a slower ïesllonse than the

rrbutt'.' type therr:rocouple, its accuracy as stated, above, was rnore

than sufficient for this type of experiment.

The final process in the fabrication of the cornplete fins was. the

IÞ
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bonding of InsuLcork 2275 and Avcoat II to the rnetal substructuïes,

the bonding technique for each ablative rnaterial. is identical and so

only the technique for the bonding of Insulcoyk22?5 will be descrlbed

ln detail,

The appltcation of Insulcork 2275 to the rnetal substructule is qulte

straightforward. Pieces of Insulcork 0. 050 inch thick were cut

slightly overslze to those dirnenslons shown in figure Z.I.I. The fin

surfaceS were then cleaned to f_o^ +Lo_ f¡n,_" gïeaSe contarnination

and rni1l sca1e, and the precut Insulcork s-lrrearecl with Tnsulcork

J. 1156-E-30 epoxy adhesive weïe apptied to the clean fin surface

and held in place with rnasking tape. The pressures required

during bonding are not critical for a good bond, the rninirnurn being

that necessary for good contact. To ensu.re cornplete rernoval of

air bubbles frorn the bonded surfaces, a vacuurrr bagging technique

was ernployed. The bagging technique consisted of encloslng the

fin in a polythene bag and then evacuating the alr frorn the bag, hence

rernoving any trapped. alr bubbles. Tests rnade by the Arrnstrong

ïnsulcork Cornpany on sirnple 1rp joints have inclicated that fibn

thickness frorn 0.005 to 0.0I0.inches do not val'y signlficantly in

strength. Curing of the J. 115 6-E-30 adhesive enabled handling

after eight hours and high strength within twcnty-four hours. V/hen

a goocl boncl had been established., any voids due to cork rnisrnatching
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were fiiled with trowable rnastic Arrnstrong Insulcork KN-54

ablation cornpound. Its corl< content rnakes it relatively light

in weight, and its curing perforrnance is sirnilar to that of the

J.1156-E-30 adhesive. The final cleaning operation of the fin

involved sanding the fin surface, rough edges and protrusions,

to a srnooth finish, being careful to rnaintain the 0.050'' thichness

of ablative Insulcork. The rnaintenance of correct thickness was

ensured by checking the ablative layer periodicly with an

Ultrasonic Dens orneter

The Avcoat II covered fin was fabricated in exactlv the sarrìe

rnanner as for the Insulcork ZZ7 5, the only d,ifference being that

the bonding agent and filler rnaterial used in the fabrication was

liquid Avcoat IL

The cornpleted fins were then rnounted on the vehicle igniter

'housing at the Churchill Rocket Range and connected to the rocket

telernetry systern. Description of the whole telernetry package

for ternperature data transrnission would be untlecessary and.

cornplicated, therefore, only a brief description is given of the

general functions conceïned with ternperature relay.

A block diagrarn of the rlecessary corrLponents in the telernetry
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package for ternperature relay is shown in figure 2.I.4. The

sensor therrnocouples at the fin blade- ablation rnaterial interface

convert the ternperature, to voltage anologs . The voltage analog is

fed as a signal input to a 30 channel, 10 r.p. s. cornrnutator which

sequentíally sarnples the output frorn a gïoup of pickups rneasuring

vehicle perforrnance. The rnodulation input to the subcarrier

oscillator in turn supplies the frequency rnodulated transrnitter

with the cornbined signal output which is fed to the quadraloop

antennae for transrnis sion.

The ground receiving station contains a F.M. receiver, the output

of which feeds, both a tape recorder, and a bank of discrirninators,

on.e for each subcarrier used. The discrirninators which contain

filters to separate the subcarrier oscillator frequencies convert

the frequency analogs to voltage analogs which are recordecl on a

multiple channel oscillograph recorder, and on paper records .

A sirnilar type of teler¡etry systern as the one just described was

used for all experirnents generating in-flight data.

The vehicle used to produce the experirnent environrnental condition

was the Black P-,rat'r.t IV-0?, launched frorrr the tr'ort Churchill Rocket

Range, The vehicle perforrnance was excellent giving a goocl srnooth
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flight, perforrning closely to theoretical prediction, Figure

2.7.5 shows a diagratm of the Black E,rant IV vehicle and the

experirnent.located on the second stage igniter housing.
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2.2 r.IN CENTER LTNE EXPERiMENT

The fin center line experirnent was designed to obtain a transient

ternperature history at the interface between an ablative coating

and the stainless.steel substructl]ïe at the center line o{ the fins.

The design philosophy and ra:r]ge of data of this experirnent are

identical io those rnentioned in the fin stagnation heat transfer

expe::irnent. The center line experirnent differs only in the

construction of the fin blanks, and data received; identical rnaterials

and therrnocouples wer.e usecl throughout. With this experirnent,

it was hoped to show that the ternperatuïes near the stagnation point

are independent of the curvilinear coordiirate x.

This second fin design, designated t)rpe "8", was fabricated in a

sirnilar nlanuer to the typettA'r fin, the only d-ifference being that
. l,<

instead of a 45o hole being dri1led, a vertical hole 0 'IZ5 inches in

diarneter rvas drilled 0.20 inches in frorn the fin root tip along the

fin center line. A wicle slitting saw was then used to cut along the

fin center line frorn the root tip as far as the vertical hole .

Installation of the Chrornel-Alurnel therrnocouples was effected in

the sarne rrranner as for the type rrArr filf, the finishing operations

being. identical. The final firr blade substructure is sho$'n in

figure Z .Z .I and Z .Z .Z ,

>t< Norrnal to fin center line'0.20 inches in frorn fin root tip.
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The e>perirrrent was rnotlnted on the Black Brant IV-08 igniter

houslng as shorvn in figure 2.I.5 and firecl from I"orL Churchill

Rocket Range, Manitoba, just six hours after launch of Black

Brant IV-O7.

Cornparison of experknental results, and the theoretical analysis,

are given in sub section 4.2.
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2.3 ABLATIVE PANEL EXPERIMENT

The design of the second phase of the experirnental work rvas

d,ictated in part b)'th" results of the fín stagnation and center line

experirnents. It was thought that in the fin experirnents that a

cornbination of the high aerodynarnic shear forces and heat transfer

processes in the boundary layer', separated the Insulcork frorn the

fin substructure prernaturely in the initial stages of the fiight.

Therefore, in the second phase, to protect both the Insulcork and

Avcoat frorn the bulk of the aerodynanrric shear forces, ablative

panels were constructed to the dirrrensions shown in figure 2.3.I.

The base and uppeï ternplate of the ablative panel holclers were rnade

frorn 0.043 inch ancl 0.050 inch thick MIL-s-6721 T"I. stainless

steel sheet, respectively. The base and ternplate rn'ere then radiused

to 8.60 inches which was the local radius of the Black Brant VA nose

cone at station 76 inches frorn the nose tip. The ternplate was

spotwelded to the base and 0 .1695 inch diarneter holes drilled and

countersunk to 0.335 inch in diarneter to accept ANSO7CB3Z-I4 screws

for installation to the vehicle nose-cone. Finally the leading edge

was charnpferecl to 30o to elirninate flow separation and reduce seveïe

stagnation point heating

Four such holders were rnacle, trvo contaíning InsulcotI< 2275,
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0 . 05 0 Inch thick ablative rnaterial rece s sed into the ternplate,

and iwo containing 0.050 inch thick Avcoat sheet. These panels

'we¡e then rnounted on a B]acli Brant VA coner the two Insulcork

panels atZ00o a'd 7Bo and the trvo Avcoat panels at t680 and

47o on the vehlcle nose cone circurrrference.

The four panels weïe to be flown without telernetry on a Black

Brant VA vehicle with a recoverable nose col1e. On recovery,

the ablative panels were to be exarninecl to ascertain the depth

of therrrral degïadation. The avelage thicknesses of rnaterial

degraded were then to be cornpared rvith the therrnal degradation

values obtained frorn the theoretical analysis.
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2.4 {iN PLANFORM EXPERT]\4E1\I

In view of the successes of the first two experirnents, a third was

devised to illustrate how the theoretical analvsis could be used in

a real design,case, and at the san:re tirne, obtain experirnental

inforrnation of a plactical nature.

The need arose to extend the flight envelope environrrrent of the

Black Brant VA vehicle. This involved extensive redesisn of the

Avcoat fin insulation, to ensure ad.equate thelrnal protection frorn

anticipated higher heating rates . The computer prograrrÌ indicatecl

that the fin insulation be increased in thickness frorrr 0.060 inches

to 0.09 inches for adequate therrnal protection. Based on the

cornputer results, fins were rnade with the increasecl insulation

thickness, with the intention of firing thern or: the final Black Brant

VA-AFI-- I 19 / IZ0 developrnent flights .

It was decided to ernbed therrnocouples at the fin Avcoat-rnetal

interface in several identical locations on each side of the fin. with

the following objectives in rnind. To obtain a ternperature rnap

over the fin platforrn area; to indicate where therrnal insulation

was rrÌost needed; to deterrnine whether greater heating rates are

obtained on the one side of the fin which rotates in the direction of

the rolling vehicle; and lastly, to analyse the experirnental results

using the ablative theory.
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It was declded not to fly any n-r.ore Insulcork experirnents in view of

the results of the fin stagnation and center line experirnents. The

general layou-t of the fin planforrrl experirnent is shown ln figure

2. 4. I. Five GG-20-CT Chrornel-Alurne1 ther-mocouoles were

installed at the fin Avcoat rnetal interface and the therrnocouole

leads gathered to a corrrlrron point at the fin base. Because of the

cost, and difficulty of lnstalling telernetry in the vehicle aft end,

the therrnocouple leads \Ä/ere run up the whole length of the rrrotor

case to the forward end igniter housing joint, where they were

connected to the vehíc1e telernetry systern, sirnilal to that described

ín experirnents z.r andz,z, The tl:errrrocouple leads on the rnotor

case were protected froin the high speed boundary layer shear

forces by a stainless steel channel bonded to the rnotol. case with

Arrnstrong J. E. 1156-E-30 epoxy bonding rnatería1, as shown in

figures Z. 4. I and Z, 4. Z.

It was irnperative that for cornplete success of the experirnent

the stainless steel protective trough would rernain fastened to the

rnotor case during fllght. To ensure cornplete telernetry results,

a separate experirnent lvas rnade to test the bonding of the

stainless steel trough to the rnotor case, but this will not be

described here as details are available in reference 20.
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A detalled layout of the therrnocouple locations is shown in

figure 2.4.I. In all, there were ten therrnocouples, five

situated on each side of the fin in rnirror locations.

To lnstall the therrnocouples, channels were gouged in the

0.090 inch Avcoat sheet, where the therrnocouÌrIe wires aïe

located in figure 2.4.I. Figures 2.4.3 andZ.4.4 show Lhe

installation of the therrnocouples at the AvcoaL-rnetal interface.

Ideal1y, the therrnocouples shouLd be welded ftush into the

alurniniurn rnetal substlucture, but this was not practical

since it would have entailed weakening of the fin honeycornb

sandr¡,ich substructure. Insteacl, the therrrrocouple end s were

wrapped flat as shown in figure ?,.4.3 and sílver solclered as

dirnensioned. A O. I25 inch diarnetel self tapping scïew fastened

the therrnocouple head to the alurniniurn face. The therrnocouple

heads were 0.060 inches thick when screwed to the fin rnetal

face. After lnstallation of the therrnocouples, the troughs were

filled in with liquid Avcoat ancl allor,ved to crtïe, then the fin

surfaces were finishecl flush to 0. 090 inches in thickness.

The result of installing the therrnocor-rples in this rnanner w111 be



69

that the experirrrental ternperatures ïecoïded r,vill be between

that of the back {ace of the Avcoat and that of the alurnlnlurn

surface and not the Avcoat-alurniniurrr lnterface as v¿ould be

Ídeally desired. It is hoped in tbe theoretical analysis, to

indicate therefore, onLy the general transient ternperature

trends
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3.0 COMPUTER PROGRAMS

Initially to recluce the arnount of cornptrtational work involved in

the theoretical analysis, a universal cornputer prograrn was

envisaged which would handle the whole of the analysis for rnany

types of body geornetries and conditions.

Unfortunately this attractive idea proved irnpractical due to one

main reason - cost. Because of the diversification of problerns ,

a large part of such a prograrn would rernain redundant,

increasing cornputational tirne and absorbing unecessarily large

arnounts of core storage space

It was therefore decided to write two prograrns which could be

used a1one, or in conjunction after sorrre suitable prograrn

rrtailoring".

A third prograrrÌ was adapted frorn the I.B.M. prograr-rl library to

reduce the arnount of work involved in cornputer inputs to the trvo

rnain prograrns, and reduce their cornplexity.

A description of these progranls, their lirnitations and usefulness,

will be given in the following sections.
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3 . T Sf'AGNATiON POINT HEAT TRANSFER
COMPUTER PROGRAM

q= ltclT* * a,{-rn-o'6^ /^ \'/z-/ \ --r'i' 3.I.i, fr 
> / lr cf lÊl¿* p^) l-fou'- T*/ - 6€'1y., i

That is it will give the transient stagnation heat input ,t, or

stagnation wall ternperature 'l*' , as a function of vehicle flight tirne.

This prograrrr is the sirnplest of the three prograrns to be described.

It was written to be used alone, or in conjunction with the Ablative

Heat Transfer Prograrn described in the next section.

Basically this cornputer prograrn is a prograrnrning of the two

dirnensional stagnation point heat transfer theory contained in

section L.Z and gives the solution to the first order, first degree,

non linear differential equation l.Z.Z7 written as

Initially, details of the vehicle perforrnance, and arnbient atrnosphere

conditions are prograrnrned into the cornputer in the forrn of

polynornial coefficients, along with details of the experirnent

geornetry. The cornputer then proceeds to evaluate the variable

coefficients in equation 3.1.l, and then solves the equation using

the second order Runge Kutte rnethod of nurnerical integration, to

give the ternperature of the stagnation point as a function of tirne.

The lirnitations of the prograffi are those of the theory described
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in l.Z, these are that the prograrrÌ should only be used to obtain

theoretical results in the continuurn flight regirne, for supersonic

and near hypersonic flow conclitions. The prograrrì horvever, is

rnore ftexible than the trvo-d.irnensional theorv in section 1.2 since

it can handle three dirnensional problerns by sirnply inserting

0.76Pr-0'6, in pLace of 0. 57Pr-0'6 ,r, equation 3.1. I . It can

also be used. for swept two dirrrensional geornetries (such as a

swept rocket fin) by insertion of a recluction factor F (lri4) tt

equation 3.1.1to give the folrn

n l-- ¡ r-1 p;ô'6/ [',: I ¡ ,.,,\lt C( I',t¡ =: O'5 / ' I t'7' ' \'tu/I'Í,/
o.-t

Although the prograrn will not b

opportunity was taken to reveal

| \l/^ ,(a,, n\''1"¡- --l-)t Pr{'à, it ! J \ r¿trv tr'J ^ O- C

e used in the two latter'

; .. ....
tlq tlêv1 l_\1 llfl¡

--t- ¡

!v,t 3. I:2

forrrrs, the

The prograrn was

360 cornputer. A

written in Fortran

prograrrr print- out

IV language for an I.B.M.

and syrnbol listing follows
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T.ORTRAN SYMBOLS MEANING

SG

GF

G

Ej|/dz

EM

P

TAV'/

TW

X

T

H

V

S

VG

D

TL

TA

DA Arnbient Densitv

Specific heat of aír at constant pïessure

Specific heat of skin

Heat absorption capacity of skin

Local Mach Nurnber just outside boundary layer

Free stTearrr Mach Nurnber

Prandtl Nurrrber

Adiabatic WaIl Ternperature

Wall Ternperature

Thickness of skin

Total Time

Tirne Interval

Free strearn velocíty

Specific weight of skin rnaterial

Stagnation velocity gradient

Diarneter

Total Tirne Lirl-it

Arnbient Ternperature

DIT'F

VY

F

d r*/at
Local free strearn viscosíty

Fin Sweep-back Factor
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FORTRAN SYMBOLS MEANING

DS

DZ

AP, BP, CP

Stagnation Density

Local free strearn density

Prandtl nurrrber Polynornial Coefficients

AGF, BGtr' Polynornial Coefficients of specific heat of
skin rrraterial

AG,BG,CG Polynornial Coefficients of specific heat of air

AF,RF Polynornial Coefficients of Sweep-back factor

AV, RV Polynornial Coefficients of ^ñ /p" / V,:
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3,2 ABLATION HEAT TRANSFER COMPUTER PROGRAM

The ablation heat transfer progral.n is by far the rnost sophisticated

and cornplex cornputer prograrrr in this section, incorporating

theory frorn sections l. 1, l.Z, 1.3, 1.4 and 1.5. It is universal

in the sense that ít can do the job of the first two prograrns in 3. I

and 3 .Z as well as the ablation problern, and finite difference

rnethods for prediction of ternperature distributions through

rnaterials. For instance, if the prograrn is used to solve a

stagnation problern, the stagnation heat input frorn 3. I can be

coupled with the ablation heat transfer progralrl, sirnilarly if a

non-stagnation point is analysed a non-stagnation point heat input

is used rvith the ablation heat transfer progïarn.

In the forrn presented in this section the prograrn is set up for a

. non-stag.nation point problern. In the operation of the progratrl-,

inforrnation on vehicle perforrnance, alTlbient air conditions , and

experirnent geornetry are fecl into the cornputer, which then cornputes

. the free strearn conditions and type of air flow, larninar or turbulent.

It then cornputes the skin friction coefficient, and hence the heat

transfer coefficient, to obtain a lneat input to the body, by the

Runge-Kutte nurnerical integration rnethod. If the rnaterial is not

at the ablation ternperature, it proceeds with the finite difference
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rnethod to deterrr¡ine the ternperatu::e through the rnaterial or

cornposite rnaterials. If tbe surface reaches its ablation ternperature

the prograrn srvitches to the ablation procession - finite difference

coupling routíne, to predict the terrrperature distribution through

cornpo site rrraterial s .

This prograrrr was used to analyse the fin-centre liner paneL, and

fin plan forrn experirnents, in 2.2, 2.3 and 2.4 respectively. Its

lirnitations are of course, those of the theory as cited in section

I . l, I.Z. I .3, 1 .4 and 7 .5 . The advantage of this prograrn is

that it is capable of yielding far rrrore inforrnation than the first

two programs, and can do rnore varied and cornplex problelTrs .
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FORTRAN SYMBOLS MEANING

V

vr'

EM

T(I)

TW

TIN

Tr(i)

TA'B

TSC

PR

VR

TR

DR

TA

Free strearn velocity

Local free strearn velocity

Free strearn Mach nurrrber

Ternperatwre at any point of first rnaterial

WaIl ternperature

I111t1a.t terï.p e ratur e

Ternperature at any point of second material

Ablating ternperature

Ternperature of the back surface

Pressure ratio

Velocity ratio

Ternperature ratio

Density ratio

Arnblent ternperature

Total tirne

Tirne interval

Tirne for burnout

Arnbient density

Loca.l free strearn density

Local .free strearrr viscosity

TI

H

TBO

DE.

Dr'

VISr.



94

FOR-RAN SYMBOLS MEANING

P

AHH

A.HC

RET'F

CFFL

CFFT

TÏP

TRIAL

Qrl

QC

QT

AL

DXl

DXZ

M

N

RHOl

RHOZ

Prandtl nurnber

Filrn co-efficíent on hot surface

Fikn co-efficient on cold surface

Local freó strearn Reynolds number

Skin friction co-efficient (larninar flow)

Skln friction co-efficient (turbulent flow)

Nurnber of trials

Total tirne for tlial

Heat flux entering

Heat flux leaving

Transient heat input

Distance of body station frorrr nose

Increrrrental disl:a.nce irr fi lsl: nh.¿ss

Incrernental distance in second phase

Nurnber of polnts considered in first phase

Number of points considered in second phase

Density of rnaterial in first phase

Density of rnaterial in second phase
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3 .3 POLYNOMIAL CURVE FIT PROGRAM

The Polynornial curve Fit Prograrn is an aclaption frorn the I.B.M.

prograrn library and its purpose is to sirnplífy the input data to

the rnain programs - 3 .7 and 3.2.

In essence, the prograrn is a solution to a general class of problerns

arising in engíneering, which consists of rnatching a set of data

points to a knorvn analytic function, and relies on the rnethod of

least squares.

The rnethod of least sguares consists of choosinø a suital-¡l e

polynornial to represent a set of data points, by cornparing the data

points with an assurned curve, and adjusting the curve until the suqn

of the squares of deviation frorn the curve is a rninilr-rlr_rn.

This can be illustrated rnathernatically by a practical exarnple of

fitting a curve to a collection of datapoints, say (/i,.+-. ) representiirg

Mach nurnber veïsus tirne, which is used in both rnain prograryls.

The program- wolrld assurne that this data can be fitted wíth a

polynornial of. the forrn

3.3.1
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The deviation at the LJh point would. be

v:

The square of the deviation would then be

"L fli - z Ì1'l¿

and the surn of the sqlrares

Wheve rn)n and n is the nt¡-rnber of data points

su-rn of least squares" Trre cornputer differentiateS

Ð,= ",'- -2 2,^1i¿î + 29,a,L=l :
a;:; 

r:r t-=a

As È< takes values frorn o to C) , '/11 |

to give the so callecl norrnal equation for

The cornputer then cornputes the surns of

of the data points , to give the polynornial

sixth order curve.

3.3"2

3.3 "3

3.3.4

to rninirnise the

3.3.4 to give

3.3.5

eguation are generated

the coefficients ¿lK

the various,cornbinations

coefficients for a zero to

: [tI¿ - t1 == nl; -- å ct ¡ 
rr'

t/,a ì

èu a'i

1-1 ',^

7or{| ,[åo,*:f'
l='o * [:,o

of the deviation

ft. f t'', ,.\ (t1, 
- 44 ,* ?->:{n;io,¿il+ Ë iË, o.¿i }'

i=rI l--c J i.i 'r=o -J
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4 , O COMPARISON OF THEORETICAL ANALYSIS AND
EXPERIMENTAL RESULTS

The following sections present a comparison of theoretical ancl

experirnental results obtained frorn the corrrputer prograrns

described in sections 3.1, 3.2, 3.3 and the experirnents

described in sectíons 2.1, Z.Z, 2.3 and2.4.

Because of the dearth of theoretical and experirnental data, and

the unsuitability of its original forrn, for inclusion directly into

this thesis, the theoretical and experirnental data has been

reduced and presented in tabular and graphical forrn.
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4.7 COMPARISON OF. I'HEORETICAL ANALYSIS AND
EXPERIMENTAL RESULTS FOR F'IN STAGNATTON
EXPERÏMENT

This section contalns a cornparison of the theoretlcal and

experirnental results obtained for the fin stagnation experirnent

described in section Z. 1.

Table 4.I.I shows the reduced telernetry and corresponding

theoretical results using cornputer prograrns 3. 1 in conjunction

with 3 ,Z and,3.3 f.or the Avcoat covered fin as a function of

flight tirne. These tabulated resulLs have been plotted in figure

4.I.I from which it can be seen irnrnediately that the experirnental

and theoretical results are in excellent agreerrrent.

The theory predlcts a noticable rise in the Avcoal-rnelal interface

ternperature about one second before any rise is noted in the

experimental results. Ablation is theoretically predicLed at 12.7

seconds after launch, and at this tirne there is an apparent reduction

In change of ternperature with tirne in the experirrrental plot,

indicating that the Avcoat has stalted to ablate, reducing the rate of

stagnation point heating to the Avcoat surface. The ex,oerirnental

curve then flattens further, indj.cating reduction in stagnatiorr point
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heat transfer due to ablation and the first stage booster rnotor

thrust tail off. The corresponding theoretical curve section also

indicates ablation and rrrotor thrust tail off but the effects aïe rlor

so pronounced, this is partly due to the way in which the cornputer

v/as-pïograrrrrned. to facilitate the two stage Black Brant IV flight-0?

flight pararreters . This will be explaíned later . At approxirnately

1B seconds, stage separation occurs, and the first stage booster

rnotor falls away. In reality, second stage rnotor ignition occuïs

a fraction of a second later, but this coast tirne was undeterrlined in

the experirnent. In the theoretícal analysis, second. stage rnotor

ignition was as sr-rrned irnrrrediately on stage s eparation . After second

stage ignition the theoretical and experirnental cuïves aïe in apnost

exact agreernent for the rernainder of the theoretical analysis, both

peaking at about 75OoF at 3O seconds.

The flattening of the theoretical and experirnental curves around

25 second.s continuing until 30 seconds is clue to the second stage

booster rnotor thrust tail off . Although experirnental results weïe

obtained for the rernainder of the flight, the theoretical and.*_.-¿'.^"

experirnental analysis is conclud,ed at the er:d of the por,r,ered flight

trajecto::y to avoid infringernent of the theoretical lirnitatio¡s. At

30 seconds the theoretical solution begins to diverge frorn the
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experirnental results since the rnean free path of the air is becorning

of the order of the experirnent d.irnensions, indicating the gradual

change frorn continuurn to slip flow.

In conclusion, it can be seen that agreernent between theory and

experirnent are excellent in the continuurn flow regime. It appears

that the use of linear forward finite difference rnethod. instead of

radía1 finite diffelence rnethod, is adequate enough in treating thin

ablative coatings of Avcoat, as rvould be expected. One thing which

was not anticipated when writing the computer progTaryr, was the

increase in stagnation point heating d.ue to the reduction in the raclius

of the fin cylindrical leading edge on ablation. In view of the present

correlation, it can be concluded that the effect of a slight reduction

in the fin leading edge radius is negligible. This can also be

explained by the fact tlnat the shock-boundary layer interaction

pararneter p , which contains the radius terræ., is constant for Mach

nurnbers greater than 3. Staging effects in the cornputer solution

are not as pronounced as in the experirnental results due to the

rnanner in which the vehicle Mach num.ber and velocity polynornial

coefficients were cornputed fror¡ the polynornial curve fit progr aryt. 
,

The curve fit prograrn will only fit data for which the differential is

wholly positive or wholly negative. In data obtained for these curves



106

frorn a tw-o dirnensional point rnass trajectory, a point of inflexion

occurs during the flrst stage boosLer tail off. period. To avoid

difficulty wíth the rnain prograrrr. whlch will only accept two

polynomial curve fits per pararrreter, the curves were averaged

through the point of inflexion range so that their differentials were

always positlve.

Table t'. I . Z shows a cor:nparison of the experirnental and theoretical

results for the Insulcork-rnetal interface terrrperatl-tre as a function

of tirne. 'Ihe results frorn this table are plotted in figule 4.7,2.

It can be seen that the results for the Insulcork are quite different

frorn those for the Avcoat. In fact, the change of ternperature with

tirne is rnoïe indicatíve of a rnetal response to a high flux thau that

for an ablative rnaterial. It is thought tinat at approxirnately ? seconds

the high aeroclyl.am.ic shear forces in the stagnation boundary layer

rernoved the ïnsulcork prerna.turely frorn the fin, exposing the rnetal

fin serni-cylinclrical leading edge to the stagnation point heat input.

This was subsequently proved by the theoretica.I analysis. To

analyse this problern, it was decíded to use the stagna.tion point heat

transfer prograiî. and stayt the computation florn 7 seconds. The

result of this 1s shoi¡,n plotted against the experirnental results in

figure 4.I.2. In vier,v of the excellent corlelation, there can be no
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doubt that the Insulcork was sheared frorn the fin surface bv the

high aerodynarnlc shear forces.

At 7 seconds the experirnental and theoretical curves rise quite

sharply untll about 11 seconds where there is a rnarkecl flattening

effect. This is thou,ght to be due to the thrust taLI off effects of

the first sLage booster since this begins to occur at the sarne tkne.

The experirnental resu-lts rernain quite constant until second stage

ignition, while the theoretical curve increases .li ohrl .' rLi e i e

due to the polynornial cuïve fit coefficients userl fnr rlra inn,r r Ãata

to the rnain pïograffr. After second stage ignition the curves agree

well till about Z6 seconds rvhen the corrrputer solution begins to

diverge frorn the experirnental reslrlts. The reason for this is

that the effect of the cork separation drastically reduced the

dirnensions of experirnent, resulting in the rnean free path being

of the order of the experírnent dirnensionkearlier, than in the case

of the Avcoat fin. It can be said again that ln the continuurre flow

regirne, correlation between theory and experiræent is good.

UnfortunaLely, the loss of Insulcork at 7 seconds on the second

fin, rnakes the comparison of the relative rnerits of Insu.lcork and

Leading edge radius
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Avcoat, as therrrr.al insulators an irnpossibility, but this is only

of secondary irnportance. The Insulcork failure however, does

reveal the extent to which thin ablative coatings of Avcoat protect

stagnation points. This can be seen frorrr lnspection of figures

4' r. r and 4' . r.2. The peak experirnental ternperatuïe ïecord.ed

on the protected fin was 760oF while that on the unprotected firr

was l60BoI., a difference of 84BoF. A ternperature of Z60oF is

qu-ite acceptable on rnost external aerospace rnetal sLructures

since it wj11 not slgnificantly recluce the structural iirtegriLy,

while a ternperature of 160BoF would cause large recLuctions in

stlffness and could cause vehicle failures.



TABLE 4.r,1
THEORETICAL AND EXPERIMENTA]- RESULI-S

FOR
FIN STAGNATÏON EXPERIMETdT

r|LÏGI-IT - B:B IV - 07

FLTGHT TIMtr
(sECs)

0

I
z
5
/1-I

5

6

I

B

9
10
11

lz
L3
7lt
15

t6
I7
1B

I9
z0
zt
2Z
z3
z4
z5
z6
z7
7,8
2A

30

]TXPERIMET\TTAL
AVCOAT-METAL
TEMPERATURJT

oF

60
60
60
60
60
60
60
60
ol

113
190
252,
306
329
368
383
4A6
42z
437
452
483
568
568
630
o/o
7Z?.
7/t5 '

760
760
745
( a¡3

i

I

THEORETICAL
AVCOAT-METAL
TEMPERATURE

op

60
60
ó0
60
6z
64
o¿Í

7A

99
133
1B r.

zz5
263
302
3/t0
363
402
410
439
49r
5rg
s63
602
66r
710
755
loJ
779
783
780
780

109
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TABLE 4 .1,. Z

THEORETTCAL AND EXP]TRIMEIdTAL R]'SULTS
r.OR

FIN STAGNATIOI\ EXPT,JRIMENT.
I.LÏGF.]T' - B]] IV - 07

EXPIìRTMT]NTAL
INSULCORK*METAL

TICMPI'RATURES
otr

TI_]I'ORETiCAL
INSU:I-CORK- METAL
TEMP]IRATURtrS ;

0

1

z
5

+

60
ó0
60
60
60
60
60
ol

32g
406
575
599
6r4
614
o L¿l

6r4
614
614
645
727
791
920

107,0

1i38
r27'7
r4z3
1538
1 608
It;t3B
r39Z
1369

60
60
60
60
60
60
60

101
243
403
520
558
5BZ
59s
or5
oL3
630
bJ iJ
662
70s
700
892
981

I 100
IZZ0
1342
l/io3
I540
r6?,0
16?*0
1sg7

5

o

7
o()

9
10
11

1Z

13

14
i5
Lt)

T7

1B

T9

20
ZI
zz
23
?,4

z5
z6
27
? ,).

2A

30 I
I

I

I
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4. Z COMPARISON OF THEORETICAL ANÁ.LYSIS AND
EXPERTMENTAL RESULTS FOR FTN CENTER
LINE EXPERIMENT

This section gives a.corrìparison of the theoretlcal and experirnental

results obbained for the fin center line exoeriment described ln

section Z.Z.

It was decided not to clo a nerv analvsis'l'for the fin center line

experirnent, but to coûLpare the reduced expelknental results,

with the theoretical results for the fin stagnation experirnent.

l'able 4.2.7 shows tþe recLuced f elernr.frr¡ and r-orresnonrlirro

theoretical results for the Avcoat covered fin as a function of flight

tirne. The reason that no new allalysis was rnade, was that tbe

theoretical trajectories of vehicle s 0 7 and 0 B u'ere very sirnilar,

over the rnaJor portion of the powered ftighb. Differences do occur

rreav burnout in the flight pararneters due to the f.act tlnat 0B carried

a lighter payload. This resulted in a slightly rnore severe therrnal

trajectory during the initíal 25 seconcLs of flight, while in the

continuurn atrrro sphere.

Figure ¿".2.I shorvs a plot of the e4pcrirnental a.nd thcoretical

results of ternperature versus tírne for Avcoat II. The experirnentaL

and theoretical curves shorv good overalJ agleernent. There is no

.ômn2r.nrl r.rìtlf thc fin cctftC¡ lina or.nnrimnrl'¿f claLa.ULt IVIL
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noticeable teræ,peratuye rise until B seconds. It can be seen that

the theoretical temperature lags the experknentally obtained

ternperatuïe oveï the perÍod B to 17 seconds. This is becaurse

of the rnore severe thermal trajectory of 0.8. After 17 seconds,

the theor eli c al ternp erature lead s the experirnen tal ternper.atr,rre

until 25 seconds, and then peaks at a ternperature of B70oF while

the experirrrental ternperature peaks at 9Z0oF , sorr.e two seconds

later. This result is to be expected in vlew of the higher therrrral

trajectory. The point to be rnade here, however., ís that it was

set out to prove that heating, near the stagnation point was

independent of the curvilinear coorclinate x. T'his has been done,

x being 0.517 inches frorn the stagnation point.

Figt:re 4,2.2, shows a plot of the experírnental and theoretical

values for the Insulcork center l.ine ternp eyaLure results tabulated

in table 4.2,2, Agaln, tbe Insulcork profile is rnoïe indicatíve of

a rnetal thelrnal response to aerodynarnic heating than that of

irrsulated rnetal. It is thou-ght once agairt, that the high speed

boundary layer strlpped the protective J.nsul.cork frorn the rnetal

fil:. After' '/ seconds the experirne:rtal ternperature rises rapidly

witlr an initial peak of.6?,00I- as in the first case, and clear-ly

shows the effect of staging aird first stage rnotor thrust tail oÍf.

4il.
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Corlelation of the experirnental and theoretical ternperatures

over the lnitial l5 seconcls of the flight ale fairly good with

excellent agreerrLent untll 25 seconds, after rvhich the theoretical

and experirnental results do not show good agreerrrenls. The

theoretical curve tends to be quite collsel:vatlve after thls tirne

and is probably due to the fact that it is a stagnation result rather

tlnan a cornpletely new corrrputation for the fin center line case.

Nevertheless, the results shcwn in figure 4"2.?, show once again

that aeroclynarnic heating near the stagr:ation point is independent

of tlle curvilinear distance x"

The e>qperirrrental Avcoat and Insulcork terreperature profiles are

rernarkably sfunilar to those obtained in the fin stagnatíon experirnent

over the initial 23 seconcls of flight, as is shor,vn in figur es 4,2.3

and 4. Z .4.
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4.3 COMPARTSON OF' THEORETICAL ANALYST,S AND
EXPERIME\ITAL RESULTS T'OR ABLATIVE
PANEL EXPERTMENTS

rn the theoretical analysis, the ablative heat transfer progïan-L

was used to deterrnine thickness of rnaterial ablated for the

experirnental set-up clescribed in se ction 2.3. The results of

the analysis are cornpiled in tables Á,.3. I and 4.3.2. To

facilitate discussion, these resulLs have been graphically

illustrated in figur es 4.3 . l. throu gh 4.3 , 4 .

Figure 4.3.I shows a plot frorn table 4.3.7 of cornputed hea_t

input veïsus flight tir¡.e during the ablation period. It can be

seen that the heat inpr-rt occurs as a pulse, lasting sorne ten

seconds. At rnotor thrust tail-off (I4.5 secs. ), the vehj.cle

acceleration drops off rapidly causing the heat inpul to fall. At

rnotor burn out tirne (18 se"".), there is a noticeable kink in the

graph, coïïesponding to a reduction ín the heat flu>r due to rapid

vehicle decceleration. Fisure 4.3,2 and /..3. 3 show the

compr:-ted thichness of Insulcork 2275 and Avcoat II ablaf;ed

respectívely, due to the pulse heat flux shown in figure 4.3,I.

It can be seen that the ablation rate in both ca.ses is practically

IÍnear ovel the ablalion period. T'ire tir.eoretical cuïves also
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show that the ablation rates fol Insulcork and Avcoat are aknost

identical. This ls surprising in view of the dlfferences in the

rnaterial properties, such as therrnal concLir-cfiyí l'rr :rrr¡l ¡lan ci l-rr

It seerns that the greater density of the Avcoat colTlpensates for

its conductivity giving Lhe sarne ablation rates as the less dense

Insulcork, whlcjr has a lower therrnal conductivitv.

The broken lines on Lh.e graphs indicate the average rneasurecl

thickness of rnaterials ablated frorn the flight experirnents

described in section 2.3. It can be seen ln both cases. the

experirne'ntal.Iy obtained al¡lated thicknes ses are l.es s than

O . 00- inches greater than thos e obtainecl f rorn theorr¡. Thl s

difference corresponds to. an accuracy of greater than 6To.

Since the panels welre not instrurnented for ternperature

rneàsurernent, no e)<perirnental ternperatuïes weïe obtained.

the theoretical interface ternperatures plotted in figure 4.3.4

frorn table 4.3.2, however, indlcate that the Insulcork-rnetal

interface ternperature is lorver than at the Avcoa-t-metal

interface

Frorrr the experhnent and theory ln this section, it can be shown
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that:

i) The ablatlve heat input occuïs as a pulse.

ií) Ablatíon rates of Avcoat and Insu-lcorh are alrnost
ldentical, and are linear functions of tirne.

iif) Insulcork appears to be a rnore superior heat shietd
rnaterial theoretically than Avcoat frorn the point of
view of bond line ternoerature

fv) Correlation betrveen theory and experirnent is good;
the difference between theoretical and rneasured
values being less than 6%.
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:f'A13LE 4.3"L

HEAT] T'LUX AI\D J]HICKNESSES A]sLATED
r.OR A]JLA].'IVE PA.NEL EXPERÏMEN]]S
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I

rris,.rLCoÌìKl AVCoA.:[ iti

11

TT.75
rz"25
rz" 5

13

13.5
74
74. 25

14.5
15
15.5
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T7
1B
'lq

20
ZL
zz
2?

z4

u "în
oo J I
ct 16

1] RÃ

14" 31
r6.34
T7,T9
17.37
16"01
15. 86
14.83
11"94
9"51
o" /, I
3. 85
z" rz
0 "94
0. 78
0 .75

0.0
0.00004
0.00008
0" 0002.
0.0015
0. 005 7
0.008
0,0092
0 " 0103
0 " 077-6
0" 0150
0,0 I72
0.0205
0" 0230
0.0249
0.0264
o,07,77
0.0274
0 " 0?"77
0,02,79

0.0
0"0
0 " 0004
0. 0013
0" 003
0"0058
0 "007?-
0" 0086
0. 009 B

0 " 0rzrz
0.0144
0. 01 ó5
0.0211
0.0?,274
0.0?472
0. a?,6

0 " 0268
0 " 0?,7?"

0.027 6
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I
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TABLE

INSULCORK AND AVCOAT INTERFACE TEMPERATURtrS
r.OR ABLATIVE PANEL EXPERIM.ENT

I'LTGHT TIME
(sECS)

TNTERFACE TEMPERATURE'I. (RANK]NE)

INSULCORK AVCOAT

0

I
2

3
llT

5

6

7

B

9
1U

11

IZ
t3
t4
15
16
77
18
I9
2ñ

ZT

zz
z3
z4
z5
z6
¿(
ZB

z9
JU

5rg
519

Ãlq

6tq
Ãto
6tq
520
5Zr
522
523
524
525
526
É,? e

530
533
535
538
5Á,r
544
546

552

558
560
563
300
50ö

519
5lq
5Iq
6iq
520
520
5?.1

522
523
525
É,).7

530
533
535
540
544
44q

90u
f o:)
tr,'7 1
J IL

577
583

Ternperatules read to nearest degree.
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4.4 CO]VIPARISON OF
EXPERIMENTAL
EXPERIMENTS

THEORETICAL
RESULTS FOR

ANALYSIS AND
FIN PLAN}-ORM

In this section it was inLended to cornpare the results of the

theoreLlcal analysis with those ol¡talned frorn the fin planforrn

experirnents described in se cLion 2.4. Unfortunately, very little

worthwl:ile experirnental data was obtained frorr BB VA flights

119 and IZ0, for reasons as yel unknown. InsLead, a brief

discussion of a plausible reason for the experknent failures will

be given, followccl by the tl:corelical analysis, the accuracy of.

which will be justified by other circurrrsta'ntíal evidence.

As rnentioned above, the reason for the experirnental failures is

unknown. There are, however, certain facLs r¡rhich point to a

possible exþla.nation for the failures. In both experirrrents, all

fin therrnocouple telemetry cJrannels registered open circuit at

approxknately 13 seconds after launch, other experirnent telernetry

channels functioning perfectly. This indicates that the failure on

both flights was due to the salTle reason. The authoï accornpanied

the 1äunch tearn to the Chulchill Rockei Range as an engineering

observer and it was notecl that difficulty was experienced by the

vehicle techniclans ln th.r'eading the therrnocouple lead wires
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through the protective trough, shown in figure 2.4.I of secLion

?A

Initial atternpts to thread the wires on both vehicles resulted in

wire breal<age and the wlres had to be threaded a second tirne.

It is suggested that when the wires were successfully threaded,

they were in a state of tension in the trough. ït is known that

shorLly after thlust tail off (abourt 14. 5 seconds), the rockeL

rnotor suffers a therrnal shock due to heatins frorn the cornbusLion

gases, elongating the rnotor by sorne 2 inches. This shoclc

elongation could have caused the wiles in tension to break and the

therrnocouple channels to register open circuit.

It is thought unlikely that aerodynarnic shear forces, coupled with

aerodynarnic heating païtecl the trough frorn the rnotor casing,

since radar did not report seeing rnultiple targets.

The theoretical analysis was rnade for a point 3.5 inches back frorn

the fin leading edge along the rnicl chold line, corresponding to

the location of therrnocouples T3 and T4, shown in figure 2.4. I 
'

section 2.4, The resu-Its of the analysis aïe colr-lpiled in tables
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4.4..I a;nd 4.4.2

A plot of the ablation heat input as a function of fiight Lirne frorn

table 4.4.I is shown in figure 4.4.I. It can be seen that the

hea'L input occu,::s in the forrrr of a pul se, havlng a peak value of

22,36 Btu/f.tZ-sec, shortly after rnotor thrust tail off.

Theory shorvs that the heat pulse ablate s approxirnately 0 . 01 B

inches of Avcoat rnaterial. A plot of rrraterial thickness ablated

is shown in figure 4.r''.2. IL can be seen that the ablation rate is

practically linear over the ablation period. It should be rnentioned

here that fins ïecoveïecl frorn an early BBVA flight had approxirnaLely

0.038 inches of Avcoat rnaterial ablated at station 3.5 inches frorn

the leading edge" This is over twice the figure obtained frorrr the

analysis a:rd is due to the fact that the anatysis only cornputes the

rnaterial thickness ablated in upward flight; the recovered fíns

suffered ablation on the upward flight, and also during re-entry-

Figure 4.4.3 shows a plot of the transient ternperature disLributions,

!n tlre Avcoat rnalerial, tal<en fror1 table 4.4, Z. T(1) corresponds

to the surface ternperature, T(Z) and T(3) ternperatures at 0.030
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and 0.060 inches below the original sur:face, and T(4) the

ternperature at the Ar.coat-Alurnínium bond line interface, which

was 0.090 inches below the origlnal surface. It can be seen that

the Avcoat surface ternperatLrre is predi-ctecl to rise quite rapiclly

to the ablation ternperature of. 14600 Rankine at 12.5 seconds

shown by the full line (l). The rnain ïeason for this rapid rise

is that the Avcoat, becaus'e of its srnall conductivity initially

confines rrrosL of the heat pttlse to a sllrface layer, allowing very

llttle to diffLrse through to thc inner structule. As tirne Progresses

the heat pulse oï wave is constantly attenuated by ïerrloval of heat

energy by the structure. This is shorvn by the shift of ternperature

-^^1-^ .-,ir1. .i'^^-^â-;- a Êima
Pea¡!Þr WJ-LlI J-IILrU4Þl1rË Lrrrrs'

The second full line. (2) , indicate s the laboratory deterrnined

critical ternperature (800o Ranltine) whlch rTrust not be exceeded

for fin stïuctural integrity to be rnaintainecl. It can be seen that

the bond line interface ternperature T(a,) is well below the critical

ternperature. The ternpeïatuïe T(3) at 0. 0 60 inches below the

original sul:face just exceeds the critical ternperature, indicating

that a fin r¡,iLh 0.060 inches of Avcoat insulatlon would be rnarginally

uns afe .
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Thls brings about an interesting point. Early BB VA developrnent

flights using fins with 0.060 inches of AúcoaL insulation exhibited

.disturbing ftight characLeristics. These disturbances \^/ere

thought to be due to amarginally unsafe fin bond line ternperatur.es,

causing the fin to rvalp, upsetting the vehicle aerodynarnics.

The ablation progl'arr-r- \^/as used to predict an optirnal Avcoat

thickness, for the fin to withstand the BB VA therrnal envelope.

The thicknes s cornpr-rted wa.s 0. 090 inche s. All BB \¡A flights

ernplolring the fins r¡,ith the optilral Avcoat thickness have been

successful, giving srnooth flight histories. The circurnsLantial

evidence just given, indicates how useful the ablative theory and

progïaf,Tl can be in an acLual engineering problern.

This concludes the section for cornparison of theory ancl

experirnent, The next section will give a díscr-rssion of conclusions

and recorrrrrrendations based on the theoly and its experirnental

verification contained ln this thesis
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TABLE 4

TFIBORETÏCAL HEAT T'LUX AND TH]CKNESS
Á.BLATED FOR F'IN PLANFORM EXPERIMEN-I

FLIGFITS BBVA I19 AND I2O

T.LIGHT
TIME

(sECS)

n.5
I4
15
I6
I7
IB
to
z0
2I.25
zz
zz"25

HEAT FLUX
DURÏNG ABLAT]ON

(B r,u /¡'r2-snc)

- 
""'¿"-"1'-lABLATED I

(TNCHES)

rz.
zr.
22.
20.
17.
13.
10.

7.
4

3.
z.

3B
1.0

JO

90
10
q4

z7
lq
¿(
th

(?

0. 0004
0.004
0.006
0.0096
0. 0120
0. 013 9

0.0155
0. 01 70
0. 01 75
0.0179
0. 01 8c
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TABLE 4"4.?,

THBORETICAL TEN4PERATURE DISTRIBUTION
r.OR FTN PLANT'ORM EXPERTMENT

BB VA T'LIGHTS TI9 AND IZO

FLTGHT
TIME

(sECS)

r(1)

("R)

T (2)

(oR)

r(3)

("R)

T(4\

("R)

s19
519
)áo
s47
s84
632
692
762
846
948

10 60
7202
13 6z
1460
1460
r460
t460
1460
r46c
r460
1460
1460
1460
r460
13BB
13 51
L324
1307

Ãlo
519
5rg
522
5ZB
534
s55
J lo
OUJ

637
o( |
727
786
857.
gtI
966

I0 67
1113
1754
t r9o
tzz6
tz43
rzSz
rz0 6

11 B0

1r56
11J b
ITZ4
TT23
1168

5rg
6lq
5Lg
5lq

519
5rg
6lq
519
ñlo
(lq

6lq

5rg
6lq
trta
519
520
520
5Zr
5ZZ
523

525
527
528
s29
531
533
534
536
538
539
540
542
543
5zL4

sz0
5ZZ
525
530
JJ I

339
J l-r

593
bt5
640
666

718
744
toY
'74?

Bl B

832
84r
85b
858
õ5 C'

B5Z

847
843
843

0

I
2

3

+
5

6
.7
I

B

9
10
T1

IZ
12. 5
L+
15
16
17
1B
10

z0
zI. 25
2Z
zz.5
z4
z5
z6
z7
ZB
zg
30

>k Cornputel did not prlnt.
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5. O CONCLUSIONS AND RtrCOMMENDAI]TCNS

The conclusions and recornrnendations given in the following

subsectiolr-s are based on the theory and experirnent descrlbed

in this thesis.

It is felt generally, tlnat all initial objectives have been

accornplished, the corrrbination of theory and experirnent

giving sharper focus to sorne of the original icleas, and a

better unclerstanding of sorne basic heat transfer phenorrrenû..
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5.1 CONCLUSIONS

Revíew of the theory in section 1.0 reveals that the following

general conclusions call be drawn.

a) The field equations of fluid dynamics lencl the:nselves well

t^ õi-^li'F{^ation and solution of high speed flow phenorrrena,LU ÞIIrfl-JrltrtrU4þrvll qtrq ÐvrsLrvrr v¿

when second order approxirrrations for the stress tensor

and hea.t flux vectoï al'c used.

b) Heat transfer to sirnple geornetries, such- as serni-cylinclers,

flat plates, and bodies $,ith large raclius of curvature, can

be predicted with good accuracy by ernploying an adapted

version of the Varr Driest aerodynarnic heating theory,

(refer ence B) .

c) Heat transfer in the vlcinity of the stagnation poínt is

lndependent of the curvilinear coordinate dlstance x.

d) A satlsfactory rnath.ernatical rnodel- can be forrnulated for

ablation of sublirning rnaterials for the order of environrnental

flight conditj.ons described. in this thesis by assurning:

1) The surface ternpeïatuïe of the rnaterial on ablation

relTra.Ins constant.

it) The heat input to the bod.y on ablation is tota'1Iy

- corrrrnltted to the ablation process.

iil) The ablated rnaterial is totally rernoved by shear

forces in the hlgh speed. boundary layer. i. e.
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When.ablation occurs, the increase of rnass flow

due to difiuslon ancl convection of ablated gaseous

and soLicl rnaterials, has the effect of thickening

the boundaly layer ancL changing the profile,

resulting in a reduction of velocity, ternperature

and concentratíon gradients, rechrcing heat transfer

to the \,va11 .

e) Section I.6 shor,vs that the ablatior: procession caused by a

specified transient heat flux, can be coupled wii;h a linear'

finite difference rnethod to fo::rn a slrnple series e)<,oression

desclibing the ablation pïocess.

f) The accu.ra.cy of the coupled ablation procession finite

differ enc e ræ.etho d i s p r acti c ally incli stingui shable frorn | | exactr I

solutions, provided the stability and p cliteria are

observecl. This is cogni.za.nt with choosing cornpatible tirne

and nodal intervals. The ablation finite difference rrrethocl is

adrnirably suited for digital prograrnrning, as indeed is theory

cited in sectlon 1. 0.

Revie.,v of the experirnentaj. resu-lts rvith theory, reveals that:

g) Good agreeffrent 1s obtained beti,veen ex.roeriment and theory
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for the stub fin sta.gnation, and rnid chord expe::irnents

describecl in sections 7.I andZ.Z respectively.

h) These experirnen-ts shorv:

. f) 'Ihat heat transfer near the stagnation point is

lndependent of Lhe curvllinear coordinate x,

thus verifying the sarne point rnade in the

theory.

ii) The linear finite difference rnethods can be

used for thin ablative co\¡erings with good

ac cuT ac)¡.

ftf) That Avcoat is superior to Insulcork in regions of

high shear flow for protection of stagnation surfaces

because of its betLer shear resisting properties.

iv) Because of Insulcork separaLion frorn the stub fin, the

extent to which Avcoat insulates, can be appreclated

by cornparing the recorded Avcoat bond line

ternperatures, and those obtalnecl on the exposed

. rnetal fins.

i) Cornparlson of Lheoly and expelirnental results for the ablative

panel experirnents clescribed ín section 4.3, shows that the

fheolrr r-arr preclict ablatecl rna-telial thicknesses to within an

accuracy ot ! 6To. It sliould be noted that other circurnstantial
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evidence rvhich corroborates this kind of accuracy ls

rnenLloned irr sectLon 4.4.

j) The theory also indicates that Avcoat and Insulcork have

approxirnately the same ablation rates. This is

substantiated by experirrrental eviderlce becallse

rneasuïerlents of Insulcork ancL Avcoat degraded in the

panel experiments were practically the sarne. The theory

also sho¡¡,s tltat Insulcork is a slightly better lnsulator and

abl ative rnatelial in legions whele shear forces aïe not

critical. It was not possj-ble to show thi.s by the ablation

experirnent sirrce no instrurrrentation was carried.

k) The fln planforrn exroerirrrent dêscribecl in 2.4 yielded no

wolthr.vhlle data. It is thought that wire breakage occured

due to rnotor case expansion, causing the therrnocouple

sensoïs to register opel1 circuit. Theoretical data, however,

v/as generated and cornpared with circurnstantiaL evidence

frorn previous BB VA fJ.ights, and a good rneasure of

correlation obtained.
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5,2 RECO\4MENDATTO}TS

The following recorrÌrrlendations are based on the general

conclusions rnade in subsection 5. I and should not be

rnlsconstrued as being valid for geor:retries or flíght

environrnents radically different than those described in this

thesis.

It is recornrnended that:

a) Because of the re strictions placed on Lhe theoretical

alalysis, theoly and relatcd cornputer prograrns should

only be used for continuurrr supersonic fiight environrrrents.

b) Thin ablative coverings of ArrnsLrong Insulcork should

not be used as a heat shield in stagnation or high shear

flow reglons. Avcoat can be u.sed with confidence.

c) In viei,v of the'failure to obtain rvorthrvhil.e data frorn the

fin planforrrl experirrrents, it is recorrÌrnended that future

experknents of this nature have telernetry housed in the

vehicle aff; end.

This section concl.udes the thesis. Following are lists of syrnbols

and referellces used, and al so acknowledgernents to the various

people.rvho have gÌr'en tirrre, consent, and encou-ragem.ent to the

author during the wrlting of this thesls.
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6. O SYMB OLS

i"' Polynornial coefficient

¿l-k"' Polynornial coefficient

"th Polyr.orni al coefficient

Specific heat of I st rnaterial

Specific heat of Znd rnaterial

Specific heat of char frorn ablated rnaterial

Specific heat of gas frorn ablated rnaterial

Specific heat of ablatecl rnaterials rnixture

Specific heat of air and ablatecl rnaterials rrrixture

LocaI free strearn skin friction coefficient

Stanton nurnber for local free strearn

Specific heat of air at constant pressLr.ïe

Coefficient of binary diffusivity of air ancl ablated
rnateri a1s

Ð Diarneter of fin serrri-cylindrical leading edge

E Internal energy of air per unit rnass

F¿ External body force per u-nit nÌass in ith direction

f, Two dirrrensj.onal stagnation pararneter (page 15'l')

f(.1) Boundarylayerfunction(Ec1. 1.2.17)

h Filrn coeffici.cnt of heat transfer (Stagnation point
heating, Eq. 7 " Z, ZZa) i (Non- stagnation point
heating, Eq. 1" 4. l0)

O-¿

f'lvrv

GJ-

L/c(

L

"c

\-o
¿'

7

v
r

T"
-1'"]

(.
- hoô

:-h-
J/

Effective. heat capacity of abLative rnaterial. rl+f.í
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K Coefficient of therrnal conductivity

K^ Coefficient of therrnal concluctivity I st rnatelial

K5 Coefficient of therrnal conductivity Znd rnaterial

h Therrnornetr:ic conductivity ( R : l< lPr-, )

L Dirnension of experirnent (Eq. 1.1. t4); Latent
heat of ablation (Section 1.3)

ðrt

lr1*r

tìr

Nu

lJ u.*

oLx'l

?
D
fol

rt"

'Pràn

Mach number

Mach nurrrber just outside boundary layer

Mass rate of ablation

Nusselt nurnber

Nusselt nurnber of 1ocal flee strearn

Nusselt nurnber at the r¡'all

Means 'rof orcler Xrl

Pressure

Pressure just outside bounclary layer

Prandtl nurnber

Prandtl nurnber just outside bounclary layer

Prandtl nr-rmber at the wa1l

Heat flu,x

Heat flux vector

Recovery factor (f raction of loca1 free strearn
dynarrric-ternperatu-re rise recovered at the wal1

Reynolds number of local flee strearn

Reynolds nurnber at the wall

'Yr'r,

'lr'

ari

f<

Ð

^.:fi^.c/

'11!: | ...
6- r'
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Ro
d

-T'
I

't;

Tà,,,,

-'1 'lr

J.
L.

'7o<, Stagnation temperatllre

1J Ternperature just outsicle of boundary layer

-l-, Ablation ternperature (On ablation T1 = T* = Tab)
tit:)

'1-¿ Ternperatu-re in rrsandwich strtrcture'r i = l, Z" ' '

-r-l.r.\ Ternperature at specifiecl depth in sanclwich
' t'' '/ structurc l = 1 r2, . .

Gas constant

Ternperature

\MaII ternperature

Acliabatic wall ternperature

Body ternperature (Eq. 1,. 3. 1)

Tirne

U Velocity just outside boundary layer

tL i.

t.(

+1
\/

Velocity in ith direction

Velocity in bounclary layer in x clirection

Modifierl velocity corrrponent (Eq. 1. 3. 9)

Local resul-tant velocity just outside boundary layer

Velocity vector

Velocity in boundary layer in y direction

Velocity of ablated rnaterials at the wall

Velocity (Y greater than boundary layer thickness)

coefficient of rnass concentratiòn of al¡Iated rnalerials
(It repÏesctrts the ratio of rnass of ablatccl rnaterials
to rrrass of ablated rnaterials ancl aiI in unit volurrre)

L/

-ù;,,

' 
t' /"i\
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*ì
W* Coefficient of rnass concentration of ablated

materials at wall

Velocity in boundary layer in z direction

K Cartesian coordinate; curvilinear coordinate
(Section 1.g); depth of rnaterial ablated (Section 1. 6)

LLT

/.¿

1t
J.

t,
¿

l-t

/f

c,i, ( Pi)

c'i¡ ('Pr")

a
I

Cartesian tensor coordinates i = 7r2,3.

Arbitrary value or,rtside of boundaly layer

Cartesian coordinate; curvilineal coordinate
(Section 1.3)

Arbitrary value outside of boundary layer

Cartesian coordinate; t::ansforrnecl y coordinate
(Section 1.3)

Stagnation function

Convection functj.on (Eq. I.4"9)

Stagrration velocity gradient; stabil.ity criterion
(Section l. 6)

FIeat absorption capacity of skin or wall

Tirne interval or integration interval

Kronecker delta function (unit tensor)

Boundary layer thickne ss

Velocity boundary layer thickness with ablation

Velocity bounclary layer thickness without ablation

Therrnal boundary layer thickness wit.h ablation

Therrnal boundary layer thickness without ablation

r'-^^ : ^ ^: --: r---CJIIIIs ÞJ.VILy

t'

^.+

OLI

o'

?
Oci.t

tr\vT

,. l¡O
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\ Gas rnass fraction of ablated rnaterial (Section 1. 6);
dirnension less coordinale (Eq. I.2.I2)

()(,i,') Boundary layer ternperature distribution function
I'

) Mean free path of air in the ¿rrmnc^l"o-o

ll Coefficient of vi s co sity

./,(o" . Coefficient of viscosity of air just outside boundary
laver

tll /- l'¿

f

.t
re

p
I

E/.14

v

îi".

L' f¡\

tl

vtr

'' q'/

,'ìr

tì-
.t

Coefficient of viscosity at wall

Kinernatic viscosity

Kinernatic viscosity just outsicle boundary la1's¡

Mass density

Mass clensity of air just outsicle bounclary layer

Mass density of air at wal1

Mass density of ablatecl rnaterials at wa1l

Stefan Boltzrnann constant

ith Standard deviation

Nodal thickness of lst rnaterial

Nodal thickness of Znd rnaterial

Stress tensor

Dissipation function

Fin sweepback angle

Strearn function

ði& Non-divergent syrnrnetrical tensor (See Eq. 1,2.I)
å):l;
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C) L/- ç

ð[
Velocity gradient
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