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Table of the partial calculation results

coolant
TI In Sn H0
parameter
m [kg/m?s] 181 58 76 27 61 99 107 31
m [kg] 4 50 201 192 2 92
Ap [atm] 92 90 62 44 70 55 494 62
Pin[atm ] 192 90 162 44 170 55 594 66

pressure Pin< Psn< Pri< Pup. Theoomputational exanple results show that the thernal protection ef-
fect of coolant In is best, and the themal protection effect of coolant H20 isworst, because the internal
pressure (Puo ) istoo high, byw hich the porous nosetip is detroyed, theHz0 isan unadaptable coolant

From above result analyses of calculation examplesw e can derive the follow ing con-
clusions

1 The theoretical analysismethod based on three smplified assumption is dependable
and more accurate

2 The smplified calculative results agree fairly with the numerical computation of
Ref [1] The difference betw een our simplified calculation and numerical compulation of
Ref. [1] isabout Q 01- 12 percent

3 The present calculativemethod can be used in prediction before the ground simula-
tion experiment, and it can be satisfied for the request of engineering application depart-
ment
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ABSTRACT Simplif ied analysis f or themal protection o the Self - Contained A daptive

Trangpiration (SCA T) nosetip is provided and the simplif ied calculation f omulas o ther-

mal protection are deduced. The calculation examples o thallium, indium, tin and w ater

coolants are given Thededuced fomulas in this paper are simpleand convenient A n engi-

neering calculation method o nosetip thermal protection design is obtained in this paper. |t

can be used in prediction bef ore the ground simulation experiment

KEY WORDS Trangiration cooling A blation Themal protectionon

Namenclature
H = total enthaply
h = static enthaply
L v = vaporized
m = total coolant mass flux
m = coolant mas flux rate
M = moleculax w eight

p = pressure

g = heat flux

R = universal gas constant
Subscr ipts

a= air

c = coolant

E = vaporous ecies of coolant
ex = external flow conditions

1996 4 1

R = nose radius

S = surface area of porousmatrix
T = tenperature

t=tme

Z = compressed coefficient

P = density

I' = pemeability

M = visoosity

g = gas

in = interior flux condidions
| = liquid

la = laminar flow
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r = radiation w = external wall
S = stagnation point condition w = interior wall
t = turbulent flow

Introduction

he Self- Contained A daptive T rangiration (SCA T) is adopted in the themal protec-

tion for advanced reentry vehicles The SCAT nosetip design must detemine the
w eight of the coolant and driver materials, and to select suitale coolant prelim inary and ap-
plicability porous structures Characterization of the prous structure for SCAT was
achieved by detem ining their liquid metal pem eability at elevated temerature and pressure
using liquid coolant These subjects requiring considerably more analytical and/or experi-
mental investigation are noted T heoreticalstudies can be adopted to ©0lve sme problans
such as flow characteriticsof porousmedia (i e internal flow of SCA T). Becauseof tran-
iration- oooled nosetip at high heat transfer rates and stagnation pressure interaction
and interchange of mass, momentum and energy exist within the surface cooling flow,
porous structures and gas boundary layer. Therefore the pemeable flow of trangiration-
cooled nosetip ismore complicated than that of general pemeable flow. It is necessary to
2lve apartial differental equation group w ith four equations and to calculate the dual iter-
ation of internal plenum pressure, pemeability and wall thickness in numerical calcula-
tion Therfore it isvery neccessary to explore a smplified calculation A simplified calcu-
lation method being satisfied w ith engineering presision isprovided in thispaper.

Analysisand deduction of calculative formulae

In the SCAT oconcept, coolant and driver materials are stored w ithin the nosetip shell
(reservoir). During reentry, the coolant ismelted and the driver materials is vaporized as
a result of aerodynamic heating to the nosetip and conduction through the shell During
early reentlywhen only a snall region of the coolant at the foiw ard portion hasmelted and
most of the driver is still in its olid form. At a later state of reentry, additional coolant
gasmelted and the driver materials hasmelted and is vaporizing at the rear of the reser-
voir. Deceleration forces tend to locate the higher density liquid and solid coolant tow ard
the front of the nose tip and the low er density liquid and vapor driver at rear. The liquid
coolant, pressurized by the driver in thismanner, flow sonto the nose tip surface through
the porousor channeled matrix Themal protection of thematrix and lid shell are pro-
vided through energy absorbed by the coolant as it vaporizes, boils, and absorbs heat in
the gas boundary layer.
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L ater in reentry, themajority of the coolant ismolten and the driver vapor occupies a
larger portion of the reservoir volume T here is considerable fluid convection taking place
w ithin the liquid coolant due to the deceleration load and temperature difference betw een
forward and aft nose tip components, w hich results in enhanced heat transfer betw een the
coolant and shell and w ithin the coolant itseld For internal flow of SCA T porousmatris
the follow ing smplified assumption are used:

1 Theooolant flow in porousmedia is an one-dim ensional quasi-steady-state flow , its
chamical reaction w ith porousmedia is not occurred (see Fig 1).

2 The liquid coolant is not vaporized in the reservoir, and isvaoprized w holly at ex-
ternal surface of porous nosetip (i e the liquid layer is thinnest or no exits in the surface
of porous nosetip).

3 The thickness of porous matrix is thinner, the change of themal enthalpy in
porousw all of liquid coolant isfar snallw ith itsvaporized heat in reservoir. During reach-
ing or apporaching steady-state flow, then yield:

(Twl' Twaﬁ)/Tw(ul<< l

Deduction of calculative formulasfor thermal Portection

A ccording to above simplified assumption and enegy equation of one-dimensional qua-
sisteady-state flow the smplified calculation formulae of internal flow parameter are de-
duced
1 Calculative formulae of coolant massflow rate

A ccording to themechanisn of trangiration cooling themal protection and smplified
assumptions 1, 2, the one-dimensional quasi-steady-state energy equation is deduced:

qug = qrwl' mhwl(g) + mhwz(l) = quz (1)
A ssuming that influence for output coolant flow of internal plenum pressure is snallest,
internal plenum pressure and tenperature are gpproaching constant, then gw,= Q

Because thew all temperature of trangiration cooling nosetip is lower, gw, in equation
(1) may be negligible Substitute lv, hw, (1) into equation (1), then yields

qug' m[th(g) - hle+ CpI(Twl' TWZ) + Lv] = 0

w here
mLv= m[hve- ha,(1)] (3)
ho(1) = hw2(1) + coi(Tw, - Tw,) (4)
AH = hy,(g) - hwe+ i(Tw, - Tu,) + L. (5)

then
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Ovg- MAH = 0 (6)

Twz) << L Vy then CpI(Twl' TWZ)
may be negligible generally. Inorder to proving the [hw,(g) - hwis] <Ly, he,(g) - hwimay

be negligible, a detailed analysisof follow ing is necessary.

oos [v8] - (5., "

wi=mKw + jw, i# E
: (8)
m+ we= mKe+ je

Substitute equations (7) and (8) into (2), then yields

[k%jwl- ZE(ji+ mKi)w‘hiwl' (jE+ mKe

- m)wlhle' mL v - meI(Twl' Twz): 0

A coording to simplified assumption (3), thecy (Tw,

W hen the chanical reaction has not occurred at porousw allw 1, the second and third tem

areequal zero in the above equation, then the enthalpy of injected gecieshw e is separated
by two tems

hwe= (Lv+ he) + hop

(9)
Substitute equation (7), (8) and (9) into equation (2), then yields
[k%- ZEjiKi- thé]Wl- m[ZEKihi- KEhE*] "y
+ mhes, - MLv+ Gi(Tw,- Tw,)]= 0 (10)
W here
Qug = [k@/- ZEJihi' ]EhE]Wl (12)
Then, the equation (10) becomes
Owyg - m[[ZEKihi+ th.;J vy o (L0 Kew)hae
+ Lyt Gi(Tw,- Tw,)]=0 (12)
w here
M . = [(ZEKihi+ Kehe)w, - (1- Kew,)hee
+ Lyt i(Tw, - Tuw,)] (13)

The ha, of equation (13) in frist and second right tem s all have not included the contribu-
tion of L vand he .

Generally, hi< L therefore in above gpproximate calculative formula of
heat flux for injected influence, the AH - may be approximately as follow ing
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AH *: Lv+ CpI(Twl' Twz): Lv (14)

Now combining Eqs (12) and (14) yield:

The fomulae of approaching heat flux in Ref. [2] has been enployed in the present analy-
sis Substituting formulae of approached heat flux in Ref [2] into Eq (15) yields

Gvg

Mmia = E (16- a)
Lv[1+ OG{M_EJ }

m.= s E (16- b)
Lv[1+ OZ[M_ﬂ }

2 Caculative formulae of taotal coolant mass flux
A coording to the simplified assumptions 1 and 3, the Eqs (16- a) and (16- b) can
be integrated

mla_J"LOL [1+ | 6[ J }dsdt (17- a)
m.= LLOL[“ QZ[M‘ﬂ 1(1 dsdt (17- b)

M

3 Calculative formulate of internal flux pressure for nosetip shell
A coording to the simplified assumption (2) the equation of coolant mass flow rate, m
, isdeduced by one- dimensional monmentum equation directly

m=- T ‘5 gs (18)
For the liquid coolant, the density is constant, integration of Eq (18) leads to desired in-
ternal flux pressure; for the gas coolant, the density isnot constant, in integration of Eq
(18) the gas state equation has been employed T he calculative formulae of internal flux

pressure for nosetip shell isfor the liquid coolant

w here
% = ZRT (19)
_er Pex
— _I'e
mL dR = - I ——_ (20)
2 2
o= C(pn- ped (21)

2uZRT (R« - Rin)
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for the gas coolant

|
N

P(in)ia= (22

|
(NI

2+ P&
P ()= v[1+ . Z[M_ﬂ ﬂ (23)

for liquid coolant

P ()= (24)

pﬂ- 1+ Q6§

LZ
+
T
S

q;v H(Ra' Rln)

PFL 1+ Q 2[

P(in):= + P« (25)

Z

c

For a check of validity of smplified method a computation exanple isgiven A coording to
the parameters of ballistic missle reetry themal protection of SCAT w ith four different
physical character coolant are calculated T he partial calculated results are given in table
and shown in Figures 1- 2 It isknown from Figure 1 and 2 that in reentry process the
pressure and coolant flow rate have changed w ith reentry time for collant of thallium.

The coolant is TL The coolant is TL
300 ___ our method 1.5t __ our method
--- ref. 1 method - ~— ref. 1 method
0
2 x3
E 3
= 200 = L0
-; 2
§ s
2 3 -
5 2
100 | E o5t
E
) /
0 L 7
15 20 25 T 20 %

time from 76. 2km[sec] time from 76. 2km[sec]

Fig 1 Changeof pressure in reenty Fig 2 Coolant flow rate history in reenty
process process

The table show s that total coolant mass flow msn < min< mupe < mm ; the interal



