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Nomenclature
H = total enthalpy, J/kg
h = static enthalpy, J/kg
Lv = vaporized latent heat, J/kg
M = total coolant mass, kg
NM = molecular weight
PM = coolant � ow rate, kg/s
Pm = coolant mass � ux, kg/m2s
p = pressure, atm
q = heat � ux, J/m2s
R = universal gas constant, 8341.3 J/kg mole k
NR = nose radius, m
S = surface area of porous matrix, m2

T = temperature, K
t = time, s
Z = compressed coef� cient
0 = permeability, Darcy
¹ = dynamic viscosity, kgs/m2

½ = density, kg/m3

Subscripts

a = air
c = coolant
E = vaporous species of coolant
ex = external � ow conditions
g = gas
in = interior � ux conditions
l = liquid
la = laminar � ow
r = radiation
s = stagnation-pointcondition
t = turbulent � ow
w1 = external wall
w2 = interior wall
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Introduction

T HE active coolingnosetip design must determine the weight of
the coolantand driver materials and select suitablecoolantpre-

liminary and applicable porous structures. Characterization of the
porous structure for self-contained adaptive transpiration (SCAT)
was achieved by determining liquid metal permeability at elevated
temperature and pressure using liquid coolant. The subjects requir-
ing considerablymore analytical and/or experimental investigation
are noted.

Theoretical studies can be adopted to solve some problems such
as � ow characteristicsof porous media. Interactionand interchange
of mass, momentum, and energy exist within the surface cooling
� ow, porousstructures,and gas boundarylayer due to transpiration-
cooled nosetips at high heat transfer rates and stagnation pressure.
Therefore, the permeable � ow of transpiration-cooled nosetips is
more complicated than general permeable � ow. It is necessary to
solve a partial differential equation group with four equations and
to calculate the dual iterationof internal pressure,permeability, and
wall thickness in numerical calculations.Therefore, it is necessary
to explore a simpli� ed calculation.One method will be provided in
this Note.

Simpli� ed Assumption
In the SCAT concept, coolant and driver materials are stored

within the nosetip shell (reservoir). During re-entry, the majority of
the coolant is molten and the driver vapor occupies a larger portion
of the reservoir volume. A considerableamount of � uid convection
takes place within the liquid coolant due to the deceleration load
and temperature difference between forward and aft nosetip com-
ponents. This results in enhanced heat transfer between the coolant
and shell and within the coolant itself. For internal � ow of the SCAT
porous matrix, the following simpli� ed assumptions are used.

1) The coolant � ow in porous media is a one-dimensional,quasi-
steady-state � ow. Coolant chemical reaction with the porous media
does not occur.

2) The liquid coolant is not vaporized in the reservoir but is va-
porizedwholly at the external surface of the porous nosetip, i.e., the
liquid layer is thinnest or absent at the surface of the porous nosetip.

3) The thickness of the porous matrix is reduced, and the change
of the thermal enthalpy in the porous wall of liquid coolant is much
smaller with the vaporized heat in the reservoir. As it approaches
steady-state � ow, it yields

Tw1 ¡ Tw2

Tw1

¿ 1

Deduction of Calculative Formulas
for Thermal Protection

The simpli� ed calculation formulas of internal � ow parameters
are deduced based on previous simpli� ed assumptions and energy
equations of one-dimensionalquasi-steady-state� ow.

Calculate Formulas of Coolant Flow Rate
Based on the mechanism of transpiration cooling thermal pro-

tection and simpli� ed assumptions 1 and 2, the one-dimensional,
quasi-steady-stateenergy equation is deduced to be

qw1g ¡ qrw1 ¡ Pmhw1 .g/ C Pmhw2.l/ D qsw2
(1)

Assuming that the in� uence for output coolant � ow of inter-
nal plenum pressure is smallest and internal plenum pressure and
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temperature are approaching constant, then qsw2 ¼ 0. Because the
wall temperature of the transpirationcooling nosetip is lower, qrw1

in Eq. (1) may be negligible.The substitution of Lv , hw1.l/ into Eq.
(1) yields

qw1g ¡ Pm hw1 .g/ ¡ hw1 E C C pl Tw1 ¡ Tw2 C Lv D 0 (2)

where

PmLv D Pm hw1 E ¡ hw1 .l/ (3)

hw1.l/ D hw2.l/ C C pl Tw1 ¡ Tw2 (4)

1H ´ hw1 .g/ ¡ hw1 E C C pl Tw1 ¡ Tw2 C Lv (5)

then

qw1g ¡ Pm1H D 0 (6)

Accordingto simpli� ed assumption3, C pl .Tw1 ¡Tw2 / ¿ Lv , then
C pl.Tw1 ¡Tw2 / generallymay benegligible.To prove[hw1.g/¡hw1 E ]
¿ Lv , hw1.g/ ¡ hw1 E may be negligible, a detailed analysis of the
following is necessary:

qw1g D
³

k
@T

@y

´

w1

¡ ji h i
w1

(7)

wi D Pm K iw1 C jiw1 i 6D E
(8)

Pm C PwE D PmK E C jE

Substituting Eqs. (7) and (8) into Eq. (2),
³

k
@T

@y

´

w1

¡
i 6D E

. ji C Pm Ki /w1 hiw1 ¡ . jE C Pm KE ¡ Pm/w1 hw1 E

¡ Pm Lv ¡ PmC pl Tw1 ¡ Tw2 D 0 (9)

When the chemical reaction has not occurred at the porous wall
!1, the second and third terms are equal to zero in Eq. (9). The
enthalpy of injected species h!i E is separated by two terms:

hw1 E D Lv C h0
E C h¤

w1 E (10)

Substitution of Eqs. (7), (8), and (10) into Eq. (2) then yields

k
@T

@y
¡

i 6D E

ji hi ¡ jE hE
¤

w1

¡ Pm
i 6D E

K i h i C K E hE
¤

w1

C Pmh¤
Ew1

¡ Pm Lv C C pl Tw1 ¡ Tw2 D 0 (11)

where

q¤
w1g D k

@T

@y
¡

i 6D E

ji h i ¡ jE h E
¤

w1

(12)

Then, Eq. (11) becomes

q¤
w1g ¡ Pm

i 6D E

K i hi C K E hE
¤

w1

¡ 1 ¡ K Ew1 h¤
w1 E

C Lv C C pl Tw1 ¡ Tw2 D 0 (13)

where

1H ¤ ´
i 6D E

Ki hi C K E h E
¤

w1

¡ 1 ¡ K Ew1 h¤
w1 E

C Lv C C pl Tw1 ¡ Tw2
(14)

The h¤
Ew1

.D h¤
w1 E / of Eq. (14) in the � rst and second right-hand

terms do not include the contributionof Lv and h0
E . Generally,h i ¿

Lv ; therefore, in the preceding calculative formula of heat � ux for
injected in� uence, the 1H may be approximately as follows:

1H ¤ ¼ Lv C C pl Tw1 ¡ Tw2 ¼ Lv (15)

Combining Eqs. (13) and (15) yields

Pm D
q¤

w1g

1H ¤
D

q¤
w1g

Lv

(16)

The formulas of approached heat � ux in Ref. 1 have been em-
ployed in the present analysis. Substituting the formulas of ap-
proached heat � ux in Ref. 1 into Eq. (16) yields

Pm la D
qw0

Lv 1 C 0:6. NMa= NM c/
1
3

(17a)

Pm t D
qw0

Lv 1 C 0:2. NMa= NM c/
1
10

(17b)

Calculative Formulas of Total Coolant Mass
Accordingto simpli� ed assumptions1 and3, Eqs. (17a) and (17b)

can be integrated:

mla D
t

t0

s

s0

’qw0

Lv 1 C 0:6. NM a= NM c/
1
3

ds dt (18a)

m t D
t

t0

s

s0

’qw0

Lv 1 C 0:2. NM a= NM c/
1

10

ds dt (18b)

Calculative Formulas of Internal Flux Pressure for Nosetip Shell
According to simpli� ed assumption 2, the equation of coolant

mass � ow rate m is deduced by the one-dimensional momentum
equation directly as

Pm D ¡0
½

¹

dp

dx
(19)

For the liquidcoolantwhere the density is constant, integrationof
Eq. (19) leads to a desired internal � ux pressure.For the gas coolant
where the density is not constant, the integrationof Eq. (19) results
in the gas state equation being employed, where

p=½ D Z RT (20)

Pm
NRex

NR in

d NR D ¡
pex

pin

0p

Z RT ¹
dp (21)

Therefore

Pm D
0 p2

in ¡ p2
ex

2¹Z RT . NRex ¡ NR in/
(22)

The calculative formulas of internal � ux pressure for the nosetip
shell for the gas coolant is

.pin/la D 2¹Z RT . NRex ¡ NRin/qw0

0Lv 1 C 0:6. NMa= NMc/
1
3

C p2
ex

1
2

(23a)

.pin/t D 2¹Z RT . NRex ¡ NR in/qw0

0Lv 1 C 0:2. NMa= NMc/
1

10

C p2
ex

1
2

(23b)
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Table 1 Partial calculation results (change of pressure and coolant
� ow in re-entry process, time from 76.2 km, Tl coolant)

Relative Relative
pin, pin, difference, PM , PM , difference,

t present Ref. 2 % present Ref. 2 %

17.5 20.50 21.50 4.65 0.036 0.034 ¡5.88
18 40.00 45.00 11.11 0.054 0.049 ¡10.20
19 100.00 105.00 4.76 0.207 0.202 ¡2.48
20 195.00 200.00 2.50 0.464 0.463 ¡0.22
20.5 234.80 262.50 10.55 0.563 0.540 ¡4.26
22 212.48 212.50 0.01 0.473 0.459 ¡3.05
23 193.00 200.00 3.50 0.477 0.454 ¡5.07
24 187.00 190.00 1.57 0.346 0.360 ¡3.89
25 175.00 177.00 1.13 0.383 0.374 ¡2.41

Table 2 Partial calculation results
of M, D p, and pin for four coolants

Coolant M 1p pin

Tl 4.5 92.90 192.90
In 2.01 62.44 162.44
Sn 1.92 70.55 170.55
H2O 2.92 494.62 594.66

and for liquid coolant is

.pin/la D
qw0 ¹. NRex ¡ NR in/

½0Lv 1 C 0:6. NMa= NM c/
1
3

C pex (24a)

.pin/t D
qw0 ¹. NRex ¡ NR in/

½0Lv 1 C 0:2. NMa= NM c/
1
10

C pex (24b)

Calculation Examples
For a check of the validity of the simpli� ed method, a computa-

tional example is given. According to the parametersof the re-entry
orbit, the thermal protection of SCAT with four different physical
character coolants is calculated.

The partial calculatedresults are given in Tables 1 and 2. It can be
seen in Table 1 that, in the re-entry process, the present calculative
results agree fairly well with the numerical computation of Ref. 2
for the pressure and coolant of thallium.

Table 2 shows the total coolant mass � ow MSn < MIn < MH2O <
MTl and the internalpressure pIn < pSn < pTl < pH2O. The resultsof
the computational example show that the thermal protection effect
of coolant In is best and that the thermal protectioneffect of coolant
H2O is worst because the internal pressure . pH2O/ is too high, de-
stroying the porous nosetip. Thus, H2O is an unacceptable coolant.

Conclusions
From the preceding results and analysesof calculationexamples,

we can derive the following conclusions.
1) The theoretical analysis method based on three simpli� ed as-

sumptions is dependable and accurate.
2) The simpli� ed calculative results agree fairly well with the

numericalcomputationofRef. 2. The differencebetweenthe present
simpli� ed calculation and the numerical computation of Ref. 2 is
about §0:01 » §11%.

3) The present calculative method can be satisfactorily used for
prediction before a ground simulation experiment, and it can be
done at the request of an engineering application department.
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Introduction

S OLID lubrication of bearings for space applications, such as
precision pointing mechanisms, has been proposed in recent

years with the use of synthetic diamond coatings. Diamond is a
reasonable candidate for a low-frictioncoatingbecause it possesses
exceptional corrosion resistance and a low coef� cient of friction
(except at ultra-high vacuum) with the highest values of hardness
and stiffness.1 In addition to the lubrication properties of diamond,
the coating may improve the chemical/mechanical wear resistance
of the base material. Coatings are applied to bearing elements for
improving performance and prolonging life by enhancing the resis-
tance to substrate spalling (galling) and lubricant degradation.2

Diamond may bea suitablelow-frictionand protectivecoatingfor
bearings because it is available in thin � lm form by chemical vapor
deposition(CVD) methods at low pressures (130–1:3£104 Pa) and
modest temperatures (600–1000±C) (Ref. 3). An important aspect
of the CVD process is the conformal coating of complex shapes,
such as spheres. Much of the effort in our laboratory was directed
toward obtainingsurface characteristicsof the diamond coating that
are consistent with precision (silicon nitride) bearing components,
such as the balls and rings.4 A conformaldiamondhas beenobtained
on 1–25-mm-diam silicon nitride balls.

A number of refractorymaterials can be diamond coated, such as
most ceramics. However, as diamond growth is achieved at lower
temperatures,useful coatingson aerospacematerials are available.5

Silicon nitride was selected for the base material of the bearing
elements because of its high melting point, availability as precision
bearings,and ongoingefforts to qualify siliconnitride hybrid (metal
and ceramic) and all-ceramic bearings for aerospace applications.
In addition, a useful diamond coating cannot presently be achieved
on common aerospace bearing materials, such as 52100 steel. The
results of a bench scale evaluationof diamond-coatedsilicon nitride
bearings operating without additional lubrication is noted in the
following.

Experiment
Completed and assembled R8 silicon nitride bearings were ob-

tained consisting of Norton NBD-200 inner and outer rings and
Cerbec balls also made of NBD-200. The bearing outer diameter is
3.1 cm with 4-mm-diam balls. Components were prepared for dia-
mond deposition by disassembling the bearing, abrading with 0.1-
¹m diamond powder, and rinsing in solvents.The diamond scratch-
ing procedure is commonly used in CVD diamond deposition pro-
cesses for enhancing the nucleation density. Diamond growth was
achieved in a microwave plasma system operatingat 2.45 GHz with
a 1% concentrationof methane in hydrogen.The total � ow rate was
200 standard cm3 min¡1 with a pressure of 6:7 £ 103 Pa. The sam-
ple temperature was measured by a two-color optical pyrometer as
approximately 800±C.

Coated components (rings and balls) were examined by optical
and scanning electron microscopy (SEM) to determine the coating
coverageandmicrostructure.Raman spectroscopywas performedto
determine the diamond quality, providing a nondestructive(optical)
evaluation of the coating quality because diamond has a charac-
teristic peak at 1332 cm¡1. The � lm stress can also be determined
by Raman spectroscopy as described elsewhere.6 Finally, pro� le
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