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Introduction

HE thermal insulators (sacrificial materials) are used for the

inside wall of the nozzle to maintain the original contour for the
good performance of rocket motors. The properties of the thermal
insulators vary depending on the raw material and manufacturing
process.!

The insulating material is eroded by the hot flowing gas during
the combustion. There are mainly three causes of surface regression.
But it is not simple to predict or measure the regression amount
separately,>3 and it is more useful for the practical point of view to
get the total amount of regression; therefore, in this study the total
regression rate was investigated.

In this analysis, carbon/phenolic MK4926 (manufactured by
Hankook Fiber Glass Company, Korea) was investigated, which was
90 deg stack molded. For the temperature prediction of the struc-
ture, the well-known Bartz equation* was adopted, but the raditaion
heat-transfer effect is not involved, simply because the radiation heat
transfer is one order of magnitude smaller than the convective heat
transfer even at the starting part of the convergent nozzle section.’
For the mechanical erosion, the Reynolds analogy was adopted in
order to get the relationship between the heat transfer and the shear
stress.

Analysis

At the nozzle wall the heat flux contributing to surface regression,
if the mechanism of material removal is ablation, is given by

ﬂhc(Taw - Ta) = )&ap’;a (1)

where 7 represents regression rate and subscript a means the
ablation.

At a given conditions, the ablation rate equation can be simplified
as follows:

g a = Clhz‘ (2)
Actually, the decomposition products that enter the gas stream
thicken the boundary layer and lower the value of the heat-transfer

coefficient; however, this blowing effect is negligible.®
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Itis shown the linear relationship between the mechanical erosion
rate 7, and the usual group in fluid dynamics, that is to say, t,,/pc*,
where p is the average density of gases and c¢* is their characteristic
velocity.’

3

Simply it will be assumed that the erosion temperature is constant.
Then the mechanical erosion rate can be expressed as follows by
similarity as the ablation:

. *
Fu O Ty [ pC

“

If one accepts Reynolds analogy between heat and mass transfer
and assumes that driving potential (concentration gradient for the
reactive species) for corrosion is weakly dependent on the wall tem-
perature, then the corrosion rate will again be proportional to the
heat-transfer coefficient.

Therefore the total surface regression rate is expressed as follows:

(&)

i‘m = ﬂtw

F=ah.+ Bty

where « includes the C; in Eq. (2) and the constant of the chemical
corrosion together

Heat Transfer and Shear Stress

Bartz derived a semi-experimental closed-form heat-transfer co-
efficient equation using integral momentum and energy equations:

. 0.026 [ 102C, Pg 08 D, 0.1 4 0,90 ©
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It is assumed that both C,, and Pr are constant over the boundary
layer, the properties whose variations must be accounted for, are
only p and p, and these variable properties can be compensated
across the boundary layer using properties correction factor o. This
correction factor o is expressed differently depending on choosing
the reference temperature® at which the boundary-layer gas prop-
erties are evaluated. The midtemperature of the freestream gas and
the wall or the Eckert reference temperature will be used for the
reference temperature.

At the given nozzle contour, the cross-section area ratio (A,/A)
is fixed; therefore, Eq. (6) can be expressed without temperature
dependency if the properties correction factor o does not involve
the temperature ratio. Then Eq. (6) is shortened as follows:

he = ho(A,/A)" ©)
where hy is the big bracket term in Eq. (6). Now let (A;/A)" be a ge-
ometric factor, then Eq. (7) involves only geometric factor (A,/A)",
which comes from the multiplication of the properties correction
factor o and (A, /A)*°; the multiplication value o (A, /A)%? is called
in here the geometric correction factor. The geometric factor index
n is used 0.8 through curve fit in this analysis at the convergent part.
The comparison of the geometric factor (A, /A)%® in Eq. (7) and ge-
ometric correction factor o (A,/A)*° using the different reference
temperature for y =1.2 is shown in Fig. 1.

Now, von Karmén type Reynolds analogy is adopted between the
Stanton number and the skin-friction coefficient in order to express
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Fig. 2 Approximation of the Mach number and geometric factor.

the gas dynamic shear stress by the heat-transfer coefficient, then
the shear stress is expressed as follows:

Ty = Cautooh, or Ty = CMh, 3
where C, and C are constants. For the given chamber condition
and nozzle shape, the freestream gas velocity can be converted to
Mach number. The Mach number and /.. are also functions of nozzle
geometry; therefore, the Mach number can be expressed by /. using
geometric relations. To do so, the following relation is used:

M = glh., vl = f[(A,/A)*%, v] ©)

For the convergent section, second-order polynomial form of (4, /A)
is used to express the Mach number by the least-square fit at the
given nozzle section area. The Mach number and (A,/A)%3 relation
is shown in the Fig. 2.

M =125X>-0.6X+0.2 (10)

where X is (A,/A)%8. The local convective heat-transfer coefficient
varies with (A,/A)*%, and Mach number also depends on (A, /A)°3.
Using Egs. (8) and (10), the total surface regression rate Eq. (5) is
expressed as follows:

F=ah. + ay(1.25 h} — 0.6h, + 0.2)h. + ag (11)

By the experimental data, the preceding equation coefficients a will
be determined.

Experiment and Results

To get the regression amount, three small size end-burning motors
were ground tested. These motors were loaded with the hydroxyl-
terminated polybutadiene composite propellant, which had no alu-
minium component, and as the insulation material the carbon-fiber-
reinforced plastics with phenolic resin was chosen. This insulator
was 90-deg stack molded by Hankook Fiber Glass Company in Ko-
rea. The dimensions and characteristics of these tested motors and
nozzles are shown in Table 1. During the burning time, the chamber

Table 1 Dimensions and characteristics of test motors and nozzles

Motor no. Motor 1 Motor 2 Motor 3
Pc, kPa 3.95 0.86 3.17
Burn time, s 39 110 58.2
Length of grain, mm 777 777 970
Throat dia., mm 15.7 20.2 15.8
Nozzle-exit dia., mm 33 33 33

Table 2 Nozzle surface regression rate and heat-transfer coefficient

Motor 1 Motor 2 Motor 3
he, wim?k  F,mm/s  he, w/m?k  F,mm/s k., wim?k 7, mm/s
1286.26 0.023 538.38 0.005 1087.95 0.026
1730.46 0.031 724.30 0.041 1463.66 0.029
2236.55 0.044 936.13 0.023 1891.72 0.034
2586.98 0.051 1082.80 0.020 2188.11 0.029
3036.25 0.051 1270.85 0.027 2568.12 0.052
3805.13 0.077 1592.67 0.029 3218.45 0.060
4949.24 0.141 2071.54 0.029 4186.16 0.086
5933.18 0.115 2483.38 0.036 5018.40 0.095
7279.73 0.115 3046.99 0.037 6157.33 0.098
0.16
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Fig. 3 Heat-transfer coefficient and regression rate.

pressure, thrust, and the structure skin temperature were measured,
and the amount of the surface regression was measured after cut-
ting the nozzle. The regression amount is almost constant along
the circumferential direction at the given local point of the conver-
gent section, but at the divergent section it is not axisymmetrical,
and there are some deviations. In this analysis, the consideration is
limited only for the convergent part.

Table 2 shows the heat-transfer coefficient that was predicted by
Eq. (6) and the surface regression amount of these motor nozzles.

The heat-transfer coefficients and the surface regression amount
of these tested motors are altogether plotted, even though the cham-
ber pressure and burning time are different. Then these experimental
data are curve fitted by using the least-square method. Even though
different polynomials are used, the error norms are same order for all
three. The first order of /. (convective heat transfer) and third-order
equations and general third-order form are also shown in Fig. 3.

The experimental results show that the ablation, including some
kind order of a chemical corrosion, is the dominant mechanism
that is represented by first order of convective heat-transfer coeffi-
cient. Comparing this, the mechanical erosion that is expressed by
higher-order polynomials of /. is much small. In other words, the
experimental results give that the mechanical erosion mechanism is
negligible for this carbon fiber reinforced plastics stack molded in-
sulator, and the dominant mechanism of the regression is ablation at
the convergent section of nozzle. It is thought that at the convergent
part the gas velocity is subsonic; therefore, the gas dynamic shear
stress affects little.
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Figure 3 shows that the surface regression rate can be expressed
by first-order polynomials without losing accuracy the same as the
third-order polynomials. The coefficient of the higher-order term
is less by 10 than the first-order value. But at the divergent part,
the high-order coefficient, which might be represented the mechan-
ical erosion, will not be negligible as the convergent part because
the regression trend increases even as the heat-transfer coefficient
decreases.

Conclusions

The conclusions can be summarized as follows:

The geometric factor (A,/A)® represents the multiplication
value of the properties correction factor and area ratio well. And
shear stress, which will affect the erosion rate, has a relation to the
heat-transfer coefficient by freestream Mach number through von
Karman analogy. The ablation mechanism including the chemical
corrosion, which is represented by first-order 4., is the dominant
one comparing the mechanical erosion that is represented by higher-
order polynomials of /..

The surface regression rate might be expressed only by the first-
order function of heat-transfer coefficient without losing the accu-
racy at the convergent part of the nozzle.
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