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ABSTRACT

A mathematical design model has been developed for the prediction
of insulation requirements in the aft-closure of a solid propellant
rocket motor. This mcdel and the associated calculation technique
represent only a first approximation to the exact solution of a
problem concerned with various complex phenomena. The behavior of
ablative elastomeric insulation materials in such an application

is considered. The choice of the assumptions used to calculate ths
forced convective and radiative heat fluxes {s based on recent ex-
perimental results. A summary is made of the information still to
be determined in order that this model can be fully utilized.

The work described in this paper was performed under Air Force
Contract No. AF 04(611)-7047, sponsored by the Air Force Flight

Test Center, Alr Force Systems Command, Edwards Air Force Base,
California.
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INTRODUCTION

A continuing problem in the field of rocketry has been the protection of
the rocket walls from the extreme temperatures and the high heat fluxes that
exist. This problem has become more difficult in the case of solid propellant
rocket motors since the introduction of metal powders to increase performance.
The existence of the condensed-phase metal oxides in the combustion effluent
has proved to create a severe erviromment, particularly in the aft-closure
region. Despite the importance of understanding the phenomena that lead to
this problem, no dependable method has been developed to predict the deleter-
ious results of meotor firings, The purpose of this paper is to delineate the
problem and to indicate the areas in which more research work is necessary in
order to understand the complex phenomena sufficiently to analytically predict
the consequences in an unfilled (or filled) aft-closure region. In order to
accomplish this end a calculation technique is outlined, and where suitable
analyses exist, these analyses are discussed in detail, 1In those areas in
which suitable analyses do not exist, the problem is defined and the necessary
understanding indicated, Due to the complexity of the problem and the dearth
of information in certain areas, many effects have not been considered. Among
these effects are the complications of boundary layer reactions and their
effect on heat transfer rates and surface regression rates, and the reduc-
tion of convective heat transfer caused by blowing.

DISCUSSION OF MODEL

The discussion presented herein will apply to an aft-closure configura-
tion such as is shown schematically (see Figure 1), Although this axisymmetric
case is possibly the simplest of configurations that one might choose, it
merely serves as a starting point for such discussions of aft-closure problems,
Theoretical analyses of subsonic jets of compressible fluids flowing into a
compressible static fluid as discussed by Pai (1) show that tho spreading angle
of the jet is very small, These results have been verified by water model
studies by Price, et al. (2), and they suggest cthat there are two separate
flow regions in the aft-closure, one of which 1s a recirculation zone existing

above the intersection of the boundary edge of the jet and the aft-closure wall;

the second is the fast flowing fluid below this intersection. The significance
of such a model {s that there exist two distinct zones in which the factors
controlling the ablation processes may be completely different, The first, the
recirculation zone, is characterized by low convective heat transfer and
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negligible particle effects. If the materials used in this zone form a char
layer, the char layer growth is the contrclling factor and the heat flux need
not be determined. For non-charring materials the regression rate is dependent
on the amount of heat flux to the surface. In the second region, the ablation
rate is controlled by the amount of heat supplied to the surface and by the
erosion of the particle stream., Another implication of this concept of two
flow zones is that the particles contained in the outer regions of the jet
must necessarily go through & severe turn in the general region of the aft-
closure wall. This.turn gives rise to high centrifugal forces which cause
these particles to '"slip" from the flow and impinge upon the aft-closure wall.
The result of such impingement i1s an increase in the amount of heat tramsfer
to the wall as well as an increase in the arncunt of mechanical ercsion of the
insulation materials. Finally, since the grain port hydraulic radius is a
function of time, the extent of the two zones is & function of time. Conse-
quently, the calculation techknique should account for this time dependence.
Also because of the movement of the separation point, the boundary layer, and
thus the convective heat flux in Zone II, have time variations.

If use is made of the above-stated model having two flow regions in the
aft-closure (see Figure 1), tine problem necessarily separates into two
approaches, In the recirculation zone for char-forming insuletors, there
exists a transient ablation process which is controlled by the char layer
growth rather than the heat and/or erosion factors associated with the gas-
particle stream. An analysis of this problem has been made by Grosh (3).

The non-char case must be handled by enpirical methods, In the second
region the analysis to be used is based on ths independent evaluation of the
heat fluxes and the assumption that the total heat is the additive effect of
each individual mode of heat transfer. Methods are discussed for calculating
the convective heat flux as well as the radiative heat flux. Evaluating the
heat flux associated with particle impingement as well as determining the
mechanical erosion is found to be very difficult with the present state of

the knowledge. In order to relate rhe neat fluxes and mechanical erosion to
the aft-closurc insulation material, a concept similar to the currently used
Q* (see Eq. 38) is suggested, The main difference is that the parameter used
in this paper is tailored to the requirements of the analysis discussed herein,
Although the techniques put forth in this paper do nct allow an accurate and
complete determiration of the consequences of the gas particle flow in a solid
propellant motor aft-closure, they cdo indicate what knowledge is necessary to
successfully attack the problem that exists.

ZONE I: THE SECONDARY FLOW REGIOX

Char Forming Materials - The Grosn Analysis

In the secondary recirculation region it is assumed that there are very
low surface-regression rates, and as a result the primary consideration is
the transient transfer of heat through the insulation material with or with-
out the formation of a surface char layer. The former case has been analyzed
by R. J. Grosh (3), and Scala and Gilbert (4). Grosh's equations have been
programmed for use in this region.

*The nomenclature for this section is defined as it occurs in the text.




The Grosh
Neumann problem

analysis is based on a simple extension of the well-known
(5). For the case oi a single phase change (i.e., virgin

ablative material pyrolyzing to form a porous char and gaseous products),
Grosh used the following one-dimcnsional equations to describe the transient
temperature distribution in both the porous char layer and the virgin ablator

(see Figure 2):
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where Y, = the ratic of the thermal conductivity of the
virgin material to that of the gas-char composite

and & = quantity proportional to the sum of the heat of
reaction (pyrolysis) and heat of sublimation
{or heat of melting plus heat of vaporization)
(sec “F/ft2),

For this one-dimensioral situation several important assumpticns have been
made in addition to those implied by Eqs. (3) through (8):

(a) The gas noves or transpires so slowly through the porous
char that these two materials are in thermal equilibrium
throughout the entire char layer.

(b) There is a step change in the physical properties of the
char and virgin material at x = X;, and the reaction zone
thickness (i.e., presence) can be neglected,

(¢) The physical properties of the materials are not temperature-
dependent (average values employed).

(d) The composite (gas-char) thermal conductivity and mass-
density/heat-capacity product can be adequately described
by linear, porosity-additive expressions utilizing the
prope~ties of the pure materials.

The solution to the above equations is fourd in & manner similar to
that utilized to obtain a solution to a modified Neumann problexz (see Ref-

erence 5, p. 291, Egs. (51) and {52)). The char depth is determined by the
relation

p
X, - pet/? (9)

where b is the eigenvalue solution of a transcendental equation obtained from
the moving-boundary condition (Eq.(8)) and is a function of the properties of
the materials involved and the boundary temperatures assumed. For

insulation materials which might be expected to conform to the Grosh model,
it should be possible to measure b directly in the lzboratory under the same
conditions of surface temperature and pressure as would be encountered in the
aft-closure which is being studied. The b so obtained could then be compared
to that computed theoretically in order to arrive at better estimates for the
char and virgin material properties.

The ablative materials for aft-closure applications which appear to be
of greatest current interest are elastomers. Some form a char layer during
ablation, while others form very little char, and that which does result has
especially weak structural characteristics. Presently little is known about
the properties of the char formed freom elastomeric materials,




Using an elastomeric material and making estimates of the properties of
the char produced by it, the computer program solution of the Grosh equations*
is utilized to obtain the char thickness (X;) and the heat penetration dis-

tance (xT*) as a function of time. The Ko is obtained from the following
equation:

~

o (S
/T* - Ii\ ﬂ?\/astj
\Tl - Ti) )

\ ; erfc [—b—-—\
kz \/ -TLSJ

(erfc denotes the complementary error function), where % i1s the position at
which the temperature is T* for a given time. The properties and boundary
temperatures assumed for the example cases presented here are given (with
their scurces) in Table 1,

(10)

The results are presented in Figures 3 and 4, The calculations were
performed for several different assumed values of the unknown properties of
an clastomeric material., Cases 2, 3 and & utilized identical input informa-
tion as employed in case 1 except for the one key property designated on the
figures. For example, for case 3 the three relatively unknown properties
which were assumed are the same as those used in case 1 except that L, = 200
Btu/lb 1s used in place of L1 = 500 3tu/lb. The following is evident:

(1) The thermal conductivity of hydrogen is of greatest
importance in determining the overall thermal conduc-
tivity of the transpiring gas phase, k. * (for >

\ £,1 *H, =
0.1, say). 2

(2) The heat-penetration distance, %; 1s only slightly
greater than the char-laver depth, X,, because of the
much lower thermal conductivity of t#e virgin elasto-
meric material compared with that of the porous char
(note that 1/kg is on the order of 30 for k 1 ~
1 x 10-3 Btu/ft sec °F). o

(3) TFor assumed values of gas composition and boundary
temperatures, the results are most sensitive to the
value assumed for kg 1 (thermal conductivity of solid
matrix material comprising the structure of the por-
ous char). Consicdering the discussion given in
Note 7, Table 1, concerning the range of thermal con-
ductivity values which might be realistic estimates
for the physical-thermal situation of interest here,
and considering the fact that the thermal conductivity

*It should be noted that several typographical errors appeared in the orig-
inal Grosh aralysis (3). These were corrected before the equations were
programed for the computer.




Table 1. 1nput to the Grosh Analysis

Properties and Boundary Temperatures Explanations and Sources

1. To - 3000 F 1. Based on measurements of reference 3%.

2. Tl - 650 F 2. Estimate based on Aerojet material test data reference 7.
3. Ti = 100 F 3. Ambient conditions.

4, ¢ = 0.40, 0,65 4. Range of porosities typical of plastic chars (see

reference 38).

5. (&) leax = 500 Btu/lb, (b) lein - 200 Beu/lb 5. Based on a rough extrapolation ¢f Q* data to zero heat
S flux (reference 4l1) and estimates given for plastic
6. kg - 8x 1077 Btu/ft sec F ablators (see reference 38).
7 k n (a) 1 x 10‘3 Btu/ft sec F, or 6. Based on assumed gas composition at 1 atm pressure and
s 3 1500°F; linear additivity combining rule used; data
(b) 8 x 1077 Btu/ft sec F from reference 6, p. 461; pressure effect neglected;
- -5 approximate extrapolation of data from 600 to 1500°F.
8. ks - 3.78 x 10 Bru/fe sec F 7. Data for non-porous petroleum coke at 200°F given on
3 p. 457, reference 6. Data for ¢ = 0.40 porous graphite
9. op gyt 0.55 1b/fc at 1500°F {sce reference 42).
10. »p 17 94 lb/ft3 Note that at 1000 F the thermal conductivity of this
™ 3 material {s about 0.8 x 103 Btu/ft sec 'F and that
11. :_ = 80.5 1lb/ft petroleum coke of 20-100 mesh has a thermal conduc-
$ tivity of 0.15 x 103 Btu/ft sec ‘F at 800'F, while
12. Coq v 0.42 Beu/ib 'F powdered coke has a thermal conductivity of 0.031 x
' 10-3 Btu/ft wec 'F at 200°F.
13. C VT 0.387 Btu/lb F
™ 8. Thermal corductivity at 300°F, reference 41.
14, Cs = 0.48 Btu/lb 'F
9., Computed from the perfect gas mixture law:
15. T* = 200°F
PlM
Definitions of Terms Ji,l Rt where M = A xi.“.i
x0T mole fraction of species { average 3
- N ft~ psia | _ e
s = porosity of char (R = gas constant = 10,731 b mole °R ° H1 = molecular
weight of specles 1) with P1 at 500 psia, Tl
LI = heat of reaction + heat of syase change at 1500°F. average
k = thermal conductivity (Btu/ft sec 'F) 10. Density of carbon stock (see reference 6, p. 457).
¢ = mass density (lb/ftJ) 11. Density at 300°F, reference 4l.
c = isobaric specific heat (Btu/lb °F) 12. Frozen isobaric specific heat for assumed gas mixture
composition
Subscripts
h %
1 denotes reglon 1, porous char-gas layer EE; *y CP1
C=C = ———
s denotes region s, virgin material 3 M
f denotes gas evolved where CP1 = isobaric molar heat capacity of species

Y i obtained from average values (60 to 3000°F)

m derotes solid matrix{material of porous char reported in reference 43 (M = 23 1b/lbmole).

( )f . = \ )s 13. Specific heat for carbon. Average value for tempera-
’ ture range 130 to 2640°F (see reference 6, p. 235).

14. Heat capacity at 300°F, reference 41.

Assumed Composition of Gas Given Off by the Ablating Elastomeric Materfal;x, = x =x = x = 1/4
H2 HZO CO2 co
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of these materials in many cases decreases with increasing
temperature, it is pocssible to assume that the km 1 should
be comewhat less than 1 x 10-3 Btu/ft sec °F. (FOr example,
the room temperature thermal conductivity of a porous

carbon such as Carbocell grade 10 has km,l ~ 0,5 x 10'3
Btu/ft sec °F at room temperature (see Reference 6, p.1550).)
This would yield char thicknesses on the order of tenths

of an inch or less — a result which is compatible with

char thicknesses actually obtained in hot test firings (7).
The accuracy of the kT estimate will be the most impor-
tant factor which wil ’}imit the usefulness ¢f the Grosh
analysis — or any other theoretical attempt to predict
char-layer growth.

(4) The value assumed for Lj, the coverall heat sink term
(reaction plus phase change) has a modest influence on
the results for the range of L; values which seem to be
most appropriate for these elastomeric materials.

(5) For 0.4 < ¢ < 0.65, porosity has little influence on the
results.* This would not be expected to be true for
extreme values of the porosity, i.e., for s > 0.65 or
g <L 0.4,

Nonchar-Forming Insulation Materials

If no char forms during the ablation process, the rate of material re-
moval will be controlled by the heat flux to the surface. This heat flux is
assumed to be the sum of convective and radiative fluxes. In a subsequent
section of this paper a mecthod is given for determining the con-
vective flux in Zene II and the radiative flux in the aft-closure region.
Since the velocities in the recirculation zcone may be of the order of one-
third those in the free stream (8), the convective heat transfer coefficient
will also be about one-third the free stream value (see also Reference 9),
Considering a gas-particle flow at 5500°R, a surface temperature of 3000°R,
and a Zone II convective heat transfer coefficient of 0.5 x 10-3 Btu/in,
°F sec, the convective flux is about 10% of the total flux. As a first
approximation, therefore, one can consider only the radiative flux.

By using laboratory test data for Q*, the effective heat of ablation,
the linear regression rate for the material is obtained from the following:

q
R
r ~ —— (1)
Din.Q*

*Recent laboratory measurements of the porosity of an elastomeric char indi-
cated that ¢ (volume porosity measured at ambient conditions) at the top of
the char layer which was exposed to the propellant gases was about (.66, and
at the reaction zone — char layer interface, was 0,75, The density of the
solid matrix material, Cmo1r vas about 103 1b/ft3 (44) .

3



This approximate value of the rate will be constant for any axial position
in the aft-closure. An upper limit on the value of the regression rate is
obtained by adding in a convective flux based on the forced convective trans-
fer coefficient calculated for the first portion of Zone II,

ZONE II - THE HIGH HEAT FLUX REGION
In this region the controlling fact>r is the heat flux to the surface.
This flux is assumed to be composed of linearly additive contributions from
the mechanisms of forced convective, radiation, and particle impingement with

energy accommcdation at the surface.

Calculation of Convective Heat Transfer

Selection of Method. Analysis of aft-closure heating requires a method
of predicting convective heat-transfer coefficients, Experimental results
(10), (l1l) show that the convective heating in a rocket motor may vary by a
factor of two or more, depending to a large extent on combustion variables.
For this approximate analysis of aft-closure heat transfer, the effects of
wall roughness, combustion instability, chemical reactions in the turbulent
boundary layer and blowing have been neglected.* Each of the first three of
these phenomena could be expected to increase the convective heat transfer

rate to the surface, while the latter phenomenon would be expected to decrease
the net heat flux to the wall.

0. Cp) /PLg‘\O.S /E‘:\lOl\ i’&_’k\|0.9ﬂ- 2
.6/0Kc*) \rc/ jA‘]

has been widely used for predicting heat transfer from rocket exhausts and is
certainly accurate enough to do this within the scatter of the experimental
data. Nevertheless, there is an important reason for using a more sophisti-
cated method than the simplified Bartz equation for this analysis. One of
the more important considerations in the aft-closure study is the prediction
of the interaction between the aft-closure geometry and the heat transfer,.
Since the simplified Bartz equation is based on an empirical one-dimensional
pipe flow equation assuming fully developed turbulent flow, it does not
readily &llow the inclusion of the effects of local variations in velocity
and static pressure assoclated with the flow geometry. Instead, a method is
required that will show these lccal time-varying effects of the nonuniform

flow field in the aft-closure region upon the boundary layer and consequently
the heat-transfer coefficient,

*Under conditions of chemical equilibrium in the propellant gas phase, the
effects on the convective heat transfer due to chemical reactions can be

appreciable in relation to the other effects which have been neglected (12),
(13), and (14).




The Culick and Hill (15) application of the Truckenbrodt turbulent
boundary-layer analysis (16) was selected. The Truckenbrodt analysis was
chosen because of (a) its proved accuracy in incompressible boundary-layer
analysis, (b) the ease with which time-dependent flow behavior can be accounted
for, and (c) because, by using velocities at the edge of the boundary layer as
input data (obtained from modeling, say, or a one-dimensional isentropic
compressible flow calculation), it can include the effects of circumferential
variations in the flow field in the estimation of the skin-friction coefficient.
This analysis is recommended and discussed in detall by Schlichting®(see Ref-
erence 17, p. 580), and is valid for any arbitrary pressure gradient and
velocity change at the edge of the boundary layer. It is based on the work of
Rotta (17),(18). and depends on the stepwise integration of the energy inte-
gral equation along the surface. Culick and Hill have shown that, provided

E+ 1 = (Hi + 1) (Tx/T) (13)

where H is the boundary-layer shape parameter (see Equation (13) of this
report and Figure 22.7 of reference 17), it is possible to apply a Stewartson-
Illingworth transformation to the y coordinate and convert the incompressible
Truckenbrodt analysis to one valid fcor compressible flew. Culick and Hill
have shown that for the case of little or no neat transfer, Equation (13) is
valid for Mach numbers less than 3.

As an initial condition, this method requires a knowledge of the condi-
tions of the laminar boundary layer just before transition to turbulent flow
(ordinarily obtained from a laminar boundary-layer analysis). However, it
should be sufficient for most aft-closure desizns to assume a zero pressure
gradient at transition and an arbitrarily thin momentum layer thickness, or
to estimate the conditions at transition by considering a laminar flat-plate
boundary layer using Michel's (19), (20) method to locate transition. It is
not expected that the heat transfer coefficients calculated wily, be sensitive

to the initial conditions, except very close to the transition point (see
discussion relative to Figure 5).

Program Formulation. The Culick and H!ll modification involves the use
of several transformations to convert compressible flow input parameters into
eguivalent incompressible values. These equivalent incompressible flow quan=
tities are used in the Truckenbrodt method which consists of the following
steps: (1) the determination of the incompressible momentum thickness by an
integration of a function of the velccity profile, (2) an integration invelv-
ing the incompressible momentum thickness, %4, and a function of the velocity
profile to determine the incompressibie boundary layer shape factor L;, and
(3), the determination of the related shape factor Hjy. Knowledge of Z; and
Hi as a function of axial position perwits the calculation of the incompress-
ible skin friction coefficient, Cg;. The resultant Cf,'s are converted to
the ggquivalent compressible values of C¢. Finally, by using a modified
Reynolds analogy (nearly identical in form to the Chilton-Colburn modifica-
tion) the forced convective heat transfer coefficients are calculated from
the values of Cf. Of course, in general the entire calculation must be
repeated for several times during the firing in order to ascertain an adequate
description of the time variation of h..
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The calculation is started by assuming (or calculating) the momentum
thickness at the point of transition from laminar toc turbulent flow, Z.., and
the Falkner-Skan pressure gradient parameter at transition, Brr: For most
practical cases, S7g and frp can be assumed to be zerc. Knowing the propel-
lant gas velocity at the transition point, U ,* and the kinematic viscosity
of the propellant gas as a function of temperature and pressure, the momentum

thickness Reynolds number at the transition point, NReﬁ may be calculated
from

=

TR
U g
_ _IR "TR
NRe; = V‘:c (la)
TR
i
Tables of Bi versus H,’Lami ar, “Re; versus AHi,
n TR
where :Hi =H - HiI (15)
Laminar !Turbulent
] 1
and H versus L, |
Turbulent | Turbulent

are known and constitute part of the general input to the program. The ab-
solute viscosity is estimated from Sutherland's law, which is

L \3/2 “'T*+l98.6\
“*( ) \T + 986 (16)

Sutherland's constant for air has been assumed to be applicable. The propel-

lant gas density may be assumed, in a first approximation, to conform to the
perfect gas law, thus,

b2

= (17)
o

The velocities, pressures, and temperatures at the edge of the compressible
boundary layer are either measured in model experiments or computed as pre-
viously suggested. These values, along with the Prandtl number and the
isentropic expansion coefficient of the propellant gas comprise the input

quantities required to initiate the stepwise calrulation from the transition
point.

*The transition point is located near the stagnation point dividing Zones 1
and II, and thus the grain port velocity provides an estimate of Urg -




The transformations of Culick and Hill, which are as follows:

/=
bi = T U (18)

3
s _{ I -
¥y = Tm = (19)
DG+ DG - 1)+ 5/6
. x, =j T dx (20)
and T 5/6

cfch,(T_! (2L

1 x}

are applied to the input information to allow thelr subsequent use in the
appropriate incompressible equations (see reference 17, equations 22,39,
22,32, and 22.31, as well as equation 42 of reference 16), The compressible
skin friction coefficient, C¢, as a function of axial position and propellant
burn-back time is thus obtained. Using the modified Reynoclds analogy (21),
(22), .

. OVCD ( Cf)
h = —m—— | £ (22)
c 2/3 2
(NEL) i

where N?r is evaluated at the Eckert reference temperature, (12) defined by

T + T
T = = 4 (0.22) ¢ -(1—2-—11 M2T (22a)

(r' is the recovery factor (see Eq. 25)),

and C_ is the isobaric specific heat, assumed to be a constant for the propel-
lant gas system of interest and calculated from

A,R

o]
¢ = 5 - Dhg (23)

Comparison With the Bartz Equation. The solution obtained from Culick
and Hill's modification of the Truckenbrodt analysis was programmed. Using
this computer program, a sample calculation was made for comparison with the
rocket motor heat-transfer data reported in references (10) and (1l1). It
should be observed, at leas: for the data of these references that (a) Bartz's
method tends to slightly over-predict the heat transfer in the exit portion
of the nozzle, (b) the experimental results showed a maximum deviation of
80 percent above and 45 percent below the analytical values at the throat,
and (c) the experimental results were found to be as much as 100 percent

st atntiibebll

el




above the analytical values in the entrance to the nozzle (note Ziebland's
prediction (23) of the importance of entrance effects in this region).

Figure S presents experimental results for a test performed using the
same rocket motor as was used by Welsh and Witte. These data were used as a
comparison between results from the Culick and Hill - Truckenbrodt analysis
and the Bartz analysis (24). Both sets of analytical results, together with
the experimental results, are shown. It can be seen that the heat-transfer
coefficient calculated by the present analysis agrees well with the experi-
mental data in the exit portion where the coefficient based on Bartz's method
is slightly high. At the throat, the present method gives results about
30 percent above both Bartz's results and the experimental data, and it pre-
dirts values higher than the Bartz equation in most of the entrauce region,
although farther upstream there is a crossover in the results (for B = 0).
The set of experimental results in Figure 5 lie between the two analytical
predictions. The data of Welsh and Witte for the entrance and throat region
are often above the Bartz equation result and tend to be nearer the value
predicted by the present method. Although there is considerable scatter in
the experimental data, it can be seen that the present analysis compares well
in all sections of the aft closure, throat and exit cone.

The importance of the assumed or calculated transition quantity, BTR’
on the computed forced convective heat transfer coefficient, h,, is also
shown in Figure 5. For a large variation in values of Bpg, the impertance of
this parameter rapidly diminishes with distance through the aft-closure, and
has a negligible influence on h  beyond ebout one-half of the way through the
aft-closure entrance section of the nozzle system for which the curves and
data in Figure 5 were obtained, Similar results were obtained when the 5TR
wag varied by an order of magnitude (0.00l ft to 0.02C1 ft),

Using the cocfficient determined by the method of Culick and Hill, the
convective heat flux can be obtained by the equation

qc = h"‘Taw - Tw_' (24)

providing a reasonable estimate of T, can be made. The adiabatic wall temper-
ature (or recovery temperature) can be calculated from

T T1 23

/3
where r' = NPr for turbulent flow over flat plates (23), (21). For rocket
effluent gases r' is approximately 0.9 (i.e., Np. = 0.7), and therefore,
since the Mach number is low (i.e., T, = T) in the aft-closure region,

o™ IO (26)
or

g =h Tt -1 ° (27)
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Particle Effects

The existence of alumina particles in the exhaust zases of a solid pro-
pellant rocket create a severe environment for the materials which are used to
inclose the aft end of the rocket. Ungar (26) has demonstrated that if such
gas-particle flows impinge on ablative surfaces, the rate of material removal
is increased over that for a similar gas flow. The primary reasons for this
severe condition leading to the increased material loss are the larger heat
transfer rates caused by the paricles and the mechanical erosion of the
surface due to particle-surface interaction. The increase in heat transfer
is a threefold effect: <first, the particles interact with the boundary layer,
thus increasing the convective heat transfer; second, the particles penetrate
through the boundary layer and transfer a portion of their kinetic and thermal
energy to the wall upon collision; and third, the presence of a particle cloud
effect increases the radiant heat flux tc the surface. The significance of
the mechanical erosion is believed to be the removal of the thermal insulating

char layer which most materials form and the subsequent removal of virgin
material through mechanical erosion.

The first two heat transfer effects are very difficult to evaluate on
the basls of current knowledge. As a result their total effect will be lumned
together and ccnsideration will be given to the additive result. The method
proposed is to use proportionality factors analogous to the accommodation
factors defined in free molecular flow in order to prescribe that smount of
energy which the particles contain that is transferred to the wall during
collisions. Thus one can write the heat flux due to particle impingement as

. U 2

qp = mpL&tc(Tp - Tw) + o EE:} ) (28)

where &, and & are these proportionality factors. Since the particle veloc-
ities are relatively small in the aft-closure and the particle enthalpies are
large, the total kinetic energy which the particles have is smajl in compari-
son with the thermal energy. Thus one can simplify by allowing to equal O
and considerirg only the thermal accommodation coefficient. It has been
shown by Farbar and Morley (27) that the heat transfer rate is not increased
appreciably at particle to gas loadings of ¢ less than 1.0 for straight pipe
flow. Since the particle loadings in most rocket motors are considerably less
than 2 = 1.0, it can be assumed that the heat transfer due to particle impinge-
ments will only be significant in theose regions whzre the flow must go through
large turning angles as discussed previocusly. Consequently simulated flows
with particles are necessary to delineate these areas. Ungar (26) has analyt-
ically examined results obtained using materials that form liquid layers and
successfully correlated his results. However, these results are not general
enough to extend to other systems and will not be discussed further. Since
very little information is available as to the values of the thermal and
kinetic accommodation coefficients, the true importance of this heat flux
cannot be evaluated. However, it is apparent that it may be sizable at posi-
tions of large turns and may be the factor which accounts for the high erpsicn
rates in small sections of the aft-closure.

e+ e




The presence of a large number of alumina particles in the solid rocket
exhaust gases increases the importance of heat transfer by radiation. Inves-
tigators of heat transfer in liquid propellant rocket nozzles have assumed
that the heat transfer by radiation from the exhaust gases was negligible.
This assumption is based on the fact that the hot gases do not radiate an
energy continuum but radiate only in small finite frequency bands. Although
in these bands the radiation may be of black body irntensity, the total radi-
ancy from the gas is much less than the black body value, The presence of &
solid phase which is emitting a continuum increases the overall radiation
level. 1If this cloud is sufficiently dense, the effective emissivity can
approach unity. Recently some experimental work has been carried on
by Carlson (28) to measure the radiance of particle clouds in the exhaust
of solid rockets. Further, a method (29) has been reported to quantitatively
calculate on the basis of theory the emissivity of particle clouds. Both the
experimental resuits and the theoretical method will be discussed with partic-

ular emphasis on their applicability to alumina clouds as found in rocket
exhausts.

The experimental results reported by Carlson (28) are for the radiation
from Mgl clouds in an RP-1/gaseous oxygen flame. A slurry of RP-1 and Mg0
particles was combusted with gaseous oxygen in a rocket motor and the effluent
expanded through a nozzle, The radiation of the cloud was measured at an ex-
pansion ratio of 5.0. The throat diameter was 1,25 inches. In the tests
both the fuel-to-oxidizer ratio (the flame temperature) and the weight of
particles-to-weight of gaseous effluent were varied. The results are shown
in Figure 6. Since the optical properties are relatively insensitive to
particle temperatures, the absorptivity is not expected to be highly depen-
dent upon the oxygen-to-fuel ratio, and the data points of Figure 6, therefore,
include several values of the oxygen-to-fuel parameter. The size distribution
of the Mgl particles is given in Figure 7.

The results shown in Figure 6 are correlated by the expression

€ =1-ce (29)

the form of which can Le arrived at from theory. It has been shown (30) that
the absorptivity of a particle cloud is given by the following relationship

~x
Y e 2 . .
2 =1 - exp| xjo TRON(R ) Q  (R) AR ] (30)

where

g + C [¢)
abs sc eff
Q (R) = = (31)
ext p R 2 R 2
P P
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Assuming that all the particles in the cloud are of the same radius this
expression can be integrated to yield

o =1 -exp(NXGeff) (32)
Also
L S N
A h<3 "Rp ) “particle «(33)
;gas

where ¢ is the ratio of the mass flow rates of particles to gas. Substitut-
ing for N in Eq. (32) gives
r \
: il e e
a=1 - e"rjl \TD3C Cg Tceff (34)
o s |

If exhaust clouds contain the same chemical species of particles (i.e., same
optical properties), having the same size distribution, and if radiancy
measurements are made at the same area ratio, Eq. (34) can be reduced to the
expression used to correlate the results of Figure 6.

If these same conditions apply to two different motors, the foilowing
ratio is obtained from Eq., (34):

L]
t

- ’ v ! \
In(l - a) (gl Xl\ e
WTEy T\ RS, T (39
2 \ 82 //I “‘\ 21/ \‘12/"
or
S l-(1 -] )
11 =1 (1 12) (36)

Eq. (36) allows the estimation of the emissivity of a given cloud based on an
experimentally determined emissivity of another cloud. 1In order to extend
the applicability of the Mg0 data, Carlson has also fired the slurry motor
using alumina rather than MgO particles. The results of these tests have not
been reported to date; however, one point which has been measured is included
in Figure 6. Although the amount of data is quite small, the good agreement
between the alumina emission and Mg0 emission lends some suppert to the use
of this data to approximate the emissivity. By using the results of this one
test and Eq. (36), the following relationship is obtained:

2 =1-0.175" (37)

[ ]
If one now can consider a wotor having a 20% aluminum loading; that is, a

of 0.67, it is seen from Eq. (37) that an emissivity of 0.99 will be obtained
for a diameter of about 2.7 inches. Although the results of this calculation




de not allow one to accurately determine the emissivity of a particle cloud
at any position for anv motor, it is felt that it does show that the effec-
tive emissivity of the particle clouds in motors of the size of current
interest is close to unity.

A method of calculating the radiancy of particle clouds has been carried
out by Stull and Plass (29). The particular problem solved by them was for
solid carbon particles in flames; however, the method is applicable to the
solid propellant case 1f one knows the optical properties of the alumina at
the elevated temperatures encountered, The method that is outlined by Stull
and Plass allows the determination of the scattering and absorption cross-
sections for the individual particles as calculated from the Mie theory. A
dispersion equation is derived which represents the optical properties of the
carbon at the elevated temperatures. Based on these values an expression is
oftained for the radiation intensity emitted by a large number of dispersed
particles which includes all higher order scattering processes. Stull and
Plass demonstrate this technique for particle :zlouds containing single sized
particles (Distribution I) and for two different size distributions as shown
in Figure 8 (Distributicns II and II1I). Figure 9 shows typical results
obtained in this study where ¢ is the optical cross section of the cloud. As
one might expect, at higher optical cross sections, the radiation intensity
or emissivity approaches black body conditions. It should also be pointed
out that this method is limited to particle distributions in which all the
particles are at the same temperature, It has been shown that, as the par-
ticles are accelerated in the nozzle, a velocity and temperature lag develops
which 15 a function of the diameter of the particles (31). As a result not
only is there a particle size distribution in the nozzle but there also is a
particle temperature distribution which is a function of the size distribu-
tion. Before the method of Stull and Plass can be applied throughout the
nozzle, the derivation must be revised to include this temperature variation.

The principle reason that this theoretical approach is not utilized at
present is the lack of data as to the optical properties of alumina at tem-
peratures that are typical of those found in rocket exhausts. There are
several programs under consideration that will lead to a better understanding
of the overall problem including the evaluation of the optical properties of
alumina in e«hausts. However, until this work is completed only empirical
predictions of the cloud emissivity based on an insufficient quantity of data
are available. Another problem in the use of the empirical data is that the
maximum intensity for the radiation occurs at smaller wave lengths than the
corresponding black body intensity maximum (see reference 29). As a result,
the concept of an effective emissivity is not valid; that is, the cloud does
not act as a ''gray" body. Although this is not a seriocus error for clouds
whose emissivity is near unity, it could introduce error at lower emissivities.
Alsc Stull and Plass show that the emissivity of a cloud of size distributed
particles is not the same as that for a cloud of the same number of particles,
all having the diameter that is the mean of the distributed cloud. Carlson
(28) pointed out that the radiation from a cloud having a temperature distri-
bution as discussed previously radiates like a single sized cloud of particles
whose diameter and corresponding temperature was greater than the distributed
cloud mean. In short, the radiation from clouds of particles having a size
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distribution dces not bear a simple relation to the radiation from a similar
single sized cloud of particles of the distribution mean diameter.

In the aft-closure region of most current motors many of these limita-
tions have only a minimal effect on the radiative heat flux, but they are re-
ported as a warning against an indiscriminate application elsewhere. Con-
sidering only the aft-closure region of highly loaded metallized solid propel-
lant motors cf large diameters (typical diameters are greater than six inches),
it has already been shown that the cloud emissivity is near unity and the par-

ticles are all in equilibrium with the gas at the gas stagnation temperature,
Consequently, the radiant flux can be written as

G = Yo TO - Tw , (38)
where
- _ -1 -']- ’1. 7
T (Ewall T feloud ™D (39),

The most important effect of particle impingement on the wall is that
of mechanical erosion, As discussed previously this mechanical erosion may
well remove the thermal insulating char layer that most aft-closure insulation
materials form during firing. Once this insulating layer has been removed,
the heat transfer to the virgin material*is increased, thus increasing the
ablation rates. Also, the particles can then mechanically erode the virgin
material. The significance of this model is that it is not necessary to
consider the ablation in evaluating the mechanical erosion, so that cold flow
tests with particles impinging upon cold surfaces will give an estimate of
the erosiveness of the stream. By relating the amount of particle impinge-
ment at a particular point to these cold flow tests, one can acquire a
reasonable estimate of the virgin material removal due to erosion. Moreover,
a simplified model based on no char layer ablation can be analyzed in order
to estimate the amount of virgin material removal due to thermal degradation
of the insulating materials. Again the validity of such a model is in
question, but by pointing cut the possibility of the existence of such a
model it is hoped that emphasis will be placed in future experimental work
upon the evaluation of these particle effects.

Ablation Rate Determination

In Zone II the insulation material ablation rates are large and will be
strongly influenced by particle effects. The variation with time of the
hydrauli. radius of the grain port and the grain port design itself are im-
portant factors which cause the fluid flow in Zone II to be three dimensional
and unsteady. It is apparent tha:z when this complexity is coupled with that
of two-phase flow and ablation, no analytical methods are available for the
prediction of the heat and mass transfer rates at the wall., The approach
used here is to employ an effective heat of ablation, Q%, which is in part a
material property, in order to estimate the insulation materiel removal rate,
The Q* concept has been extensively discussed in the literature of ablation

(32), (33), (34), (35), (36), (37), (4). The effective heat of ablation is
defined by (35),




Q* = heat transfer to a non-ablating calorimeter
- total mass ablated

(40)

where the calorimeter is assumed tc have the same surface temperature, emis-
sivity, and catalytic efficiency as the ablating material. If, in a
laboratory determination of Q* for an ablating material which forms a char
layer (which may or may not be structurally weak), care is taken to retaln
all the solid material (virgin elastomer plus char particles and layer) by
containing the sample in a short length of & cylinder , say, then the
difference between the befere and after weight measurements of the ablating
sample will give a value for the total mass of gas evolved (%) and lost as
a result of the test. From a calibration measurement using a non-ablating
calorimeter (with provision for the measurement of the surface temperature—
by optical pyrometry, say,) the total heat flux to the sample may be deter-
mined for known arc-jet or torch conditions. Thus, on a unit time basis,
the Q* so measured can be related to the energy fluxes existing in Zone II
cf the aft-closure by,

L

Qv = & r P 41)

where, for char forming elastomeric insulating materials, the blowing effect
(which decreases the net heat transfer to the wall) has been considered suwall
relative to the sum of the fluxes given ir the numerator.. Blowing effects
will probably be mirimized, considering the secondary flows and particle
effects, which would tend to counteract any boundary layer thickening caused
by mass transfer. Nothing is now known concerning the gas composition given
off at elevated temperatures by typical elastomeric insulation materials,
though techniques for obtaining this information have been developed (38)

for measuring the gas composition given off by plastic ablators and should be
equally applicable tc elastomeric materials. It is more appropriate to
evaluate the importance of this eifect when this information becomes avail-
able. The linear regression rate, r, is related to _as follows:

IIHt tal By R
r=—28 . A% (42)

“in “in

where @, is the mass of porous char formed per unit surface area and per unit
time. Since the virgin material is homogeneous, then that portion of it
which is transformed to the gas phase is proportional throughout the insula-
tion material to that which forms the porous char. Also, since the char

layer is assumed to be swept away as soon as it is formed, the following
proportion,

. c . .
M= T (mg + mc) (43)
in

may be used to eliminate éc from Eq. (42) and thus obtain,




. 1‘—_\ -~ (M)

where ». is the density of the porous char (~ z; in Grosh nomenclature).
Eqs. (27), (28), (38), (41), and (44) can be combined to yield

GG SRS vam o)1) - 1)) _
r = Q*(:in - ) . (45)

C

Using an estimate or measurement of T, (see reference 39), and knowing Q* as
a function of Quueal = 9¢c * 9; + 4 ) for the particular insulation material
of interest, then T may be calculaged for each wall position in Zone 11, Of
course, h, will depend on the static pressure gradient or U's employed as
input to the Culick and Hill analysis., Methods such as coid or hot flow
modelxng need to be developed which will enable the prediction of reasonable

timatee of this information as well as the (3 m ) at each position in
Zone Il as a function of time,

INPUT INFORMATION

In order to successfully apply the preceding considerations to the
determination of the heat transfer rates and the insulation material removal

rates in an aft closure, the following conditions and properties must be
known (or estimated):

a, General flow, gas and particle properties:

(1) Rocket aft closure, and grain port nozzle geometry,
and the change of grain port geometry with time.

(2) Grain port velocity (or C¥*),

(3) Propellant gas properties (thermodynamic and
transport) including chemical state and initial
particle mass fraction (neglecting the influence
of the particles on the gas transport properties).

(4) Chamber pressure as a function of time including
the total firing time, te

(5) Chamber temperature (flame or stagnation temper-
ature),

(6) Fluid velocities at edge of boundary layer (note
that for Npr~ 1 fluids, the momentum and thermal
boundary layer thicknesses may be taken to be
identical) at all times and positions.




(7

(8)

(9

(10)

(11)

Inside wall (gas-char or gas-reaction zone inter-
face) temperature as a function of axial position
(note that in this analysis, a constant wall
temperature has been assumed for each zone).

The optical properties (i.e., complex refractive
index) of the metal (oxide) particles at the
chamber and aft-closure temperatures of interest
as well as the number density of particles and
particle size distribution appropriate for the
given flow situatior.

Particle impingemert rates (m.) at various
locations and times in the aft-closure for given
conditions 1 through 7.

The energy accommodation () of the particles
upon collision with the lLnsulation wall for

glven
conditions 1 throughk 7.

v]

A measure of the mechanical erosiveness of particles

on both virgin insulation materials and their char
layers,

b. 1Insulation material properties:

GV

(2)

(3)

(4)

(5)

]
The therrmal conductivity, mass density and specific
heat for the virgin material at a temperature
between the ambient and mean reaction zone temper-

ature.
L}

The thermal conductivity, mass density and specific
neat of the porous char at a temperature between

the mean reaction zone temperature and Tw (or the
porosity of the char and the corresponding properties
of the solid matrix material which makes up the char).

The overall heat of pyrolysis and phase change (L)
and the mean reaction zone temperature (Tl) and
their possible dependence on the surface temperature.

The composition, k, C_ and mass density of the gas
mixture which transpiges through the porous char
layer at a temperature between the mean reaction
zone temperature and the surface temperature (Tw)
at the chamber pressure.

Q* values for the ablative insulation material
measured under specially designated experimental
conditions (as a function of total incident heat
flux and chamber pressure)




In regards to the present status of knowledge concerning each of the
needed conditions and properties listed under a and b, the following infor-
mation is not currently available and must at best, be crudely estimated
(in some cases by techniques suggested in the previous sections): a-6 through
a1l with the possible exception of a7 (39) anda-8 (28); and for elastomeric
insulation materials, d-2 throughbt-3>. A resonable analytical a priori deter-
miration of heat transfer in an aft closure requires knowledge of these
properties,

OVERALL CALCULATION PROCEDURE

The analyses indicated above are integrated into a logical sequence of
calculations to give the final insulation profile. The thickness of insula-
tion that is either charred or removed in the recirculation zone, , can be
calrulated as a function of time, Either by modeling the flow or by approxi-
mations based on theory (1), the loucation of the stagnation point can be
prescribed as a functicn of time. Thus the length of time during which a
particular point on the wall is in the secondary flow zone is known, and
also the amount of material charred or removed during that time. After the
stagnation point passes a point, it is assumed that the char is essentially

removed and then the 'fast' ablation continues. Using the Q* concept, one
can write

SE(t) + qc(t) +q 46
.Q*(Oin - :c)

r(t)

If the values of q.(t) and qc(t) can be determined, r(t) can be determined
and during fast ablation, the material removed is then

t
e

e r{c) dt 47
<t
s

To complete the determination of the amount of material removed, experimental
data is needed as to the amount of mechanical erosion to be expected. Finally
allowance must be made for the thermal penetration into the insulation at the
end of the firing. This can be approximated from a steady state solution of
the semi-infinite, one-dimensional conduction equazion assuming a constant
surface regression rate and a maximum allowable back wall temperature,

The result of this is (see Baer and Ambrosio (40) Eqs. (30) and (31))

rTmax } Ti
I T -T (48)
L w i

where r is the regression rate at burnout. The final insulation thickness
required at a point is then

A = -5 p
P r

Q:[&-ﬁ-ﬁll‘rﬁeﬁ'.ﬁp (49)




where 5, denotes the total material removed due to mechanical erosion, For
convenience of ordering the calculations the insulation wall positions at
which material removal and thermal penetration are calculated are located
along a line on the wall formed by the intersection of a plane through the
axis and the wall. Circumferential variations can be included by rotating
this plane and completing another set of calculations. The complete calcu-
lation outlined herein is dependent on the ability to describe the various
phenomena discussed as functions of time and position. Figure 10 shows in
schematic form the calculation procedure.

. CONCLUSIONS

Although the prediction of insulation requirements in the aft-closure
cf a metallized solid propellant moter is of considerable importance, it is
impossible to develop a usable, inclusive analysis of the problem because of
the lack of information concerning many of the phenowmena, In this report a
calculation technique {s developed which is a simplification of the total
problem. For instance, effects such as the influence of boundary layer
reactions upon heat transfer, the reduction of the convective flux due to
blowing, and wall roughness have not been considered. However, an attempt
has been made to include those effects that are felt to be of prime signifi-
cance. A method of handling each of these effects is suggested and then the
missing, necessary information 1is identlified, In conclusion, the method
described herein should provide relatively accurate predictions of aft-
closure insulation requirements when the following data becomes available:

(1) Pressure and velocity at the edge of the boundary layer
at any time and position in the aft closure.

(2) Particle impingement rates 4t various locations and times
in the aft closure.

{3) Methods for estimating the accommodation of the energy of
the particles upon collisicn.

(4) Estimation of the mechanical erosiveness of particles on
both virgin insulation materials and their char layers.

(5) The complex refractive index of the metal oxides at
elevated temperatures.

(6) The physical properties of the virgin ablators and their
char layers,

(7) Q* values for ablators measured under specially desig-
nated experimental conditions.
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NOMENCLATURE
local cross-sectional area of flow
cross=sectional flow area at nozzle throat

local skin-friction coefficient, Cf

specific heat of the gas at constant pressure
characteristic velocity (see reference 11)
heat capacity of particles

diameter at the nozzle throat

gravitational acceleration (32.17 ft/secz)

gravitational conversion factor {32.17

ib it 3
1b 2
f sec

bourdary-layer shape parameter (see Reference 17)

local convective heat-transfer coefficient
ft lbf

mechanical equivalent of heat (778.2 —EEG—_)
Truckenbrodt's shape factor(see Reference 17)
optical cross-section of cloud

Mach nuuber at Lhe edge of the boundary layer

molecular weight of propellant gas mixture flowing
through aft closure

rate of gas evolution of ablating insulation material
per unit surface area

rate of particle {mpingement per unit area
proportionality consiant

particle anumber density

Prandtl number of the propellant gas mixture
chamber pressure

extinction coefficient




NOMENCLATURE (Continued)
effective heat of ablation for insulating material (see Eq.41)
convective heat flux per unit arca
radiative heat flux per unit area

energy exchange per unit area as a result of particle
impingements

linear regression rate of insulating materials

;
recovery factor, taken to be N L/3

Zeco Pr for turbulent
radius of wall curvature at the nozzle throat

iocal radial distance from the rocket motor centerline
radius of particles .

Gas Law constant = 1.987 Btu/lb mole °R

static gas temperature at the edge of the boundary
layer

initial temperature of the insulation
stagnation temperature of gas free stream
temperature of particles

adiabatic wall temperature

temperature of wall
total firing time

time at which flow stagnation point mecves past a f
given station after ignition i

local edge-of-boundary-layer velocity

P pa———

volume of typical particle

cloud path length or axial position in nozzle
measured from the start of the aft closure

distance along the surface in the direction of flow




NOMENCLATURE (Continued)

Greek Symbols

2
t

B

(03

(N

Q

q

abs

eff

A

O

impinged particle’s thermal-accommodation coefficient

Falkner-Skan pressure gradient parameter (see ref-
erence 17, p. 132)

ratio of specific heat at constant pressure to that
at constant volume (trozen)

ratio of the mass flow rate of particles to the mass
flow rate of the gas

effective emissivity (see Eq. 39)
Stefan-Boltzmann constant, Egq. {(38)
0.8, 0.2

am ! | Zam |

e i ey ]

in Eq. (12)

-~

o

abscrption cross-section

ctfective cross-section

scattering cross-section

density of insulating material

thermal diffusivity of insulatior

boundary-layer momentum thickness, or angular position
under the propellant zrain star configuration (see

Figure 10)

viscosity: L., viscosity at the reference temperature,
T, in Sutherland's law (see Eq. 16)

kinematic viscosity, v = u/2

local mass density of the gas at the edge of the
boundary layer

density of a particle

shear force at the wall
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NOMENCLATURE (Continued)

Subscripts

am arithmetic mean (wall-free stream)

aw adiabatic wall

i corresponding quantities in the related incompressible
flow

3

virgin {nsulation material

o
e

0 stagnation conditions

TR conditions at the point of transition from laminar
to turbulent flow

= conditions at some reference point; e.g., in the
free stream, at the propellant grain port, or at
the transition point
* conditions at the throat
total length from start of aft closure to end cf exit
cone
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