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Nozzle erosion during solid rocket motors and hybrid rocket engines firings needs to be
accurately predicted in order to get reliable performance predictions. Moreover, the accurate
sizing of the ablative thermal protection system (TPS), ensuring lightweight (i.e., minimum
thickness) structures and preventing excessive heating, is of fundamental importance. In this
context, reliable numerical models are required to accurately predict the thermochemical and
thermophysical behavior of ablative TPS. The aim of the present work is to perform a numerical
investigation on the coupled effects of nozzle ablation and of its thermophysical material
response. This is achieved by performing axisymmetric computational fluid dynamics (CFD)
simulations including finite-rate ablative boundary conditions and simulations obtained with the
recently developed Porous material Analysis Toolbox based on Open-FOAM (PATO). Finite-rate
thermochemical ablation tables for propulsive nozzle applications are firstly generated and then
provided to PATO. The main advantages of employing these finite-rate tables are highlighted
by comparison with the classical chemical equilibrium approach. The results obtained by
loosely coupling CFD and material response simulations (using both finite-rate and equilibrium
ablation tables) are validated by comparison with firing tests data of a sub-scale Space Shuttle
solid propellant booster employing a carbon-phenolic nozzle.

I. Introduction
CARBON-based ablative materials are commonly used in propulsive nozzles of solid rocket motors (SRM) and hybrid
rocket engines (HRE) as thermal protection systems (TPS) because of their excellent thermal and physical properties.
The carbon-based nozzle surface recedes because of the chemical and mechanical interaction with the hot exhaust
gases, increasing the nozzle throat area and resulting in a performance loss. The description and modeling of the major
physical mechanisms governing the erosion and the thermophysical behavior of the TPS are therefore of fundamental
importance.

The historical approach to ablative response modeling, which was used for re-entry applications since the 50’s, was
based on the decoupled analysis of the external flow field and of the in-depth material response (MR). Moreover, the
MR analysis was carried out by using semi-empirical correlations and employing the equilibrium thermochemical B’
tables in order to model the surface chemical reactions, and typically assuming one-dimensional heat conduction and
pyrolysis [1].

The recent use of ablative finite-rate boundary conditions in CFD codes [2H35] introduces the possibility to perform
high-fidelity coupled ablative simulations without the requirement of a MR software, allowing to take into account more
rigorously geometrical, boundary-layer, and chemical kinetics effects on the ablative response, obtaining quite reliable
results in both diffusion and kinetic-limited ablation regimes. However, such CFD gas-surface interaction boundaries
are normally computed assuming one-dimensional steady-state conduction into the solid surface, hence neglecting
transient and multi-dimensional effects in the material response, which may have a relevant role. Hence, in order to
correctly capture multi-dimensional and transient effects, CFD ablative codes must be coupled to multi-dimensional
MR softwares. Different MR codes, specific for the analysis of TPS materials subjected to high-enthalpy flows, have
been developed recently [6], by upgrading the original one-dimensional CMA (Charring Materials Ablation) model [[1].

Different works have faced the problem of CFD-MR coupling in order to predict ablative TPS behavior under
high-enthalpy flow conditions. Most investigates re-entry capsule applications [7/H11] while just a few deal with
propulsive applications limited to SRM [[12| [13]]. Instead, the problem of nozzle ablation in HRE is still the subject of
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different numerical and experimental research activities [[14H17]], and a detailed CFD-MR coupled analysis of HRE is
still missing in the literature. It is worth noting how MR codes have been historically developed in order to be used
mainly in re-entry application analysis. In fact, those codes employ the equilibrium B’ thermochemical tables and heat
and mass transfer coefficients in order to model the surface chemical reactions. The assumption of chemical equilibrium
at surface during the ablation process is valid when a diffusion-limited ablation regime is ensured, which is almost always
the case of re-entry capsule applications. On the other hand, when a kinetic-limited ablation regime is established,
finite-rate effects must be carefully taken into account. This is the case of most propulsive nozzle applications ranging
from HRE to SRM (for the latter, especially in case of low contents of metallic powders [3]). This is the main reason
why nowadays MR codes are not largely used for propulsive nozzles ablative analysis.

In this context, the present work is aimed to the establishment of an effective ablative CFD-MR loosely coupled
analysis in propulsive nozzles. The CFD code used is an in-house code including finite-rate ablative boundary conditions.
The selected MR software to be loosely coupled to the CFD code is PATO (Porous material Analysis Toolbox based on
Open-FOAM) [[18]], a recently developed and innovative 3D material response code used in literature for the analysis
of re-entry capsules [19]. Re-entry applications have been already analyzed by the author loosely coupling the two
aforementioned codes [20]. The obtained results have shown how the coupling strategy adopted seems to be promising,
encouraging its extension to propulsive nozzles. However, it is worth noting how the already available ablative models
in PATO are limited to re-entry applications (i.e., carbon-phenolic ablators in air). Hence, in order to extend the
analysis towards propulsive nozzles, the required B’ thermochemical tables (depending on the particular propellants
considered) must be generated and provided to the MR code. However, as the equilibrium approach is known to be
generally unreliable in propulsive nozzle applications, finite-rate effects must be taken into account when computing the
B’ tables. In order to do this, a specific routine for the generation of finite-rate B’ tables for propulsive nozzles has
been implemented. The final goal is to prove the validity of the CFD-MR coupling strategy developed and compare
results obtained using both the equilibrium and the finite-rate B’ thermochemical tables. The numerical procedure
will be validated by comparison with the experimental data available from two different firing tests of the High
Internal Pressure—Producing Orifice (Hippo) motor [21], a sub-scale Space Shuttle solid propellant booster employing a
carbon-phenolic nozzle.

II. Theoretical and Numerical Model

In this work, the three-dimensional Navier-Stokes equations for compressible, non-reactive, single-phase flows,
including variable thermodynamic and transport properties, are solved with a parallel code. The code employs a
standard second-order finite volume Godunov formulation. The viscous fluxes are approximated by central differences,
whereas the convective fluxes are computed through the solution of Riemann problems whose left and right states are
reconstructed by an interpolation procedure using the minmod limiter. The system of ordinary differential equations is
advanced in time by means of an explicit third-order Runge-Kutta integration. The solver has been fully integrated with
a customized gas-surface interaction (GSI) wall boundary condition with heterogeneous finite-rate surface chemistry for
carbon-based ablators, which allows to compute the ablation mass blowing flux, the surface chemical composition, and
the surface temperature as part of the CFD steady-state solution. The numerical tool has been validated for pyrolyzing
and non-pyrolyzing ablative materials [22-31].

The aforementioned CFD code has been loseely coupled to a material response code. The selected material response
code is PATO [32, 33]], which is able to compute the temperature evolution of three-dimensional pyrolizing porous
materials. PATO solves jointly the mass, momentum, and energy governing equations in volume-averaged form by
means of an implicit first-order scheme [33]]. Thanks to the inclusion of the momentum conservation equation in PATO,
both the magnitude and the direction of the pyrolysis gases velocity vector are computed, representing an important step
forward with respect to typical one-dimensional material response codes [[1]. Within the software, ablation is accounted
for under the thermochemical equilibrium assumption by using the so-called B’ tables, as done in most of the material
response tools currently available in the open literature [34]]. However, a specific numerical routine able to compute
finite-rate B’ tables has been derived in this work, as the equilibrium assumption is known to be generally unreliable
in propulsive nozzle applications. PATO has been largely validated for pyrolyzing ablative materials applications
concerning re-entry flights [32}135/|36], however it has not yet been used for rocket nozzles analysis.

A. CFD - Nozzle Thermochemical Erosion
In the CFD code, the thermochemical ablation of non-pyrolyzing carbon-based materials is modeled via surface
mass and energy balances and takes into account heterogeneous chemical reactions at the nozzle surface, rate of diffusion
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of the species through the boundary layer, and ablation species injection in the boundary layer. If it is assumed that no
material is being removed in a condensed phase (solid or liquid), then the general conservation laws at the gas—solid
interface can be written as [22]

Mass: iy = (pV)w = pst (D)
. dyi . .
Species: pD—| +wi=(pv)wyi, (i=1,...,N) 2)
on |,
oT| & ayi|
Energy: k—| + Z hi,WpDi + 1ty hs,w + Gradi, = Geondw + Gradew + (OV)whw 3
on |, — on |,

where v, stands for the radial velocity in the gas phase due to ablation products injection, the term rity, Ay is the energy
flux entering the surface due to surface recession, while the term (pv)y hy, is the energy flux leaving the surface due to
blowing.

Concerning the solid conduction term, it is assumed that the heat conduction is dominant in the direction normal to
the nozzle surface. In fact, although tangential temperature gradients certainly exist along the nozzle wall, they are
generally negligible if compared to those in the normal direction and are considered a second-order effect. Assuming a
steady-state condition, the solid conduction term can be expressed as

T,
cond = ks_s = mw(hs,w - hs,O) 4)
on |,
where the term A represents the enthalpy of the material at the initial or undisturbed temperature. Note that the
steady-state solid heat conduction flux is only affected by the material specific heat (through the enthalpy difference)
and not by its thermal conductivity, which only influences the in-depth solid temperature profile.

Table 1 Heterogeneous rate constants of carbon with H,O, CO,, OH, O, and O, [37, 38]

Surface reaction J Aj E;j, kl/mol b, n;
C,+H,0=CO+H, 1 4.8-10° 288 0.0 0.5
C;+CO,=2CO 2 9.0-10° 285 0.0 05
C,+OH=CO+H 3 3.61:-10° 0.0 0.5 1.0
C,+0=CO 4 6.655-107 0.0 05 1.0

5 24-10° 125.6 00 -

C.+ %02=>CO 6 213 -10_'1 -17.17 0.0 -

7 5.35-10 63.64 0.0 -

8 1.81-107 406.1 0.0 -

The heterogeneous chemical reactions taking place at the nozzle surface are modeled by the semi-global graphite
oxidation kinetics proposed originally by Bradley et al. [37] and then adopted by Chelliah et al. [38] (Table[I)). With
this mechanism, the contribution to erosion due to the i-th species can be expressed in kg/(m? - s) as:

My.i = kjp:.lj for species i = H,0, CO,, OH, and O (5)
ksp;Y kg \~!
wi = %kl(,pi +k7p; (1 =Y) where Y = (l + F;z) for species i = O, (6)

where p; is the partial pressure (in atm) of the oxidizing species 7, n; is the overall order of the heterogeneous j-th
reaction, and k; is its specific rate constant, which can be expressed by an Arrhenius type expression of the form:

K, = A, Ty exp(-E, /RT,) (7

where Ty, is the wall temperature (in Kelvin) and A, b, and E; are the pre-exponential factor, the temperature exponent,
and the activation energy for the j-th reaction, respectively. The surface reaction rates calculated according to Egs. ()
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and (6) for varying wall temperature are reported in Fig.[TI(a)|for a representative partial pressure of 1 atm. The total
ablation mass flux of carbon due to the surface heterogeneous reactions is finally expressed as:

Ty = mW,HzO + mW,COQ + mw,OH + mW,O + mw,Oz (8)

The rate of production/consumption of the generic gas-phase species i at the nozzle surface ; in Eq.(2) can be easily
derived from the rate of ablation of carbon by the generic oxidizing species, Eqs.(3) and (6), and the mass balance
available once the species molecular weights and the stoichiometry of the surface reactions (see Table|[I) are known.

In terms of energy absorbed (or released) by the surface reaction, it is worth noting that the reactions with H,O,
CO,, and OH are characterized by a positive heat of reaction, which means that energy is absorbed when carbon is
oxidized by one of these oxidizing species, whereas the reactions with O, and O are characterized by a negative heat of
reaction, hence energy is released (see Fig.[I(D)).
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Figure 1 Surface reaction rate and heat of reaction of heterogeneous surface reactions.

B. PATO - Transient Heating and Ablation

PATO solves jointly the mass, momentum, and energy governing equations inside a solid medium with boundary
conditions obtained from an external flow solver. The code can be used by setting boundary conditions at the surface
exposed to the hot gases which impose wall temperature, pressure, and/or recession rate. However, in ablative conditions,
wall temperature and recession rate are both unknown, hence the solution of a surface energy balance (SEB) and a
surface mass balance (SMB) is needed. The SEB in PATO is similar to the one used in the GSI model (see Eq.(3))
integrated within the CFD solver. The general PATO SEB reads as follows [32]:

Jconv T 4diff + Grady, + Gadvi, = qcond T Gradyy T dadvey =

PetteCH(hy — hew) + petteCag (hew — hy) + qrad;, mpghpg +1cnhen = Geond + 60—T\?/ + mpghw + ricphy &)

where gconv, qdift, and grag;, are respectively the convective, diffusive, and radiative incoming heat fluxes from the
hot-gas side, gady;, and gcond, are respectively the heat flux advected and conducted inside the solid material, and gyaq,,
and gaqy,,, are respectively the heat flux re-radiated from the solid wall and the heat flux blown away from the surface
thanks to the pyrolysis and ablation processes. Moreover, the subscripts ch and pg refer to the ablation phenomenon at
surface (i.e., char) and to the in-depth decomposition and pyrolysis processes, respectively.

In the present study, PATO is employed under the typical assumption of unity Lewis number (Le), which, through

the Chilton-Colburn relation (Cy = CHLe%), yields Cy; = Cy. Under the assumption of unitary Lewis number, the SEB
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in Eq. (9) can be simplified as follows:
Geond = PetteCr (hy — hy) + mpg(hpg = hy) +ncp(hen — hy) (10

where the incoming radiation from the hot gases, ¢raq;,, and re-radiation from the solid surface have been neglected.
The first term in the right-hand side of Eq.(TI0) depends on the wall enthalpy (which is evaluated by PATO employing
pre-computed thermochemical ablation tables [[1]]), on the recovery enthalpy, 4., and on the dimensional heat transfer
coefficient, p.u.Cy (which are both provided by CFD simulations). The dimensionless mass and heat transfer
coefficients are computed from CFD data as:

N Jy;
WoCrr = ddift Sz hiwp Dy, (11
Pelle M—hew_hw_ hew_hw

aT
g conv _ k% W
hr - hew hr - hew ’

petteChy =

In particular, the convective and diffusive heat fluxes and the wall enthalpy, &, are calculated by the CFD code employing
an ablative wall boundary condition, while the recovery enthalpy, %,, is obtained using an adiabatic wall boundary. On
the other hand, A.,, is computed by a simple CFD post-processing, assuming a frozen chemical composition in the
boundary layer and using the wall temperature distribution obtained with the ablative CFD. It is worth noting how, since
the CFD considers already the coupling with an ablative wall boundary condition, no blowing correction is needed for
the evaluation of the heat flux coefficient Cyy within the material response code [1]] and the value provided from the
CFD code is directly used. This allows to reduce the reliance on semi-empirical correlations typically employed in
material response codes and improves the predictive capability of the numerical approach.

Finally, the CFD wall pressure is employed as boundary condition for the momentum equation, which allows to
compute the velocity and direction of the pyrolysis gases [18]. More details on the governing equations formulation
and ablation/pyrolysis modeling of PATO can be retrieved in [32133]]. In particular, all the expressions needed for the
calculation of the mass flux of pyrolysis gases i, is reported in [32].

C. Thermochemical Ablation Tables

In PATO the evaluation of the ablation mass flux is carried out using the thermochemical B’ ablation tables, which
simply represent a tabulated solution of the SMB. Those tables are widely widespread under the chemical equilibrium
assumption in most material response codes, with specific applications to carbon ablation in air [34]. However, the B’
tables are strongly dependent on the environmental gas considered, hence, concerning their extension towards propulsive
applications, they have to be derived and implemented within PATO depending on the specific environmental gas (i.e.,
propellant formulation) to be analyzed. Moreover, chemical kinetic effects need to be included, as they are generally
important in propulsive nozzle applications. Therefore, in this work a specific numerical routine has been derived,
which is able to compute finite-rate B’ tables for carbon-based materials ablation in a generic gaseous environment. The
finite-rate B’ tables obtained are then compared to the classical chemical equilibrium ones, highlighting their main
advantages and additional features.

1. Chemical Equilibrium Tables
In the most general case including in-depth decomposition and pyrolysis, the B” parameter (or dimensionless ablation
mass flux parameter) is defined as follows [1]:

Meh . g P8 (12)
PetteCpr

B =B, +B =
bs petteCpr

. 4 [—
ch rg’ Bch -

By using these definitions, under the hypotesis of chemical equilibrium at surface, the SMB can be expressed as:

(Yke - ka) + B:;hchh + B;)ngpg = (Béh + B;;g)YkW (13)

where Y are the equilibrium elemental mass fractions and k represents the k-th chemical element. Considering a
carbon-based ablative material, carbon is the only chemical element at surface (i.e., k = C and Yc_, = 1). Therefore, the
following expression for the B’ surface ablation parameter (i.e., B/,,) is obtained:

Ye, - Y, - By (Ye,, - Ye,)

B, = 14
ch 1— YCW ( )
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from Eq.(T4) it is evident how the carbon elemental mass fractions at wall Y, , at the boundary-layer edge Y, , and in
the pyrolysis gases Yc,,, are needed for the evaluation of the B” parameter. These elemental mass fractions are evaluated
at varying wall temperature, wall pressure, and B’ by using a specific numerical routine based on the Chemical
Equilibrium with Applications (CEA) code [39].

2. Finite-Rate Tables

The SMB considering finite-rate chemistry effects at surface and using the B’ parameter definitions in Eq.(I2)) can
be expressed as follows:

W;
PetteCpy
where y; are the species mass fractions and 7 indicates the i-th chemical species. From Eq.(13), the following general
expression for the B’ surface ablation parameter B’ is obtained for a carbon-based material including in-depth

pyrolysis:

(Vie = Yi,) + +B)oVi,, = (B, + B)yi, (15)

yiw_yl'e_peu(:—icM_Bpg(ylpg yl'w)
Vi
From Eq.(T6) it is evident how the finite-rate B’ parameter is not dependent only on the chemical compositions (i.e., on

Yiys Yip» and y;, ., therefore on wall temperature and pressure) and on the pyrolysis process (i.e., on the B},, parameter),
as seen previously in case of the chemical equilibrium assumption (see Eq.(I4)). In fact, B/, is also dependent on the

INPUT: PeteCu = PeteC OUTPUT:
- propellant formulation - B, table
-p, - h, table
- p,u,C,, vector (length j, )

- p,, vector (length z, ) i m S0t

- B',, vector (length s,,)

- T, vector (length n, ) P, =P.(2)

B, = (16)

-j,z,5,n=0
I N e AL

CEA. S=5+1 |«
- ¥, calculation Y ﬁc(h(lz S, n) ) hB(ch( p%ue)CM, Pur Blog T
-Y..( P, T, ) table Y W 12,80 ) =N, (Y, 1,

= l B pg B pg( s)

= y\W,guess =VYiw Yiw - Yi ess |<e
y\w,guess = yie 47 iw iw, gut

T = T ( t ) —— yiw = y\w( Tw’ pw’ B’pg! peueCM’ ypg(Tw'pw)' yiw,guess)

Figure 2 Schematic of the numerical procedure adopted for the calculation of the finite-rate B’ tables.

ratio between the heterogeneous surface reaction rates «; and the dimensionless mass transfer coefficient pou.Cas
(third term at numerator in Eq.(T6)). This ratio is important as it is able to take into account for the temperatures
needed for the establishment of a kinetic or diffusion-limited ablation regime. The heterogeneous surface reactions
considered for the calculation of w; are the same employed in the CFD ablative boundary condition for carbon ablation
(see TabldI]|and Eqgs.(3), (6), and (§)). The numerical procedure employed for the calculation of the finite-rate B’ tables
is based on the coupling between the CEA code [39] and the finite-rate reaction mechanism [37]]. In particular, the
wall mass fractions y; represent the unknowns of the problem and are calculated in an iterative way starting from
a first guess solution. The boundary-layer edge species mass fractions y;, are used as the first guess solution, and
they are calculated from the knowledge of the propellant formulation using the CEA code. The iterative numerical
procedure is summarized in details in the schematic reported in Fig[2] In particular, dimensionless mass transfer
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coeflicient, wall pressure, B’ ,, parameter, and wall temperature vectors of free lengths are provided as input and iterated
in order to obtain a B’ ., (0ette Car, Pw B;,g, T,) reference mapping function. In order to do this, the solution of the
SMB given by Eq.(T3) in terms of y;, is calculated by iterating on the first guess solution. This is possible thanks to a
linearization of Eq.(I3) around the first guess solution by using taylor expansions, which allows to remove non-linearities.
Once the y;, at the current p.u.Cpr, pw, B;,g and Ty, are obtained, the correspondent B;h parameter and h,, are
computed. During numerical simulations, PATO linearly interpolates inside the obtained B, (0cueCpm, pw, B;J e Ty)
and Ay (peueCar, Pw, B;,g, Ty ) tables using the current p.u.Cps, Pw, B;g and Ty, values.

An example of B’ tables, generated under both the hypothesis of chemical equilibrium and with finite-rate chemistry
effects, is reported in Fig[3]for a metallized SRM propellant composed by 12% of PBAN (PolyButadiene AcryloNitrile
copolymer), 2% of an epoxy curing agent, 70% of AP (ammonium perchlorate), and 16% of aluminum powder. Looking
to Fig[3(a)] the equilibrium B’ parameter shows a practically zero value (i.e., no ablation) at low wall temperatures, a
sudden rise around 1000 K, and a constant value (i.e., plateau value) in the range of temperatures between 1500 and
3400 K (surface oxidation). This constant value denotes a diffusion-limited ablation regime starting from 1500 K in case
of the equilibrium B’ tables. The B’ parameter is then increasing for wall temperatures above 3400 K due to carbon
sublimation [1]. As expected, the equilibrium B’ is not affected by the dimensionless mass transfer coefficient, while
it is the case of the finite-rate B’ tables. From the finite-rate B’ distibutions shown in Fig[3(a)] it is evident how the

—— p.uC, =0.01 solid lines = B’ finite-rate solid lines = B’ finite-rate
- peueCM 01 dashed line = B’ equilibrium — p,=5bar dashed line = B’ equilibrium
0.14- oo M = 0.14: — p, =17 bar _ 1
]| ———— puCy=1 1 i p.uC, =1 1
ee — p, =28 bar ge M |
] PelCu =10 ! 1 | ——— po=42bar| Bw= I
0.12] peCy = 100 " 0.124 po = 57 bar " " "
1 1 1
1 ! ] Pu_ 1 1
0.1 ! 0.1 M
' T 1 ' g ] I/I
E'; ] kinetic-limited diffusion-limited E'; 1 il
S 0.084 ablation ablation , % 008] kinetic-limited ’ 1,
£ 4 £ ablation —
o 1 == S 1 =
< 1 & 8
< 0061 ,/ o 0.061 " diffusion-limited
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m 1 m ] Ly
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] I ] D
J ] 4 | II,
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(a) B’.p vs dimensionless mass transfer coefficient. (b) B’¢p vs wall pressure.
Figure 3 Chemical equilibrium vs finite-rate B’ ablation tables for a SRM propellant for different dimensionless
mass transfer coefficients (i.e., different species diffusion velocities) and different wall pressures.

range of temperatures leading to the transition from kinetic-limited to diffusion-limited ablation regime is not fixed
and is affected by the dimensionless mass transfer coefficient. Differently from the chemical equilibrium case, at low
temperatures the finite-rate B’ parameter is constant and slightly different from zero due to the reactions between carbon
and OH and O, which are characterized by a high reaction rate even at low temperature (see Fig[I(a)). Approaching
temperatures above 1500-2000 K, the B’ parameter grows due to the increase of the reaction rates of carbon with H,O,
CO; and O, (see Figl[I(a)), denoting a region in which a kinetic-limited ablation is taking place. Then, a constant
plateau value is reached, which is close to the equilibrium B’ table one, at temperature ranging from 2000 to more than
3500 K depending on the dimensionless mass transfer coefficient, denoting the establishment of a diffusion-limited
ablation process. Differently from the equilibrium tables, finite-rate ablation tables are then not increasing for wall
temperatures above 3400-3500 K, as carbon sublimation is not included in the finite-rate reaction mechanism adopted
(see Table[I). Anyway, carbon sublimation is normally not activated in propulsive applications as wall temperatures are
always well below 3400-3500 K even when steady-state are reached. Looking to Fig[3(b)] the effect of wall pressure on
the B’ tables is reported. Concerning finite-rate tables, wall pressure leads to a slightly anticipated transition to the
diffusion-limited ablation regime. The reason is the increase of the surface reaction rates as pressure grows (see Eq.(3)).
On the other hand, the opposite effect is reported in case of the B* equilibrium tables. Anyway, its physical meaning is
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not related to kinetic or diffusion-limited ablation, but only to the role of pressure on the chemistry, slightly altering the
wall chemical equilibrium mass fractions at low temperatures.

I11. Test Case and Numerical Set-Up

In this work we consider two different firing tests of the Hippo motor [21]], a sub-scale Space Shuttle solid propellant
booster employing a carbon-phenolic nozzle. Two different scales have been considered, including a 6.35 cm throat
diameter (i.e., Hippo 1) and a 17.78 cm throat diameter (i.e., Hippo 2) nozzle. For these nozzles, a large quantity of
experimental data are available, including surface recession and char penetration depth as a function of axial position.
Detailed information on the propellant formulation and on the ablative material employed are provided in [21]. In
particular, the solid propellant is composed by 12% of PBAN (PolyButadiene AcryloNitrile copolymer), 2% of an epoxy
curing agent, 70% of AP (ammonium perchlorate), and 16% of aluminum powder. Nozzle material is carbon-phenolic
MX-4926, with a virgin density, p,,, of 1462 kg/m3 and a char density, p.p, of 1173 kg/m3 (.e., ¢ = % =0.246 at
steady-state conditions [20]).

The nozzle schematics and the computational set-up used in the numerical simulations are reported in Fig/d] The
nozzle contour has been represented by one circular segment, a parabolic segment, and a line segment, whit the following
expressions:

V=x2=5.752 Dy, x — 6.1949 Dy, ~2.8760 Dy, < x < —2.0976 Dy,
y = {Dn/0.0635 (2.5533 x2 +0.03175)  —2.0976 Dy, < x < 0.8263 Dy, (17)
Du/0.0635 (0.2679 x +0.02472) 0.8263 Dy, < x < 3.6000 Dy

The circular arc has been used in order to replace the nose-like geometry at inlet typical of SRM submerged nozzles

D,,=6.35¢cm
0.258 D,,
. 2.256
1.764 :32.6 > carbon-phenolic MX-4926 Dy,
D, | 19eg, ——_15deg adiabatic wall
v PATO code
1,1.441D, ,
2 e g subsonic X supersonic
Dy 2.709D,, inflow ablative wall boundary outflow
oW -
CFD code
symmetry
37811 D, ’\
(a) Hippo 1 - schematic. (b) Hippo 1 - computational set-up.
D, =17.78 cm

carbon-phenolic MX-4926

! ; PATO code
1.602 :ggésl, _______ 1515
SO R D subsonic adiabatic wall supersonic
L inflow outflow
TN R — —
Dy, 2.709 D, ablative wall boundary  cEp code

3 symmetry
\ . 0ps1D,

01439D, !
2.088 D, 0.849D,,

(c) Hippo 2 - schematic. (d) Hippo 2 - computational set-up.

Figure 4 Schematics of the Hippo motors and correspondent computational set-ups for the CFD-PATO
simulations.
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Figure 5 Experimental pressure traces for the two Hippo motor firings under investigation and correspondent
pressure flow fields at their average operative chamber pressure.

[21]. In fact, this particular geometry would have caused a certain ambiguity in imposing the inflow boundary condition
due to the unknown velocity direction at the inlet. By using the circular arc, the nozzle profile become parallel to the
nozzle axis at the inlet section so that an axial inlet velocity profile can be assigned. Since the length of the wall is
important because it affects the boundary layer thickness and hence the heat and mass transfer rate, the total wall length
of the real entrance profile has been retained. This approximation has shown to be a reasonable choice in different past
works [3, 131} 140].

In the CFD side of the computational domain (see the blue zone in Figs4(b)| and B(d)), boundary conditions
other than an ablating wall are enforced as follows: total temperature, total pressure, Mach number, and chemical
composition at the inflow (subsonic inlet), no assigned conditions at the outflow (supersonic outlet), and symmetry axis.
The numerical simulations assume frozen chemical composition in the flow field. Combustion chamber conditions,
used in the subsonic inlet boundary, have been obtained by the Chemical Equilibrium with Applications (CEA) code
[39]. Thirteen species (AIOH, Al,O3, CO, CO,, Cl, H, H,, HCI, H,0, N;, O, O,, OH) have been considered for
each equilibrium simulation as they constitute more than 99.9% of the total combustion gas mass for the propellant
combination here analyzed. In the CFD simulations, the condensed species Al,O3 has been treated as an additional
gaseous species in order to simplify the gas-particles mixture modeling, employing the heavy-gas approximation [30].
On the other hand, in the numerical domain for the material response transient simulations (see red zone of Figs.
and [4(d)), boundary conditions include an ablating front wall, enforced by using CFD-provided inputs (as described in
Sec. and an adiabatic back wall. The solid material temperature at the initial time is assumed to be 298.15 K.

Figure [5(a)| presents the Hippo motor chamber pressure time histories for the two nozzles analyzed [21]] jointly with
the correspondent average p. values. It is worth noting how the two motor firings considered are quite different not only
from the geometrical point of view, but also in terms of operative conditions (see Fig[5(b)). In particular, concerning the
Hippo 1 motor, test duration is 29.5 seconds, whit an average operative chamber pressure of 48.1 bar. On the other hand,
Hippo 2 motor firing last longer, reaching 49.5 seconds of duration, with a low average chamber pressure of 39.9 bar
(see Fig[5(a)). Each pressure trace has been subdivided in a certain number of intermediate points (red and blue dots).
These points are needed for the numerical simulation of the nozzle shape change process, as it will be explained in
details later. Flow conditions at nozzle inlet obtained using the average chamber pressures are summarized in Table2]
for both Hippo 1 and Hippo 2 nozzles. It is worth noting how the two different average chamber pressures are only
slightly affecting both combustion products mass fractions and flame temperature. O and O, mass fractions have not
been reported in Tablg?|as they are lower than Se-4. However, they have been included in the numerical simulations as
they are included in the surface heterogeneous reactions leading to nozzle ablation (see TabldT).
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Table 2 Nozzle inlet flow conditions at average chamber pressure conditions.

Test T.,K  yaioH YALO; Yco Yyco, ya YH YH, YHCI YH,0 YN, YOH
Hippo1 3436 0.008 0.293 0.247 0.025 0.018 0.002 0.020 0.199 0.094 0.088 0.006
Hippo2 3419 0.008 0.293 0.247 0.025 0.019 0.002 0.020 0.198 0.094 0.088 0.006

IV. Results

A. CFD Results - Steady-State Ablation

In this section, results in terms of nozzle erosion and shape change, obtained using steady-state CFD simulations
only, are shown for both Hippo 1 and Hippo 2 nozzles. Firstly, CFD ablative simulations at average chamber pressure
conditions have been performed in order to underlines the main differences between the two firing tests considered.
Results obtained for the two nozzles are shown in Fig[f] The obtained ablation mass flux distributions are qualitatively
similar. However, at throat location the ablation mass flux of Hippo 2 nozzle is 25.8% lower than Hippo 1 one, mainly
due to its lower chamber pressure and higher nozzle throat radius. On the other hand, wall temperature distributions are
qualitatively and quantitatively similar. In particular, for both nozzles wall temperature is close to 3000 K in the early
convergent section (leading to a diffusion-limited ablation regime), then dropping down to 2500 K in the divergent zone
(ensuring the transition towards a kinetic-limited ablation regime). Moreover, at throat location, wall temperature for
Hippo 2 nozzle is approximately 2740 K, only 1.2% lower than Hippo 1 one. From this single average conditions CFD
simulation, a first estimation of the nozzle shape change has been obtained by applying the computed ablation mass flux
distributions for the whole firing tests duration. However, by doing so, nozzle shape change effects on the ablation mass
flux distributions are not taken into account.

— — — — nozzle Hippo 1 — — _ _ nozzle Hippo 2
ablation mass flux | p_=48.1 bar ablation mass flux | P, =39.9 bar
32007 407 |— — — - wall temperature ro.4 56 32007 1127| - — — _ wall temperature r r56
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(a) Hippo 1. (b) Hippo 2.

Figure 6 Ablation mass flux, wall temperature, and wall pressure obtained from steady-state CFD simulations
at average chamber pressure conditions for both Hippo 1 and Hippo 2 nozzles.

Therefore, nozzle shape change has been analyzed as well by using subsequent steady-state CFD simulations. In
particular, the nozzle geometry has been updated in time in order to include shape change effects on the computed
ablation mass flux distributions. CFD simulations are started with the initial shape (see Figs[4(a)]and i(c)), and the
surface erosion rate is computed; after that, a specifically implemented shape evolution model is run for a portion of the
burning time. Then, a new CFD grid is generated using the receded shape, and a new CFD solution using this grid is
computed. Subsequently, the erosion rate distribution is updated, and the procedure is repeated until the total burning
time is reached. Each CFD computation is performed at the mean chamber pressure of the corresponding time step, as
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Figure 7 In-time erosion rate distributions along the nozzle length for the two Hippo motors investigated and
resulting nozzle shape change.

Figure [7|shows the erosion rate distributions along the nozzle length at different times obtained according to this
numerical procedure. It is worth noting how the erosion rate absolute values along the nozzle are largely changing
in time, especially during the first and last few seconds of motors operation. This is the reason why in these phases
a reasonably smaller time step has been considered between two subsequent CFD simulations for both motors (see
Fig[5(a)). Concerning the Hippo 1 motor firing (see Fig[7(a)), the maximum erosion rate is reported after 12 seconds
(i.e., 40.7% of the whole test duration). On the other hand, for the Hippo 2 motor firing (see Fig[7(b)), the maximum
erosion rate is reported after just 6 seconds (i.e., 12% of the whole test duration). Moreover, it is worth noting how the
Hippo 2 maximum throat erosion rate is 14.7% lower than the Hippo 1 one. This is due to the combined effect of the
higher throat dimension and the lower chamber pressure peak of the Hippo 2 motor (see Fig[3)), as there are practically
no differences in terms of flame temperature and combustion products mass fractions (see Table[2).

In order to highlight the shape change effects captured by using subsequent steady-state CFD simulations, the erosion
rate distributions obtained at the initial and final times have been made dimensionless in Fig. [§] with their respective
nozzle throat values. It is immediately evident how shape change effects are more emphasized for the smaller motor
(i.e., Hippo 1), as in this case nozzle erosion rate distribution shows to be more largely modified in the convergent and
divergent zones. The reason is the different erosion level relatively to the nozzle dimension. In fact, according to the
numerical results, the overall Hippo 1 and Hippo 2 nozzles throat erosion are respectively 26% and 12% relatively to the
initial throat radius. Therefore, for the smaller motor (i.e., Hippo 1), the inclusion of shape change effects in the ablative
simulations is more important. This is confirmed by looking to the final nozzle shapes reported in Fig[9] For the Hippo
2 motor, the final nozzle geometry and the axial translation of the throat section are approximately the same including or
not including (i.e., using a single CFD simulation at average conditions) shape change effects in the CFD computations.
On the other hand, for the Hippo 1 motor, the differences between the two approaches are more evident, with a different
throat region translation and a substantially different final nozzle shape, especially in the convergent and divergent zones.
For both motors considered, the numerical results are in good agreement with respect to experimental data all along
the nozzle length. However, for Hippo 1 the numerical data overestimate the experimental erosion, while for Hippo 2
the numerical results are well inside the experimental uncertainty bar all along the nozzle length. The reasons of the
overestimation for the Hippo 1 motor are expected to be possible heating transient effects, as in this case the firing
duration (i.e., 29.5 seconds) is lower than in case of the Hippo 2 motor (i.e., 49.5 seconds) (see Fig5(a)). In fact, the
steady-state ablation assumption made in the CFD code becomes more and more acceptable as the firing duration is
increased. Moreover, the overestimation in case of the Hippo 1 motor is different depending on the nozzle axial location,
becoming higher in the convergent and divergent regions. In fact, in these regions the steady-state assumption becomes
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Figure 8 Dimensionless erosion rate distributions along the nozzle length at the initial and final times for the
two Hippo motors investigated and correspondent nozzle shapes.
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Figure 9 Nozzle shape change according to the standalone steady-state CFD simulations approach and
comparison with the experimental data for the two Hippo motors investigated.

less acceptable even if the firing duration is extremely long, as the convective heating rate is normally strongly reduced
moving away from the throat region [41]. Therefore, transient heating effects need to be included in the numerical
simulations in order to substantially improve the comparison with the experimental data.

B. CFD-PATO Results - Transient Heating and Ablation

In this section the CFD code has been loosely coupled to a three-dimensional material response code (i.e., PATO) in
order to take into account transient heating effects in the nozzle erosion phenomenon. A simplified approach has been
considered for the CFD-PATO coupling, as the main purpose of the analysis is to check the validity of the ablative

12
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models for propulsive applications developed for PATO (i.e., the finite-rate B’ ablation tables). In particular, a one-way
coupling has been performed, using a single CFD simulation at average chamber pressure conditions in order to get the
boundaries needed by PATO (see Sectionl.B). These boundaries are kept constant for the whole firings duration. Both
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Figure 10 'Wall, boundary-layer-edge wall, and recovery enthalpies distributions obtained from CFD simulations
for both Hippo 1 and Hippo 2 nozzles.

Hippo 1 and Hippo 2 nozzles have been analyzed performing 2D axisymmetric CFD-PATO simulations, allowing the
prediction of the nozzle shape change including transient heating effects.

1. PATO Boundaries

Before showing the CFD-PATO simulations results, the main CFD-derived data needed by PATO are shown and
discussed. In Fig[I0]enthalpies distributions are reported. The recovery enthalpy is needed by PATO for the resolution
of the SEB (see Eq.(9)). In particular, recovery enthalpy has been obtained for the two nozzles performing adiabatic
CFD simulations. Regarding wall and boundary-layer-edge wall enthalpies, they are needed for the calculation of the
dimensionless mass and heat transfer coefficients (see Eq.(T)).

As thoroughly discussed in Section[[L.B] in this work PATO is employed under the typical assumption of unity Lewis
number (Le), which, through the Chilton-Colburn relation, yields Cyy = Cy. This is typically true in case of re-entry
applications, for which material response code are widespread used. Here, the validity of the unity Lewis number
assumption is checked for the specific SRM application aunder investigation (i.e., Hippo motor) by comparing the
petteCy and p.u,.Cpy distributions obtained from CFD (see Fig@). It is worth noting how the resulting Lewis number
is close to unity for most part of the nozzle length for both Hippo 1 and Hippo 2 nozzles, with the only exception of the
upper convergent zone. Hence, results from the CFD-PATO simulations are expected to be not completely reliable only
in the early convergent zone.

Finally, the equilibrium and finite-rate B’ ablation tables and the wall enthalpy tables provided to PATO have been
preliminarily checked against the steady-state ablative CFD solution at average chamber pressure conditions (see Figs[6]
and[T). In particular, the B’ parameters and the wall enthalpy calculated from CFD data at different nozzle locations
have been qualitatively compared to the B’ and wall enthalpy ablation tables. Results are summarized in Fig[T2] for the
Hippo 1 test case. Finite-rate B’ and wall enthalpy ablation tables are almost perfectly superimposed to the steady-state
CFD data. In particular, moving from nozzle convergent (red dots) towards nozzle throat (green dots), the finite-rate
tables (red and green solid lines) are able to account for the slight reduction of the B’ parameter due to surface reactions
kinetic effects. On the other hand, the equilibrium ablation tables show some differences with respect to the CFD results.
In particular, wall enthalpies are lower than the ones provided by the CFD code (see Fig[T2(b)). For this reason, the
steady-state wall temperature distribution resulting from the CFD-PATO simulations employing the equilibrium ablation
tables is expected to be different from the CFD one. In particular, an higher wall temperature is needed in order to
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Figure 12 Finite-rate and equilibrium B’ ablation tables and wall enthalpy tables provided to PATO vs B’
parameter and wall enthalpy computed from steady-state CFD simulations.

obtain the wall enthalpy computed by the CFD. From the results just shown, it is clear how the finite-rate ablation tables

are expected to be more consistent with CFD simulations.

2. 2D-Axisym Results

Here, results obtained from 2D-axisymmetric CFD-PATO computations of the Hippo 1 and Hippo 2 nozzles, using
both equilibrium and finite-rate ablation tables, are shown. The final purpose is the prediction of the nozzle shape
change and of the char penetration depth during nozzles operation including transient heating effects.

First of all, the adoption of a back-wall adiabatic boundary condition in the CFD-PATO simulations has been checked
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Figure 13 Temperature fields in the solid material at engine burn out from 2D-axisymmetric CFD-PATO
simulations of the Hippo 1 and Hippo 2 motors using both equilibrium and finite-rate B’ ablation tables.

by looking to the in-depth temperature fields inside the solid material (see Fig[I3). As shown, the heat wave is not able
to reach the back of the TPS in all cases. Hence, the adoption of an adiabatic boundary condition at the back-end of the
TPS is totally justified. The heat penetration depth is quite uniform along the nozzle length, just slightly increasing in
the divergent and convergent regions due to the lower erosion rate than at throat. In particular, for Hippo 1 nozzle the
heat penetration depth at engine burn out is approximately 1.1 cm, 0.9 cm, and 1.15 cm at convergent inlet, throat, and
divergent outlet, respectively. Slightly higher values of heat penetration depth are reported for the Hippo 2, nozzle,
mainly due to its longer operation time and slightly lower erosion rates, with approximately 1.3, 1.1, and 1.35 cm at
convergent inlet, throat, and divergent outlet, respectively. The heat penetration depth is just slightly affected by the
particular B’ ablation tables employed in PATO, leading to quite similar in-depth temperature fields inside the solid
material for both motors (see Fig[T3).

A detail of the in-depth material transient temperature and density profiles at throat for various times are shown in
Fig[T4]employing both equilibrium and finite-rate B’ ablation tables. The heat penetration depth (with respect to the
receding surface) after engine burn out is approximately 0.9 and 1.1 cm for Hippo 1 and Hippo 2 nozzles, respectively,
independently from the particular ablation tables employed. Temperature profiles for various times obtained using the
equilibrium and finite-rate ablation tables are qualitatively similar, with the only exception of the temperature values
near the surface, which are lower in case of the finite-rate B’ tables. In terms of material in-depth degradation due to the
pyrolysis process, the material density variations through the thickness reflect those of a typical charring ablator, with
values ranging from the virgin to the charred material density (i.e., from 1462 kg/m?® to 1173 kg/m?). Material charring
is already taking place in the first second of exposure, reaching a maximum thickness of about 0.6 and 0.75 cm for Hippo
1 and Hippo 2 nozzles, respectively. Density variations alter the thermal diffusivity of the solid material, affecting the
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Figure 14 Temperature and density distributions in the solid material at throat for various times from 2D
CFD-PATO simulations of the Hippo 1 and Hippo 2 motors using both equilibrium and finite-rate B’ tables.

heat conduction process and leading to the slope variations in the temperature profiles shown in Figs[T4(a)|and [T4(b)|

Figure T3] shows the transient heat conduction solutions together with the CFD steady-state solution all along the
nozzle length using both equilibrium and finite-rate B’ ablation tables. Wall temperature in rapidly increasing in the first
few seconds of operation in the throat section, where 2000 K are reached after less than one second of exposure. On the
other hand, the temperature rise is slower in the nozzle regions away from the throat due to the lower heating rates (i.e.,
lower dimensionless heat transfer coefficients, see Fig[TT). In particular, wall temperatures of 2000 K are reached in the
whole convergent and divergent sections after approximately 2 to 4 seconds and 12 to 18 seconds, respectively, slightly
varying depending on the ablation tables employed. In particular, nozzle heating is generally faster in the first seconds
of exposure by using the finite-rate ablation tables. However, wall temperatures at engine burn out are higher when
the equilibrium B’ tables are employed. In this case, wall temperature at throat become even slightly higher than the
correspondent CFD steady-state value (see Figs[T5(a)]and [I5(c)). The reason is the substantial difference in ablation
modeling between the CFD code, which employs a finite-rate heterogeneous gas-surface interaction model, and the
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(c) Hippo 2 - B’ equilibrium. (d) Hippo 2 - B’ finite-rate.
Figure 15 Wall temperature distributions for various time from 2D-axisymmetric CFD-PATO simulations of
the Hippo 1 and Hippo 2 motors using both equilibrium and finite-rate B’ ablation tables.

chemical equilibrium B’ ablation tables used by PATO. In fact, as already observed, wall enthalpy tables computed
under the chemical equilibrium hypothesis are not perfectly matching the CFD data (see Fig[T2(b)), leading to a different
steady-state surface heating. On the other hand, wall temperatures remain correctly always slightly lower than the
correspondent CFD steady-state values when finite-rate ablation tables are used. In fact, in this case CFD and PATO
ablation models are similar, as both take into account for finite-rate surface reactions effects (see Fig[T2).

Figure [I6] shows the B’.j, parameter along the nozzle obtained from CFD-PATO simulations for various times
together with the steady-state one computed from CFD data according to Eq.(T2). Concerning the Hippo 1 nozzle,
substantially different results are reported depending on the particular ablation tables employed (see Figs[T6(a) and
[T6(B)). In particular, in case the equilibrium B’ tables are used, the B’j, parameter is immediately reaching its maximum
steady-state value (see Fig[I6(a)). The absence of an actual transient phase is due to the behavior of the equilibrium B’
tables (see Fig[3). In fact, when a wall temperature of approximately 1300-1500 K is reached, a plateau value for the
equilibrium B’ parameter is reached and surface ablation is not affected anymore by wall temperature variations. As
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Figure 16 B/, parameter distributions for various time from 2D-axisymmetric CFD-PATO simulations of the
Hippo 1 and Hippo 2 motors using both equilibrium and finite-rate B’ ablation tables.

shown in Fig[T5(a)] a wall temperature of 1300-1500 K is reached in less than one second along the whole nozzle. The
nozzle region experiencing the slower temperature rise is the nozzle divergent, where a slight in-time variation of the
B’ parameter can be observed in the first second of exposure. The absence of a transient phase for the B’.;, parameter
is an important limitation of the equilibrium B’ tables as they are not able to take into account for the progressive
increase of the surface reactions velocities leading to the transition from kinetic-limited to diffusion-limited ablation
regimes. On the other hand, looking to the results obtained for the Hippo 1 nozzle employing the finite-rate B’ ablation
tables (see Fig[T6(b)| an evident transient phase can be observed. In particular, the B’ .j, parameter is rapidly increasing
near the throat, while it grows slower moving towards the convergent and, more evidently, towards the divergent region.
Similar results have been obtained for the Hippo 2 nozzle (see Figs[I6(c) and [[6(d)). However, in this case the the
B’ parameter is somehow slower in growing towards the steady-state, due to the lower average chamber pressure than
Hippo 1 motor, leading to a reduced heating rate (i.e., a reduced dimensionless heat transfer parameter, see Fig[TT).
The in-time behavior of the B’.;, parameter is reflected by the obtained distributions of the char ablation mass

18



Downloaded by POLITECNICO DE MILANO on July 24, 2022 | http://arc.aiaa.org | DOI: 10.2514/6.2022-3949

407 ! ——— 00s | o35 407 steady- _ ! ——— 00s | o35
] : ——F— 05s | [ ] state ‘{ ——F— 05s | [
35 Hippo 1 10s | | 35 Hippo 1 l/ n —— 10s | |
1 p, =48.1 bar 20s | t0.3 1 p, =48.1 bar K Y —— 20s | jo3
1 B’ equilibrium 40s | [ <2 1 B’ finite-rate \ — 40s [ &2
304 80s | [ £ 304 R £
] 12.0s| f0.25 & ] L
£ 1 [0.25 = £ 1 =
o 18.0s| | o o o
& 2] ! 240s| [ i g 2 i
s | throat | 295s| [02 % S ] 5
= 7 I = = 7 =
g 20 0 F g 3 20 g
s 7 to.15 g 2 ] g
S ] r S ]
ﬁ 15; I c é 15: c
101 - 107 I
i © E ©
] ~_ i L0.05 ]
5 nozzle ~ ~ _ _ | _ I 5
] i [ ] S
0 i . : 0 0 i ; : I
B A (I S R R I SRR B I (I S R R I SRR
axial position, cm axial position, cm
(a) Hippo 1 - B’ equilibrium. (b) Hippo 1 - B’ finite-rate.
1129 . - r0.35 1121 - r0.35
{ Hiepo 2 : throat - g:gz i 1 Hippo 2 : throat - gg: i
1 Pe=39.9 bar i — 1os | [ 1 p.=39.9 bar i O I
981 B’ equilibrium i ——— 20s | [03 981 B’ finite-rate i —— 20s | [03
] i —F— 40s | | o~ ] i —— 40s [ —
] N — 80s | [ [ ] . — 80s r [
841 Stead}’ J —— 120s| [025 o 841 — 120s | 025 o
£ b stat(;. / \Q\ ——— 180s| [ =~ £ ] — 18.0s r =
S i /. \ — 2408 | 2 © 20 — 2¢0s || 2
g ] ’ 1 — 300s| [p2 g ] —— 30.0s loo
= i — 36.0s| [ é = — 36.0s r é
‘® 56 . —F— 420s| | ‘®» 56 — 420s | [
g ! 4955| [o15 @ g 4955 | [0 @
= ! [° & = Map27| ['° @
8 40 i I E 8 40 I E
g *] : N c T "] N c
g : Fo.1 -% £ Fo.1 -%
281 _ i time I = 281 nozzle[ B
] < ! -I © b _--f ©
I ~ hozzle ! I0.05 1 F0.05
141 v S = i 14 ~_f
1 -7 I S > T
0] i 0 o4 i 7 -0
AT T T AT T T T AT T T A2 T sE I R R VA R AR I I
axial position, cm axial position, cm
(c) Hippo 2 - B’ equilibrium. (d) Hippo 2 - B’ finite-rate.

Figure 17 Char ablation mass flux 7., distributions for various time from 2D-axisymmetric CFD-PATO
simulations of the Hippo 1 and Hippo 2 motors using both equilibrium and finite-rate B’ ablation tables.

flux reported in Fig[T7] In case the equilibrium B’ tables are used, char ablation mass flux immediately reaches the
steady-state, with a barely noticeable transient phase in the divergent zone, more pronounced in case of the Hippo 2
nozzle, which is characterized by the lower chamber pressure. On the other hand, an evident transient phase is obtained
by using the finite-rate B’ ablation tables. Here, the different behaviors between the throat and the sections away from
the throat is evident. In particular, there are sections in the divergent region extremely far from the steady-state and
which are basically non-eroding for the whole firing duration. On the other hand, at throat the ablation mass flux at
engine burn out is 83.8% and 87.0% of the correspondent steady-state value for the Hippo 1 and Hippo 2 nozzles,
respectively. Moreover, the most important portion of the transient ablation phase at throat is taking place in the first 4
seconds of exposure, hence for the most part of motor firing nozzle throat ablation is quite close to the steady-state.
Finally, concerning the convergent region, a faster transient phase than in the divergent region can be observed. However,
results in the convergent portion of the nozzle are expected to be not completely reliable due to the non-unity Lewis
number reported in this section of the nozzle (see Fig[TT). The unreliability of the CFD-PATO result in the convergent
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Figure 18 Pyro to char mass flux ratio distributions for various time from 2D-axisymmetric CFD-PATO
simulations of the Hippo 1 and Hippo 2 motors using both equilibrium and finite-rate B’ ablation tables.

region is evident looking to the results obtained employing the equilibrium B’ ablation tables (see Figs[T7(a) and [T7(c)).
In fact, in the early convergent regions char ablation mass flux is overestimated if compared to the steady-state CFD
one. The reason is the Lewis number being lower than unity (see Fig[TT), meaning that the dimensionless heat transfer
coefficient (which is the one given to PATO as boundary condition) is here actually higher than the correspondent
dimensionless mass transfer coefficien. It is worth noting how Lewis number becomes slightly higher than unity for
Hippo 2 nozzle around the throat region (see Fig[TI(b)). In this case the opposite is taking place, with char ablation
mass flux from CFD-PATO simulation underestimating the CFD one, as evident in Fig[T7(c)|

Figure [I8]shows the pyrolysis to char mass flux ratio ¢ along the nozzle at various time together with its steady-state
theoretical value. The throat region is the only one approaching the steady-state after approximately 8 and 18 seconds of
exposure for Hippo 1 and Hippo 2 nozzles, respectively. On the other hand, divergent and convergent nozzle zones
remains quite far from being at steady-state. Moreover, ¢ is somehow slower in moving towards the steady solution
in case finite-rate ablation tables are employed. In fact, while in-depth pyrolysis is almost immediately taking place
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Figure 19 Pyrolysis progress parameter fields and comparison between experimental and computed char
penetration depth for Hippo 1 and Hippo 2 motors using both equilibrium and finite-rate B’ ablation tables.

independently from the particular B tables employed in PATO (see in-depth density distributions shown in Fig[T4(c)]
and[T4(d)), char ablation at surface shows a different in-time behavior by using equilibrium or finite-rate ablation tables
(see Fig[T7).

Figure [T9]shows the comparison between the calculated and experimentally measured char penetration depth along
the nozzles. In particular, the pyrolysis progress parameter § is shown, which is defined as:

B = PP (18)
Pv = Pch

Therefore, a zero 8 value means the material density is equal to the virgin one, p,, hence no in-depth decomposition has
still taken place, while a unitary $ value means the material density is the charred one, p.j, meaning that the pyrolysis
process has been completed. Regarding the Hippo 1 nozzle (see Figs[T9(a) and [[9(b)), char penetration depth data
are in good agreement with the available experimental data, with the only exception of the divergent region, where
char penetration depth is slightly overestimated. Regarding Hippo 2 nozzle (see Figs[T9(c)|and [I9(d)), the available
experimental data shows to be quite scattered. The reason is the presence of irregular surface erosion, especially in the
throat region, which may be due to possible mechanical spallation. However, in the convergent and divergent zones,
characterized by less experimental uncertainty (i.e., no evidences of mechanical erosion), the numerical results shows
to be in very good agreement with the experimental data. This is particularly evident in the divergent, where a lot
of experimental measurements are available. Qualitatively, no differences in terms of char penetration depth can be
reported in case equilibrium or finite-rate B’ ablation tables are employed in PATO.

Lastly, Fig. 20|shows the final nozzle shapes obtained for the two Hippo nozzles under investigation using CFD-PATO
simulations employing both equilibrium and finite-rate ablation tables. These shapes have been compared with the
one previously obtained using standalone CFD simulations (see Fig[J), trying to highlight possible improvements with
respect to the available experimental data. Concerning Hippo 1 nozzle, the adoption of the CFD-PATO simulations
allows to drastically improve the agreement with the experimental data all along the nozzle in case the finite-rate ablation
tables are used. In fact, in this case the nozzle erosion transient phase is correctly taken into account. In particular, the

21



Downloaded by POLITECNICO DE MILANO on July 24, 2022 | http://arc.aiaa.org | DOI: 10.2514/6.2022-3949

8- PRI .
: T G0 e st ; 00ATO @ st
71 bttt CFD (w shape change) 201 — — — - CFD-PATO (B’ finite-rate)
] o experimental data 1 ———= CFD (w shape change)
] 17.59 [¢] experimental data
6 s
] £ ]
E O 15
< 5 L2
] © ]
2 £ 125
3 4 -
2 ] 8 0]
s o ] ]
T © ]
s 5 75 -
4 [} i .
2] = ]
1 54 ;
" 2.59 i
] ! : i
RS A e e R Ry S UMMBCCaRAr mAReSaEar SRR amansoasan-san s
axial position, m axial coordinate, cm
(a) Hippo 1. (b) Hippo 2.

Figure 20 Nozzle shape change according to CFD-PATO simulations using both equilibrium and finite-rate B’
ablation tables and according to subsequent steady-state CFD simulations and comparison with the experimental
data.

larger improvement with respect to the standalone CFD simulations has been obtained in the divergent zone, in which
nozzle erosion is quite low. On the other hand, the final nozzle shape resulting from CFD-PATO simulations employing
the equilibrium B’ table is substantially superimposed to the standalone CFD one. The reason is the lack of an actual
transient erosion phase using the equilibrium tables in PATO (see Fig[T7(a)), resulting in no improvements with respect
to the steady-state CFD. On the other hand, regarding Hippo 2 nozzle, there are no evident improvements by employing
the CFD-PATO approach with respect to the experimental data, with the only exception of the divergent region when
finite-rate ablation tables are used. In fact, the CFD-PATO simulations employing the finite-rate B’ tables are the only
one able to take into account for the extremely slow ablation mass flux increment with time in the divergent region (see
Figs[[7(b)]and[T7(d)), which seems to be confirmed from the experimental data for both Hippo 1 and Hippo 2 nozzles.
Anyway, at throat the numerical results show to be in good agreement with the experimental measurements in case of
both CFD and CFD-PATO simulations, with the overall erosion not largely varying. The reason is the longer duration
of the motor firing in case of the Hippo 2 nozzle, making the assumption of steady-state ablation more reasonable,
especially at throat. Hence, from a point of view of motor design (i.e., throat erosion prediction), steady-state CFD
simulations proved to be a reasonable approach in case of long firing duration. On the contrary, transient effects must
be carefully taken into account when throat erosion of short duration motors have to be predicted, or in case nozzle
ablation and heating in the convergent and divergent regions of the nozzle need to be analyzed.

V. Conclusion

In this work nozzle heating, pyrolysis, and shape change have been investigated for two different sub-scale Space
Shuttle solid propellant booster nozzles using both steady-state CFD and transient CFD-PATO simulations.

Nozzle heating and shape change have been firstly analyzed by using standalone steady-state CFD simulations. The
obtained results have shown how CFD is in good agreement with the available experimental data in case of a long
duration motor firing, for which the steady-state assumption appears to be reasonable. On the other hand, for a short
duration motor, CFD data overestimates surface erosion all along the nozzle length. In particular, erosion overestimation
has shown to be low at nozzle throat, increasing moving towards the convergent and divergent regions, in which transient
effects are expected to be more relevant. Regarding shape change effects on the nozzle erosion process, they have been
observed to be more emphasized in case of smaller nozzle dimensions. In this case the initial throat diameter is lower
relatively to the nozzle erosion rate, leading to stronger time variations of the area ratio in the convergent and divergent
zones, affecting more the nozzle erosion process over time.
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The assumption of unity Lewis number made in PATO, typically valid concerning re-entry applications, has been
checked for the particular propulsive test case considered looking to CFD data. The hypothesis has shown to be
extremely reasonable in the throat and divergent nozzle regions. However, in the convergent zone the Lewis number has
shown to be sensibly lower than unity, leading to possible inconsistencies in the CFD-PATO simulations. This has been
confirmed from the obtained results, with ablation mass fluxes in the convergent region higher than the steady-state
CFD one in case the equilibrium B’ tables are employed in the material response code. Hence, the relaxation of the
unitary Lewis number hypothesis in PATO can be of importance in order to correctly handle nozzle ablation and shape
change in the nozzle convergent region.

Both equilibrium and finite-rate thermochemical B’ ablation tables have been computed for the specific propulsive
application considered. Then, CFD-PATO simulations have been carried out in order to check the validity and
consistency of the derived B’ tables. The obtained results underlined how practically no transient erosion effects can be
captured along the whole nozzle if the chemical equilibrium B’ tables are used. In fact, the equilibrium B’ tables are
not able to take into account for the progressive increase of the surface reactions velocities leading to the transition
from kinetic-limited to diffusion-limited ablation regimes as wall temperature rises. On the other hand, this is taken
into account by using finite-rate B’ ablation tables. The available experimental data in terms of nozzle erosion for the
short duration motor have been overestimated by the CFD-PATO simulations using the equilibrium B’ ablation tables,
with results similar to the standalone CFD. Instead, the agreement with the experimental measurements all along the
nozzle has been largely enhanced employing the finite-rate B’ tables thanks to the correct prediction of the transient
erosion phase. In particular, an almost null erosion has been predicted in the nozzle divergent, as confirmed from the
experiments.

It is worth noting how the CFD steady-state ablative simulations carried out in this work lack in terms of material
pyrolysis and pyrolysis-boundary layer gases interaction modeling. Hence, a future development of this work will be the
inclusion of nozzle pyrolysis in the ablative CFD simulations. Moreover, the CFD-PATO simulations have been carried
out in a simplified manner, using a single CFD simulation and without an effective tight coupling between the two codes.
Therefore, a future development of this work will be the establishment of a more accurate coupling strategy, allowing
for the exchange of different parameters, such as nozzle shape, pyrolysis ablation mass flux, and conductive heat flux
distributions, between the two codes. In this way, shape change, transient heating and pyrolysis effects can be more
rigorously taken into account.
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