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Abstract

In this paper, the thermal response of orthotropic carbon—carbon is studied. In the first step, non-charring materials ablation
is implemented into a finite volume solver. Carbon—carbon ablative thermal behavior is studied under a time-dependent heat
flux. The equilibrium surface thermochemistry model of carbon ablation in air including the diffusion and sublimation along
with energy source term, heated wall recession and material properties are all applied in FLUENT 6.3 solver via user-defined
functions. Stagnation point temperature, recession and net heat flux for the isotropic case are compared with the published
one-dimensional finite difference results. Subsequently, the effects of orthotropic conductivity of the material on surface
temperature, ablation mass flux, recession rate of the heated wall and the temperature distribution through the material are
described. Results indicate that higher surface temperature and ablation mass flux as well as lower interior temperatures are
achieved by the orthotropic material response, compared to the isotropic one. The same conclusion can be made by increasing
the ratio of “in-plane” to “through-the-thickness” conductivities. In brief, this work presents a methodology for modeling
two- and three-dimensional non-charring material ablation within FLUENT solver to study the thermal response of an
anisotropic ablator, sharp geometries and metal-insulator interface where a classic one-dimensional approach is inaccurate.

Keywords Non-charring - Carbon ablation - Orthotropic thermal conductivity - Multidimensional modeling - EST
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levels of mechanical stress during atmospheric entry. Throat
part of the solid rocket nozzles is also subjected to severe
temperature gradients which may cause structural failure.
Therefore, it is essential to apply engineering techniques to
protect structures from high heat loads. Among the various
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existing approaches, carbon-based ablative heat shields are
of the most favorite materials used to minimize the heat con-
ducted into the body. The mass removal from the heated
surface during ablation process leads to the energy rejec-
tion into the boundary layer and in consequence lower wall
heating. This phenomenon may take place by phase change,
chemical erosion, oxidation and mechanical removal mecha-
nisms. Comparing charring and non-charring carbon-based
materials, the latter are less effective in heat flux reduction to
substructures because of their higher thermal conductivity.
Nevertheless, they are commonly used in regions subjected
to large shear stresses and pressure gradients because of their
higher density in comparison with charring heat shields.
Designing an efficient thermal protection system (TPS) is
always of great concern to aerospace engineers. For this
reason, vast numerical and experimental studies have been
carried out over the ablative materials. Mastanaiah [1] cor-
related the theoretical analysis with the experimental data
obtained for surface recession, char depth and temperatures
in silica phenolic and carbon phenolic ablators from static
test conducted on rocket nozzles and found a strong depend-
ence of effective thermal conductivity of char on the wall
heat flux. Blackwell [2] adapted the exponential differenc-
ing scheme of Spalding to solve one-dimensional ablation
problems by using a grid attached to the receding surface
using the finite volume approach. Detailed description of
one-dimensional thermal response of carbon—carbon and
carbon—phenolic materials using finite difference technique,
and heat balance integral methods are described in [3, 4]. A
quasi-one-dimensional ablation analysis for a sharp-nosed,
reusable, reentry vehicle using an in-house code with the
aero-thermodynamic results computed by FLUENT 6.2 was
conducted by Candane et al. [5]. Chen et al. [6, 7] presented
an integral thermal pyrolysis model for the transient pyroly-
sis of charring and non-charring materials. They also sug-
gested a methodology for deriving material pyrolysis prop-
erties and validated it by utilizing three charring materials.
An improved lumped differential approach for ablative ther-
mal protection analysis including the use of materials with
low thermal diffusivity was proposed by Ruperti et al. [8].
Amar [9] developed and verified a one-dimensional finite
volume code to calculate ablation response with porous flow.
Candane et al. [10] conducted a coupling between the heat
flux of a hypersonic laminar flow solver with an ablation
quasi-one-dimensional code for spherical and cylindrical
geometries. The governing differential equations for abla-
tive thermal response in three dimensions using the finite
element method employing Darcy law to model the flow
of pyrolysis gas were solved by Dec [11]. Arnas et al. [12]
described the problem of aerodynamic heat transfer in a
complete analytical form for better understanding and cor-
rect use in the design of TPS. An analytical solution of the
ablation of a two-layer composite is found in [13], which
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includes an ablative layer and a non-ablative substrate, sub-
jected to a Gaussian heat flux. Ewing et al. [14] developed a
numerical method for solving one-dimensional ablation heat
transfer problems with control volume technique. A material
response code coupled with surface ablation and pyrolysis
to a hypersonic solver for weakly ionized flows in thermo-
chemical non-equilibrium was presented by Martin, Boyd
[15]. They proposed a blowing boundary condition for the
flow field solver which allows the ablating gas calculated by
the material response code to be correctly injected into the
boundary layer. Chen et al. [16] performed transient simula-
tions to predict in-depth thermal response and surface reces-
sion of phenolic-impregnated carbon ablator (PICA) using
a finite volume material response code using CEA results
to account for the ablation process. A physical and math-
ematical model for a diffusion-controlled Stefan problem
with finite rate chemical reaction at moving boundary for a
graphite heat shield plate withstanding aerodynamic heating
was proposed by Qu et al. [17]. The transient regime behav-
ior of a three-dimensional carbon—carbon composite, where
the response of surface roughness evolution and the effective
reactivity were computed, was investigated by Lachaud et al.
[18]. A thermochemical ablation model of carbon—carbon
composite, based on the lattice Boltzmann method consid-
ering the flow, diffusion, chemical reaction, heat transfer
and the evolution of solid phase, was established by Wang,
Zhu [19]. Zong et al. [20] experimentally investigated the
pyrolysis of non-charring acrylonitrile butadiene styrene
(ABS) in a reduced pressure chamber under different exter-
nal heat fluxes. A one-dimensional numerical model was
developed to predict the top surface and the bottom surface
temperatures of ABS during the pyrolysis. Wang et al. [21]
developed a transient, one-dimensional numerical model to
describe the processes of transpiration cooling and ablation
of the porous matrix used for the cooling. The model was
based on the assumption of local thermal equilibrium. Qian
et al. [22] proposed a heat flux estimation algorithm using
the conjugate gradient optimization method and utilized
one-dimensional finite control volume method to validate
the effectiveness of the algorithm.

Although a significant amount of research has been done
on the numerical study of the ablation process, as briefly
described in the literature, most of it considers a one-dimen-
sional approach to deal with the ablation phenomenon which
limits the application in industrial problems. Sharp geome-
tries such as the leading edge of a fin, high temperature flows
with a nonzero angle of attack over a blunt body, orthotropic
or anisotropic materials heat conduction and the conduction
through an interface between ablative and metallic materi-
als are all the examples where the physics of the problem
violates from one-dimensional assumption, and the predic-
tions based on this hypothesis are unreliable. In this work,
multidimensional investigation of non-charring ablative
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materials is provided. Implementation of carbon—carbon
material thermal behavior in FLUENT 6.3 is performed.
The EST model of carbon ablation in air including the dif-
fusion and sublimation, the energy equation source term,
temperature-dependent boundary condition, temperature-
dependent material properties and the heated wall recession
are all considered in modeling via user-defined functions
(UDF) written in C programming language. Code-to-code
validation is performed with the published results of one-
dimensional finite difference and hybrid balance integral
(HBI) methods at stagnation point. Subsequently, the effects
of orthotropic conductivity on thermal response of the abla-
tor are discussed. Within the framework of a fast multidi-
mensional ablation solver, it is possible to investigate the
thermal behavior of an arbitrary geometry such as leading
edges or anisotropic materials, where a one-dimensional
material response approximation fails. This capability also
provides temperature field distribution which can be used
further to compute the thermal stresses in the material via
multiphysics simulations.

2 Governing Equations

Considering the assumption of thermal equilibrium at the
heated surface of a two-dimensional non-charring ablator,
the energy equation in solid material including the effects of
material anisotropy leads to a single energy equation:
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The surface energy balance equation yields to the fol-
lowing preferred form for non-charring ablator. Sorting this
equation results in the amount of conductive heat transfer at
the heated surface.

QConv - Qr - Qab - QCond =0 (2)

Under a unity Lewis number assumption, convective
heat flux becomes proportional to the difference between
the recovery and heated wall enthalpies as follows:

Geony = &n(hy = hy,) 3)

The parameter, g, is the heat transfer coefficient in the
presence of ablation and is correlated with blowing factor
and erosion effect and is given by:

8h = 8ho " Polow * Phal “4)

The effects of surface reactions of carbon injected into
the boundary layer are taken into account via blowing factor
(@piow < 1) and are defined by:

aB,

exp(aBy) —1 ®)

Polow =

where a is the blowing coefficient and varies generally with
injected gas species and flow conditions such as stagnation
point, laminar or turbulent regime of flow and Mach num-
ber. Here, it is assumed to be equal to 1.5 for carbon—carbon
based on Putz, Bartlett [23].

The ratio between ablation mass flux and convective
heat transfer coefficient in the absence of surface ablation is
denoted by By, as follows:

(6)

For the sake of simplicity, a unity value is employed for
the heating augmentation level (¢, > 1) throughout this
study.

The net heat flux radiated from heated surface to the sur-
rounding environment is given by:

_— 4 4
4. = 6G(Tw - Tref) @)
where € denotes the carbon—carbon emissivity factor and is

set t0 0.9. T, is assumed to be equal to 300 K in this paper.
The ablative heat flux is formulated as follows:

qab = mab (hw - hu) ()
In Eq. [8], A, and ri1,, are calculated using the EST abla-
tion model, and A, is defined by:

T,
h, = / ¢, dT )
T,

ref

2.1 The EST Ablation Model

High temperatures and pressures within the boundary layer
flow cause the chemical reactions between surface carbon
and fluid dissociated components to be very fast and preva-
lent. This is a standard assumption in high temperature flows
called chemical equilibrium. Figure 1 shows calculations
for carbon ablation in air for two normalized freestream
pressures. These graphs can be generated by both standard
EST codes such as CEA or computational fluid dynamics
(CFD) simulations of a reacting mixture. At temperatures
between 1000 and 1500 K, finite rate oxidation reactions of
carbonaceous materials take place. At 1500 to 3000 Kelvin,
a plateau is observed in Fig. 1b due to the consumption of
oxygen in the heterogeneous wall reactions, producing car-
bon monoxide. This is an exothermic reaction that lowers the
wall enthalpy. At higher temperatures, the mass loss due to
vaporization exceeds the diffusion-controlled oxidation mass
loss rate. A sharp rise occurs in both graphs, expressing the
occurrence of carbon sublimation and carbon—nitrogen for-
mation which are endothermic in the overall energy change.

A kinetics expression for rate-controlled ablation, iy, can
be combined with the above equilibrium calculations via
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Fig. 1 EST ablation model of carbonaceous materials at two normalized pressures. a Wall enthalpy; b normalized ablation rate

Scala’s second-order transition scheme to produce a general
ablation rate which is as follows:

11,1
W, (4o

where 71, is the rate-controlled oxidation of carbonaceous
materials and is defined by:

. 0.5
g = ag (X, P*)"" exp |- Eg / RT,| an
and rir, is the equilibrium mass flux and is given by:

meq = 8no d)blow,eq (12)

In Eq. [11], X, is the mole fraction of oxygen in air
(0.21), where ag, Eg and R are reaction constants. For the
sake of brevity, curve fittings of carbon—air EST calculation,
introduced in [3], are not mentioned here and are all imple-
mented in the solver.

2.2 Wall Recession and Grid Motion

Carbonaceous materials on the heated surface have recession
due to the oxidation and sublimation in air. The amount of
recession rate is computed as follows:

. mb
Sy = E (13)

where p,, is the heated wall density and is considered
1900 kg/m? throughout this study.

3 Numerical Settings

A S-centimeter semicircle nose is subjected to time-depend-
ent flow conditions. The energy equation is solved with sec-
ond-order upwind, and Green—Gauss cell-based gradient
is utilized for spatial discretization. For time integration, a

J @ Springer

second-order implicit transient formulation is applied with a
time step size of 0.005 s. Thermal conductivity and specific
heat of carbon—carbon material are assumed as linear and
polynomial functions of the temperature, respectively. Due
to the problem symmetry, a quarter of the circle is consid-
ered for simulation including arc line as the heated surface,
the right side as the adiabatic wall and the bottom side as
the symmetry line. Gambit, a preprocessor for FLUENT,
is utilized to mesh the solid domain using triangular ele-
ments, refined close to the heated surface. Two grids are
shown in Fig. 2. The left domain, called “base grid” in this
study, contains 60 grid points along right and bottom sides
of the domain and 100 points along the heated surface with
16,000 grid points. The right domain, called “fine grid,”
includes 100 x 110x200 grid points along the boundaries,
respectively, with an overall 26,000 grid points used for grid
sensitivity study. The convergence criterion is set to 1078 for
energy equation residual [24].

The heated wall is subjected to a time-dependent heat
flux based on cold wall where there is no ablation. An engi-
neering correlation for stagnation point cold wall heating
rate is adopted, i.e., g., = 0.05 (,om/Rn)O'5 s u? . Time
history of freestream density and velocity are p, = 1.75¢*
and u_, = 6000e~'%" where " = ¢"39/22 as shown in
Fig. 3a, b. The recovery enthalpy is also assumed as the
total enthalpy for the stagnation point, i.e., h, = uzo /2. The
freestream density rises by time which causes the stagnation
point heat flux to increase. At t = 25th s, the maximum of
stagnation cold wall heat flux is produced. Afterward, a dec-
rement is observed in cold wall heat flux because of a signifi-
cant decline in reentry vehicle (RV) velocity. A Newtonian
blunt body assumption is regarded for pressure distribution,
while cold wall heat flux and recovery enthalpy profiles are
adopted to have cosine distribution over the arc, as shown
in Fig. 3d. It is noteworthy that the employed cold wall heat
flux used in this study can be easily replaced with the results
of CFD simulations to account for real gas effects at cold
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Fig.3 Time histories of heated wall imposed conditions: a reentry velocity; b freestream density; ¢ stagnation cold wall heat flux; d heat flux

distribution over the heated wall

wall temperature. This is an alternative for highly coupled
reacting flow field computations with one-dimensional ther-
mal response codes conducted by some researchers which
are time-consuming and have limited range of application
along with convergence problems.

Different dynamic mesh techniques are available in
FLUENT including layering [25], sliding [26], smooth-
ing and remeshing [27]. In the current study, spring-based

smoothing method is utilized in order to account for the grid
motion caused by the heated wall recession. In this approach,
the edges between any two mesh nodes are idealized as a
network of interconnected springs. The initial spacing of the
edges before any boundary motion constitutes the equilib-
rium state of the mesh. A displacement at a given boundary
node will generate a force proportional to the displacement
along all the springs connected to the node. The force on

@ Springer
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a mesh node can be computed using the Hook’s law [28].
Due to the small size of initial cells and the accumulation
of deformation of ablative materials, a remeshing technique
is also applied in order to avoid the occurrence of negative
volumes, and consequently solution divergence. The reces-
sion of the heated wall cells is computed at each time step
and is considered at normal direction of each cell.

4 Results and Discussions
4.1 The Isotropic Conductivity

In this section, the results of the implemented codes in the
solver for isotropic conductivity are presented. Time history
of stagnation point temperature response of current finite
volume (F.V) analysis is compared with the available finite
difference and HBI investigations in Fig. 4. The tempera-
ture gradually increases by time evolution up to t=10th s
which is consistent with gentle rise of the cold wall heat flux

in Fig. 3c. Thereupon, the stagnation temperature response
surges due to a sharp increase in the cold wall heat flux.
As expected, the maximum temperature is computed at the
relevant time of maximum cold wall heat flux and is in a
good agreement with finite difference solutions. Moreo-
ver, the amount of temperature computed by current two-
dimensional approach seems to be less than one-dimensional
finite difference results up to t = 18th s. Besides, the amount
of the maximum temperatures exceeds the diffusion phase
of the ablation process of carbonaceous materials, accord-
ing to Fig. 1 and falls in the sublimation region. Therefore,
the formations of C; and CN are taken into account in this
simulation.

Figure 5 illustrates the net heat flux imposed on the heated
surface at the stagnation point. This flux is the summation of
radiation, ablation and convection heat fluxes. The results of
current F.V at the stagnation point agree well with the trend
of finite difference computations. The HBI predictions, how-
ever, are in accordance with the outcomes of other methods
up to t=15th s. After this moment, discrepancy gets higher
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with a shift in time of the maximum value of the net flux.
It is worth noting that at the final second of simulation, the
value of the net heat flux becomes slightly negative in both
current F.V study and the published finite difference out-
comes in contrast to HBI predictions where this parameter
must stay positive because of HBI formulation [4]. At this
moment, the velocity of RV and consequently the recovery
enthalpy are greatly reduced. The wall enthalpy, on the other
hand, intensifies due to high amount of surface temperature,
according to Fig. 1b. Thus, the difference between the recov-
ery and wall enthalpies becomes negative which leads to
negative values for the net flux, according to Eq. [3].
Figure 6 depicts time histories of convection, radiation
and ablation heat fluxes averaged over the heated surface.
Similarly, the final amounts of mean convection heat flux
have become negative. Radiation heat flux behavior fol-
lows the wall temperature and achieves the maximum value
when the wall temperature reaches the maximum magnitude.
Therefore, the mean net heat flux also reaches negative val-
ues at the final seconds of simulation. It can be also seen

that the mean net heat flux maximizes sooner than the mean
convection one, both earlier than the mean radiation coun-
terpart. Up to r=17"s, radiation flux is negligible compared
to the convection, due to relatively low wall temperature
which causes the net heat flux to be equal to the convection
counterpart.

The variation of the averaged ablation heat flux over
the heated surface is depicted in Fig. 7. Up to r=17th s,
the magnitude of wall temperature is about 1100 K and
no surface reaction occurs. Thus, the mean ablation heat
flux is almost zero. As the heated wall becomes hotter,
the oxidation of carbonaceous surface starts with subli-
mation process to produce CO causing the wall enthalpy
at the gas side,h,,, to decline between ¢=15th s to t=17th
s. Afterward, h,, rises due to CN and C; formation up
to t =26s, and then decreases following the surface
temperature decline. However, the wall enthalpy at the
underside,/,, follows the surface temperature curve and
is calculated according to Eq. [9]. The difference between
these two enthalpies becomes negative expressing that
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Fig. 9 Contour of the temperature field at 7=30th s

the carbon—carbon ablation heat flux slightly increases
the net heat flux imposed to the heated wall. Neverthe-
less, ablation process generally reduces convection and
the net heat flux via blowing the ablation products into
the boundary layer.

Heated wall recession history at the stagnation point is
shown in Fig. 8 and is compared with the finite difference
results of the literature. As the ablation process starts, the
heated surface recesses and its instantaneous magnitude is
accumulated up to the final second, where almost 3 mm
of the stagnation point is ablated and removed. This may
lead to a non-negligible shape change of the stagnation
point radius.

In Fig. 9, the contour of the temperature field of the
recessed domain is revealed at the end of the simulation.
Higher temperature is observed at areas near the stag-
nation point due to the greater amount of imposed heat
flux. Two arrows can be seen in this figure indicating the
initial and final arc positions. The surface ablation and

@ Springer

Time (s)

wall recession effects are evident. It is obvious that the
amounts of ablation and surface removal are also greater
near the stagnation point.

4.2 Grid Size and Time Step Studies

In Fig. 10, the results of stagnation point temperature
and ablation mass flux are illustrated for two different
grid size and time step in order to assure the independ-
ency of the simulation results. Figure 10a, b demonstrates
the temperature and ablation mass flux for the base and
fine grids. The comparison of the temperature and abla-
tion mass for two integration time steps, i.e., 5 x 10~ and
2.5% 1073 s is also shown in Fig. 10c, d. All these four
graphs present almost identical results declaring both grid
and time step insensitivity of the numerical solutions.

4.3 The Orthotropic Conductivity

Having validated the accuracy of the developed codes to
simulate the ablation process, an investigation is conducted
to study the thermal response behavior of the orthotropic
conductivity in carbon—carbon in the following part. This
can be considered as an application for multidimensional
analysis of the ablation. The thermal conductivity tensor for
an orthotropic material is defined by:

— kTTT 0

Each component of this matrix is relevant to a princi-
pal orthogonal direction. Here, the material is assumed
to be orthogonal. Considering the numerical domain in
polar coordinate system, the radial direction is regarded
as the “through-the-thickness” direction and the tangen-
tial plane is “in-plane” orientation. FLUENT computes
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the anisotropic conductivity matrix at each cell using the
rotation matrix if these two conductivities along with
the center of polar coordinate system are defined. The
calculation is based on the location of each cell in the
cylindrical coordinate system specified, as described in
[28]. A parameter is defined as the ratio of the in-plane to
through-the-thickness conductivities, i.e., C.R = kip /krrr-
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Simulations are carried out for two C.R values, and the
results are compared with the isotropic case. In ortho-
tropic simulations, the in-plane conductivity is kept the
same as the isotropic case and the through-the-thickness
conductivity is decreased. In Fig. 11, the stagnation point
temperature predictions for two C.R values compared with
the isotropic case are presented. Increasing the C.R value
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is equivalent to a decrease in k. Consequently, heat dif-
fusivity in through-the thickness decreases which means
lower heat conduction to backup structure. This leads to
higher surface temperature in comparison with the iso-
tropic case. However, this effect will become negligible as
the stagnation temperature tends to 4000 K where the heat
diffusion increases and the time lag in thermal response
vanishes at the stagnation point.

Time variations of the stagnation point ablation mass
flux for two orthotropic conductivities are compared with
the isotropic case and shown in Fig. 12. Ablation process
starts earlier along with higher maximum values as the
amount of C.R increases due to the higher temperature rise
caused by the lower heat diffusion in through-the-thickness
direction. Nevertheless, the ablation mass flux is obtained
identical for three case studies due to the similar tempera-
ture values at the final seconds of simulation.

Orthotropic conductivity influence on the stagna-
tion convection heat flux is shown in Fig. 13. Based on
Fig. 12, higher amount of ablation mass flux is obtained
as the value of C.R increases. This injected gas into the

hot boundary layer imposes lower blowing factor which
leads to a reduction in the convection heat flux, according
to Eq. [4].

The influence of orthotropic conductivity on the net heat
flux imposed on the heated surface is illustrated in Fig. 14.
On the one hand, higher temperature and radiation heat
flux are obtained by increasing the C.R value, according
to Fig. 11. On the other hand, lower convection heat flux
is achieved as the C.R value increases, based on Fig. 13.
Although the magnitude of ablation heat flux increases by
C.R increment as in Fig. 12 and it adds heat flux to the sur-
face, the effects of convection heat flux reduction and radia-
tion heat flux rise dominate the ablation heat flux impact.
This yields an overall great decline in the net heat flux. In
addition, the peak region of the graph becomes flatter as the
value of C.R increases.

Eventually, the temperature field at different instances of
time is illustrated for the isotropic and two orthotropic cases
in Fig. 15. At each instant, there are higher temperatures
near the heated surface and lower temperature toward the
center of the circle as the C.R value increases. This is due to

Fig. 12 Effect of C.R on the 0.9 T
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Fig. 15 Effect of C.R on the temperature field at various instances of time

modest amount of heat diffused to the interior region of the
computational domain. In other words, less heat flux con-
ducts through-the-thickness and more diffuses through the
“in-plane” direction, keeping the core region of the circle at
lower temperatures. Comparing the contours of temperature
at t=30th s for different C.R values, it is seen that an elonga-
tion of high-temperature zone in the azimuthal direction is
generated near the heated surface.
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In the first part of this study, the methodology of accu-
rate multidimensional modeling of non-charring ablative
materials in the commercial solver, FLUENT 6.3, was pre-
sented. Non-dimensional ablation mass flux, hot wall tem-
perature and pressure-dependent behavior obtained from
EST calculations along with the heated wall grid motion

t=20" s

5 Conclusion
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were considered in the analysis via UDFs. A two-dimen-
sional carbon—carbon isotropic material case study was
thoroughly investigated, and the response of the stagnation
point was compared with the one-dimensional finite differ-
ence and HBI results, and verified the developed codes and
methodology. In the second part, the impacts of the ortho-
tropic conductivity on thermal response of carbon—carbon
were reported as well. Higher surface temperature, abla-
tion mass flux and wall recession were achieved in the
orthotropic case. Also, lower heat conducted toward the
internal layers, and thus lower core region temperature
was obtained by applying the orthotropic carbon—carbon
material. These results were also acquired by increasing
the “in-plane” to “through-the-thickness” conductivi-
ties ratio. In conclusion, this type of ablation modeling
provides a fast multidimensional tool for thermal studies
of non-charring heat shields in those applications where
a one-dimensional finite difference approach is not able
to accurately predict the thermal response such as sharp
geometries or anisotropic materials. Moreover, the cold
wall heat flux can be imported from CFD solutions of the
flow field without direct coupling and possible numerical
challenges. The computed temperature field can also be
coupled with a structural solver to calculate the thermal
stress for further multiphysics considerations.
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