QGPIM/) Designation: E458 - 08 (Reapproved 2015)
1L

tion of both the material and the environment to which it is

—y|!
INTERNATIONAL
Standard Test Method for
<1
Heat of Ablation
This standard is issued under the fixed designation E458; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (&) indicates an editorial change since the last revision or reapproval.
This standard has been approved for use by agencies of the U.S. Department of Defense.
1. Scope

1.1 This test method covers determination of the heat of
ablation of materials subjected to thermal environments requir-
ing the use of ablation as an energy dissipation process. Three
concepts of the parameter are described and defined: cold wall,
effective, and thermochemical heat of ablation.

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:*

E285 Test Method for Oxyacetylene Ablation Testing of
Thermal Insulation Materials

E422 Test Method for Measuring Heat Flux Using a Water-
Cooled Calorimeter

E457 Test Method for Measuring Heat-Transfer Rate Using
a Thermal Capacitance (Slug) Calorimeter

E459 Test Method for Measuring Heat Transfer Rate Using
a Thin-Skin Calorimeter

E511 Test Method for Measuring Heat Flux Using a Copper-
Constantan Circular Foil, Heat-Flux Transducer

E617 Specification for Laboratory Weights and Precision
Mass Standards

3. Terminology

3.1 Descriptions of Terms Specific to This Standard:

3.1.1 heat of ablation—a parameter that indicates the ability
of a material to provide heat protection when used as a
sacrificial thermal protection device. The parameter is a func-
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Subcommittee E21.08 on Thermal Protection.
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subjected. In general, it is defined as the incident heat dissi-
pated by the ablative material per unit of mass removed, or

*=gqlm (1)
where:
o* = heat of ablation, kJ/kg,
q = incident heat transfer rate, kW/m?, and
m = total mass transfer rate, kg/m?s.

3.1.2 The heat of ablation may be represented in three
different ways depending on the investigator’s requirements:

3.1.3 cold-wall heat of ablation—The most commonly and
easily determined value is the cold-wall heat of ablation, and is
defined as the incident cold-wall heat dissipated per unit mass
of material ablated, as follows:

where:

Q*,., = cold-wall heat of ablation, kJ/kg,

q., = heat transfer rate from the test environment to a cold
wall, kW/m?, and

m = total mass transfer rate, kg/mz-s.

The temperature of the cold-wall reference for the cold-wall
heat transfer rate is usually considered to be room temperature
or close enough such that the hot-wall correction given in Eq
8 is less than 5 % of the cold-wall heat transfer rate.

3.1.4 effective heat of ablation—The effective heat of abla-
tion is defined as the incident hot-wall heat dissipated per unit
mass ablated, as follows:

0% 5= qu/m (3)
where:
Q*eﬁ = effective heat of ablation, kJ/kg,
qn, = heat transfer rate from the test environment to a
nonablating wall at the surface temperature of the
material under test, kW/m?, and
m = total mass transfer rate, kg/mz-s.

3.1.5 thermochemical heat of ablation—The derivation of
the thermochemical heat of ablation originated with the
simplistic surface energy equation employed in the early 60s to
describe the effects of surface ablation, that is:

Die ~ Dor = Deonat DT Dviock 4
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where:
q,r = energy re-radiated from the heated surface, KkW/m?2,
q.onq = net energy conducted into the solid during steady-

state ablation = mc(T,, — T,), kW/m’,
quy = energy absorbed by surface ablation which, in
simple terms, can be represented by mA H,, kW/m?,

Qpioer = energy dissipated (blockage) by transpiration of
ablation products into the boundary layer, which, in
simple terms, can be represented by mm(h, —h,,),
kW/m?,

T, = absolute surface temperature of ablating material, K,

c, = specific heat at constant pressure of ablating
material, kJ/kg-K,

T, = initial surface temperature of ablating material, K,

AH, = an effective heat of vaporization, kJ/kg,

n = a transpiration coefficient,

h, = gas recovery enthalpy, kJ/kg, and

h,, = the wall enthalpy, kl/kg.

Using the definitions above, Eq 4 can be rewritten as:
Qo= 40 = mcp(Tw — TU)+mAHV+mn(hr — hw) (5)

where it should be apparent that the definition of the ther-
mochemical heat of ablation is obtained by dividing Eq 4 by
m, where it is understood that m is a steady-state ablation
rate. The result is:

Q*rr = (qhw -

As seen from Eq 6, definition of the thermochemical heat
of ablation requires an ability to measure the cold-wall heat
flux, an ability to define the recovery enthalpy, an ability to
measure the surface temperature, knowledge of the total
hemispherical emittance (at the temperature and state of the
ablating surface), and the ability to determine the steady-
state mass loss rate. Assuming these parameters can be mea-
sured (or estimated), the right hand side of Eq 6 implies that
the thermochemical heat of ablation is a linear function of
the enthalpy difference across the boundary layer, that is,
(h,— h,,). Consequently, a plot of Q*,. (determined from sev-
eral tests at different conditions) versus (h,.— h,,) should
allow a linear fit of the data where the slope of the fit is in-
terpreted as 1, the transpiration coefficient, and the
y-intercept is interpreted as c¢,A T + AH,. If the specific heat
of the material is known, the curve fit allows the effective
heat of vaporization to be empirically derived.

3.2 The three heat of ablation values described in 3.1.2
require two basic determinations: the heat transfer rate and the
mass transfer rate. These two quantities then assume various
forms depending on the particular heat of ablation value being
determined.

q,)im=c,(T, = T)+AH +n(h,~h,) (6)

4. Significance and Use

4.1 General—The heat of ablation provides a measure of the
ability of a material to serve as a heat protection element in a
severe thermal environment. The parameter is a function of
both the material and the environment to which it is subjected.
It is therefore required that laboratory measurements of heat of
ablation simulate the service environment as closely as pos-
sible. Some of the parameters affecting the heat of ablation are

pressure, gas composition, heat transfer rate, mode of heat
transfer, and gas enthalpy. As laboratory duplication of all
parameters is usually difficult, the user of the data should
consider the differences between the service and the test
environments. Screening tests of various materials under simu-
lated use conditions may be quite valuable even if all the
service environmental parameters are not available. These tests
are useful in material selection studies, materials development
work, and many other areas.

4.2 Steady-State Conditions—The nature of the definition of
heat of ablation requires steady-state conditions. Variances
from steady-state may be required in certain circumstances;
however, it must be realized that transient phenomena make the
values obtained functions of the test duration and therefore
make material comparisons difficult.

4.2.1 Temperature Requirements—In a steady-state
condition, the temperature propagation into the material will
move at the same velocity as the gas-ablation surface interface.
A constant distance is maintained between the ablation surface
and the isotherm representing the temperature front. Under
steady-state ablation the mass loss and length change are
linearly related.

mt=p 8, +(p, = p.)3, )
where:
t = test time, s,
p, = virgin material density, kg/m>,
8, = change in length or ablation depth, m,

p. = char density, kg/m3, and
8, = char depth, m.

This relationship may be used to verify the existence of
steady-state ablation in the tests of charring ablators.

4.2.2 Exposure Time Requirements—The exposure time re-
quired to achieve steady-state may be determined experimen-
tally by the use of multiple models by plotting the total mass
loss as a function of the exposure time. The point at which the
curve departs significantly from linearity is the minimum
exposure time required for steady-state ablation to be estab-
lished. Cases exist, however, in the area of very high heating
rates and high shear where this type of test for steady-state may
not be possible.

5. Determination of Heat Transfer Rate

5.1 Cold-Wall Heat Transfer Rate:

5.1.1 Determine the cold-wall heat transfer rate to a speci-
men by using a calorimeter. These instruments are available
commercially in several different types, some of which can be
readily fabricated by the investigator. Selection of a specific
type is based on the test configuration and the methods used,
and should take into consideration such parameters as instru-
ment response time, test duration, and heat transfer rate (13).

5.1.1.1 The calorimeters discussed in 5.1.1 measure a “cold-
wall” heat transfer rate because the calorimeter surface tem-
perature is much less than the ablation temperature. The value
thus obtained is used directly in computing the cold-wall heat
of ablation.

3 The boldface numbers in parentheses refer to the references listed at the end of
the standard.
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5.1.2 Install the calorimeter in a calorimeter body that
duplicates the test model in size and configuration. This is done
in order to eliminate geometric parameters from the heat
transfer rate measurement and to ensure that the quantity
measured is representative of the heat transfer rate to the test
model. If the particular test run does not allow an independent
heat transfer rate measurement, as in some nozzle liner and
pipe flow tests, mount the calorimeter as near as possible to the
location of the mass-loss measurements. Take care to ensure
that the nonablating calorimeter does not affect the flow over
the area under test. In axisymmetric flow fields, measurements
of mass loss and heat transfer rate in the same plane, yet
diametrically opposed, should be valid.

5.2 Computation of Effective and Thermochemical Heats of
Ablation:

5.2.1 In order to compute the effective and thermochemical
heats of ablation, correct the cold-wall heat transfer rate for the
effect of the temperature difference on the heat transfer. This
correction factor is a function of the ratio of the enthalpy
potentials across the boundary layer for the hot and cold wall
as follows:

Dl G = [ = 1y, )1 (R, = D) (8)
where:
h, = gas recovery enthalpy at the boundary layer edge,
kJ/kg,
h,, = gas enthalpy at the surface temperature of the test
model, kJ/kg, and
h., = gas enthalpy at a cold wall, kJ/kg.

5.2.2 This correction is based upon laminar flow in air and
subject to the restrictions imposed in Ref (2). Additional
corrections may be required regarding the effect of temperature
on the transport properties of the test gas. The form and use of
these corrections should be determined by the investigator for
each individual situation.

5.3 Gas Enthalpy Determination:

5.3.1 The enthalpy at the boundary layer edge may be
determined in several ways: energy balance, enthalpy probe,
spectroscopy, etc. Details of the methods may be found
elsewhere (3-6). Take care to evaluate the radial variation of
enthalpy in the nozzle. Also, in low-density flows, consider the
effect of nonequilibrium on the evaluation. Determination of
the gas enthalpy at the ablator surface and the calorimeter
surface requires pressure and surface temperature measure-
ments. The hot-wall temperatures are generally measured by
optical methods such as pyrometers, radiometers, etc. Other
methods such as infrared spectrometers and monochromators
have been used (7,8). Effects of the optical properties of the
boundary layer of an ablating surface make accurate determi-
nations of surface temperature difficult.

5.3.2 Determine the wall enthalpy from the assumed state of
the gas flow (equilibrium, frozen, or nonequilibrium), if the
pressure and the wall temperature are known. It is further
assumed that the wall enthalpy is the enthalpy of the freestream
gas, without ablation products, at the wall temperature. Make
the wall static pressure measurements with an ordinary pitot
arrangement designed for the flow regime of interest and by
using the appropriate transducers.

5.4 Reradiation Correction:

5.4.1 Calculate the heat transfer rate due to reradiation from
the surface of the ablating material from the following equa-
tion:

q, =o€l * 9)
where:
o = Stefan-Boltzmann constant, and,
¢ = thermal emittance of the ablating surface.

5.4.2 Eq 9 assumes radiation through a transparent medium
to a blackbody at absolute zero. Consider the validity of this
assumption for each case and if the optical properties of the
boundary layer are known and are deemed significant, or the
absolute zero blackbody sink assumption is violated, consider
these effects in the use of Eq 9.

5.5 Mechanical Removal Correction:

5.5.1 Determine the heat transfer rate due to the mechanical
removal of material from the ablating surface from the mass-
loss rate due to mechanical processes and the enthalpy of the
material removed as follows:

Dnech = Mopecil (10)

5.5.2 Approximate the enthalpy of the material removed by
the product of the specific heat of the mechanically removed
material, and the surface temperature (9-13).

6. Determination of Mass Transfer Rate

6.1 The determination of the heat of ablation requires the
measurement of the mass transfer rate of the material under
test. This may be accomplished in several ways depending on
the type of material under test. The heat of ablation value can
be affected by the choice of method.

6.1.1 Ablation Depth Method:

6.1.1.1 The simplest method of measurement of mass-loss
rate is the change in length or ablation depth. Make a pretest
and post-test measurement of the length and calculate the
mass-loss rate from the following relationship:

m=p,(8,/1) (11)

6.1.1.2 Determine the change in length with the time of a
model under test, by using motion picture techniques. Note that
observation of the front surface alone does not, however, verify
the existence of steady state ablation. Take care, however, to
provide appropriate reference marks for measuring the length
change from the film. Timing marks on the film are also
required to accurately determine the time parameter. Avoid
using framing speed as a reference, as it generally does not
provide the required accuracy.

6.1.1.3 Use the length change measurement of mass-loss
rate for non-charring ablators, subliming materials, or with
charring ablators under steady state ablation conditions (see
Section 4) and only with materials that do not swell or grow in
length.

6.1.2 Direct Weighing Method:

6.1.2.1 A second method of determining mass transfer rate
is by the use of a pretest and post-test mass measurement. This
procedure yields the mass transfer rate directly. A disadvantage
of this method is that the mass transfer rate obtained is
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averaged over the entire test model heated area. The heat
transfer rate is generally varying over the surface and therefore
leads to errors in heat of ablation. The mass transfer rate is also
averaged over the insertion period which includes the early part
of the period when the ablation process is transient and after
the specimen has been removed where some mass loss occurs.
The experimenter should be guided by Section 4.1 in deter-
mining the magnitude of these effects.

6.1.2.2 In cases where the mass loss is low, the errors
incurred in mass loss measurements could become large. It is
therefore recommended that a significant mass loss be realized
to reduce measurement errors. The problem is one of a small
difference of two large numbers.

6.1.3 Core Sample Method:

6.1.3.1 Accomplish direct measurement of the mass loss by
coring the model after testing by using standard core drills. The
core size is determined by the individual experiment; however,
core diameters of 5.0 to 10.0 mm should be adequate. Coring
the model at the location of the heat transfer rate measurement
makes the mass transfer rate representative of the measured
environment. Obtain the mass transfer rate from the core
sample as follows:

m=(p,V,=w)/(tA,) (12)
where:
V, = original calculated volume of core, m,
wp = final mass of core, kg, and
A. = cross-sectional area of core, m>.

(&

6.1.3.2 Calculate the original core volume using the mea-
sured diameter of the core after removal from the test model.
The core drill dimensions should not be used due to drilling
inaccuracies.

6.1.4 Shrouded Core Method—A second core sample
method used in measuring ablation properties of materials
involves the use of a model that includes a core and model
shroud of the same material where the core has been prepared
prior to testing. This method is described in detail in Ref (13).
This type of test model offers the advantages of ease of
installation of thermal instrumentation, and direct pretest mass
and dimensional measurements of the core. Calculate the heat
of ablation in the same manner for the drilled core sample
(6.1.3.2).

6.1.5 Core sample methods are useful with charring
ablators, or materials that swell or grow on heating. The
resulting core sample is also useful in observing the composi-
tion and formation of the char layer.

7. Apparatus

7.1 Environmental—The primary apparatus required is a
means of providing the required thermal environment. Several
devices have been used to accomplish this task including arc
powered plasma jets, oxy-acetylene torch heaters (see Test
Method E285) liquid and solid propellant rocket exhausts,
radiant heating lamps, etc. Each type of test facility has certain
advantages and capability limitations and the type used will
depend on the required test environment. The test facility used
should be thoroughly described as part of the test report.

7.2 Instrumentation—The measurement apparatus such as
calorimeters, enthalpy probes, temperature measuring devices,
and instrumentation for enthalpy and pressure measurement of
the test environment have been described in other ASTM
standards (see Related Materials at the end of this standard). A
description of all primary instrumentation should be included
in the test report.

8. Test Specimen or Model

8.1 The test specimen size and shape will depend on the
apparatus used, the desired results, service conditions, and type
of test. Details of the specimen should be included as part of
the test report.

9. Procedure

9.1 The exact procedure followed will depend on the heat
source used, test specimen configuration and test objectives. A
sample procedure is presented in the following paragraphs.

9.1.1 Weigh and measure the test specimen. Do not include
any supporting devices that are easily removed, both before
and after test, in the mass measurement, in order to reduce the
tare. For hydroscopic materials or chars, or both, the mass
measurements before and after the test should be made under
conditions of equal humidity (13). The important linear dimen-
sion is that parallel to the expected recession. Take both
measurements such that the final length and mass change will
be accurate to 2 %.

9.1.2 Energize the heat source and bring it to the required
test condition. Verify the test condition by measuring the
cold-wall heat transfer rate, surface and pitot pressure, and gas
enthalpy. Expose the diagnostic probes for sufficient length of
time, so as to allow full instrument response and the equilibra-
tion of any transients induced by the probe insertion process.

9.1.2.1 After verification of the test condition, insert the
material specimen in the test environment and expose it for a
predetermined test time or until the test objectives have been
accomplished. Insertion and retraction times should be short
with respect to the test duration, of the order of 5 % or less of
the total test time.

9.1.2.2 In certain char forming materials, take care so that
the retraction dynamics do not disturb the fragile char. In the
case of fragile char, it is sometimes desirable to terminate the
test by extinguishing the heat source rather than by retracting
the test specimen.

9.1.2.3 During the test period, take measurements of the
specimen surface temperature for calculation of Q*,-and Q*,,
internal temperatures, and any other measurements required by
the test objective.

9.1.2.4 After the test specimen is allowed to cool for
handling, take post-test mass and length measurements. Take
care in order to preserve the char structure. Take a still
photograph of the specimen and include it in the report.

9.1.2.5 Evaluate variations from this test procedure as to
their conformance to the steady-state concepts.

10. Calculation

10.1 Calculate the mass loss in two ways, length change and
mass loss. Mass loss may be a gross mass loss from the entire
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test specimen, if heating rates are constant. Use the core sample
method described in 6.1.4 in the case of a distribution of heat
transfer rates over the specimen. The appropriate method of
determining mass loss will be selected by the investigator.
10.1.1 The mass transfer rate is equal to the initial mass
minus the final mass divided by the test duration. The proper
area, over which the mass loss is measured, must be included.

m=(w, — wf)/tAc (13)
where:
w; = initial mass of specimen or core, kg,
w, = final mass of specimen or core, kg, and
A, = area of specimen or cross-sectional area of core, m?.

10.1.2 Calculate the mass transfer rate from the length
change as follows:
m=(L; = Ly)(p,/1) (14)
where:
L; = initial length, m, and
L, = final length, m.

10.1.3 Compare these two mass transfer rate values and
account for any differences such as swelling of the material or
handling damage. Use the value most representative of the test
conditions and objectives in the calculation of heat of ablation.

10.1.4 Large discrepancies in these two measurements may
indicate that the ablation process was transient and the steady-
state definitions of heat of ablation are not applicable. It may
also indicate that a significant char layer is present and the
density change of this layer must be considered.

11. Measurement Uncertainty

11.1 There are a number of methods that can be used for the
determination of measurement uncertainty (Refs 14-16). A
recent summary of the various uncertainty analysis methods is
provided in Ref (17). The American Society of Mechanical
Engineers’ (ASME’s) earlier performance test code PTC
19.1-1985(18) has been revised and was replaced by Ref (19)
in 1998. In Refs (18, 19), uncertainties were separated into two
types: “bias” or “systematic” uncertainties (B) and “random”
or “precision” uncertainties (S). Systematic uncertainties (Type
B) are often (but not always) constant for the duration of the
experiment. Random uncertainties are not constant and are
characterized via the standard deviation of the random
measurements, thus the abbreviation “S.”

11.1.1 ASME’s new standard (19) proposes use of the
following model:

Uss = 1] (B,/2)*+ ()2 (15)
where ty5 is determined from the number of degrees of free-
dom (DOF) in the data provided. For large DOF (that is, 30
or larager) o5 is almost 2. B; is the total bias or systematic
uncertainty of the result. S, is the total random uncertainty
or precision of the result, and ty5 is “Student’s ¢~ at 95 % for
the appropriate degrees of freedom (DOF).

11.1.2 This test method requires the measurement of heat
transfer rate and mass transfer rate. The cold wall heat transfer
rate measurement is made with a calorimeter as explained in
Section 5. Many types of calorimeters may be used for this
measurement, and the successful application of this test

method requires that the user perform an uncertainty analysis
on the specific calorimeter instrument used ((1), Test Methods
E422, E457, E459 and E511). Additional measurements of gas
enthalpy, surface temperature, thermal emittance, and me-
chanical mass removal are also needed for calculation of
effective and thermochemical heat of ablation. Appropriate
methods for determining these properties are explained in 5.2
to 5.5, and uncertainty estimation techniques are described in
Refs (3-6, 14, 20-22).

11.2 Several techniques for the measurement of mass trans-
fer rate are described in Section 6. These methods require the
measurement of lengths, areas, and volumes as well as sample
densities and weights. Length measurement techniques with
their uncertainties are well documented in Ref (21). The
measurement of density and weight must be traceable to the
international prototypes for the kilogram and the metre, usually
through the use of calibrated weights or a calibrated scale (22).
The user should establish the level of accuracy desired when
determining the class of weights and measurement methods to
use (Specification E617).

11.3 In the case of a heat transfer measurement ((1), Test
Methods E422, E457, E459 and E511) with a calorimeter,
types of systematic uncertainties are mounting errors, non-
linearity, and gain. Less commonly discussed systematic un-
certainties are those that result from the sensor design and
coupling with the environment. Types of random uncertainty
are common mode and normal mode noise.

11.4 To quantify the total uncertainty of a measurement, the
entire measurement system must be examined. Depending on
the type of calorimeter used, the following uncertainty sources
must be considered:

(a) Thermocouple wire accuracy,

(b) Thermocouple connectors and mounting error (tran-
sient and steady),

(c) Condensation on the transducer,

(d) Data aquisition system (DAS),

(e) Conversion equation (mV to temperature),

(f) Positioning errors, and

(g) Angular errors.

11.5 Additional uncertainty can be attributed to the engi-
neering application of the calorimeter to the environment of
interest. Specific examples include:

11.5.1 Radiation versus convective heat transfer of the
environment versus heat transferred to the calorimeter. The
calorimeter emissivity must be known or estimated for incident
radiative environment calculations. Usually, a coating of
known emissivity is applied during calibration. This coating
must be maintained during testing in order to preserve the
calibration accuracy.

11.5.2 Time response of the probe versus the estimated
transient thermal environment to be measured to ensure the
calorimeter is not too slow to measure gradients of interest.

11.5.3 Surface catalycity of the calorimeter relative to that
of the test article (23). Copper calorimeters (for example) are
fully catalytic and may measure up to twice the heat flux of a
non-catalytic material under the same conditions. Additionally,
the surface catalycity of several types of calorimters may be
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reduced due to contamination during testing. It is important to
clean the calorimeter between tests to reduce this effect.

11.5.4 Environment for calibration of the calorimeter versus
testing environment. Ideally, these environments should be the
same, but that is often not the case. Calorimeters are usually
calibrated against a known radiance source. Adjustment must
be made when using such a calorimeter to measure a convec-
tive heat flux, and a greater uncertainty will result when
measuring a combination of radiative and convective heat
fluxes.

11.6 It is important to realize that any transducer has finite
mass and heat transfer characteristics. Therefore, the calorim-
eter (for example) will read a heat flux different from the heat
flux to the surface you are measuring. In a well-designed
experimental system, the difference between the “true” heat
flux and the calorimeter reading can be reduced to acceptable
values. Errors are not zero or negligible, but acceptable from an
uncertainty budget perspective. The main point is uncertainty
exists, and, it must be quantified to produce meaningful data.

12. Report

12.1 Report the following information:
12.1.1 Material description,
12.1.2 Specimen size and configuration,

12.1.3 Test environmental conditions:

12.1.3.1 Gas composition,

12.1.3.2 Pressures,

12.1.3.3 Flow conditions, (mach number, laminar or turbu-
lent free jet or channel, and so forth),

12.1.3.4 Gas enthalpy,

12.1.4 Test equipment and instrumentation description:

12.1.4.1 Heating device (type, dimensions, and so forth),

12.1.4.2 Calorimetry equipment,

12.1.4.3 Enthalpy measurement technique,

12.1.4.4 Radiation and optical equipment,

12.1.4.5 Other,

12.1.5 Specimen data:

12.1.5.1 Q*,,, O*, 4 or 0%, or a combination thereof,

12.1.5.2 Mass loss measurements,

12.1.5.3 Dimensional change measurements,

12.1.5.4 Test duration,

12.1.5.5 Other pertinent data,

12.1.6 Analysis of results, and

12.1.7 Photographs, temperature plots, and other supporting
data.

13. Keywords

13.1 ablation; cold-wall heat of ablation; effective heat of
ablation; heat of ablation; thermochemical heat of ablation
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