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Uni� ed Computer Model for Predicting Thermochemical
Erosion in Gun Barrels
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A gun-barrel thermochemical erosion modeling code is presented. This modeling code provides the necessary
missing element needed for developing a generalized gun-barrel erosion modeling code that can provide analysis
and design information that is unattainableby experiment alone. At the current stage of code development, single-
shot comparisons can be made of either the same gun wall material for different rounds or different gun wall
materials for the same round. This complex computer analysis is based on rigorous scienti� c thermochemical
erosion considerations that have been validated in the reentry nose-tip and rocket nozzle community over the last
40 years. The 155-mmM203 Unicannon system example is used to illustrate the � ve moduleanalyses for chromium
and gun steel wall materials for the same round.The � rst two modules include the gun communityinterior ballistics
(XNOVAKTC) and nonidealgas thermochemical equilibrium(BLAKE) codes. The last three modules, signi� cantly
modi� ed for gun barrels, include the rocket community mass addition boundary layer (TDK/MABL), gas-wall
chemistry (TDK/ODE), and wall material ablation conduction erosion (MACE) codes. These � ve module analyses
provide recession, temperature, and heat-� ux pro� les for each material as a function of time and axial position. In
addition, the output can be coupled to � nite element cracking codes. At the peak heat load axial position, predicted
single-shot thermochemical wall erosion showed that both interfacial and exposed surface gun steel eroded more
than 1 £ 106 times faster than chromium. For chromium-plated gun steel, with its associated crack pro� le, it
appears that interfacial gun steel degradation at the chromium crack walls leaves unsupported chromium, which
is subsequently removed by the high-speed gas � ow.

Nomenclature
Ba = thermochemical ablation potential
Ccg = mass fraction of condensed phase products
Cg = mass fraction of gas edge
Chb = Stanton number with blowing
Ch0 = Stanton number without blowing
C pg = mass fraction of product gas
Cw = mass fraction of wall material
H� lm = � lm coef� cient
Hgw, Hwg = gas–wall enthalpy
Hr = recovery enthalpy
Hw = wall enthalpy
h = molecular diffusion of gas into boundary layer
Le = Lewis number
PMg = gas mass transfer rate

Mw = molecular weight
Mwe = molecular weight of inviscid core at edge of

boundary layer
Mwi = molecular weight of injected gas
P, Pg = gas pressure
Qcw = cold wall heat � ux
PQ = wall heat � ux
Qhw = hot wall heat � ux
re = edge density
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S = recession
PS = recession rate
Td , Tdiff = diffusion limiting temperature
Tg = gas temperature
Tr , Treact = reaction limiting temperature
Tw = wall temperature
t = time
Ue = edge velocity
Vg = gas velocity
x = axial position
Z = compressibility

Introduction

T HE � eld of aerothermochemistryis the studyof chemical reac-
tions in � ow systems and was � rst described by von K·arm·an.1

He introduced a fundamental approach to laminar � ame initiation,
propagation, and combustion in and around sonic and hypersonic
boundary layers with reacting chemical � ows. The modi� cation of
the heat transfer coef� cient by a blocking effect for the mass ad-
dition of chemically reacting wall material into the boundary layer
was � rst described by Reshotko and Cohen2 and Cohen et al.3 The
thermochemicalerosionof reentry vehicle (RV) heat shieldmaterial
for variouschemicallyreactingsystemswas � rst studiedby Denison
and Dooley.4 RVs experience high temperatures and pressures, in-
cludingnonlinearmass additionto the boundarylayer (blowing)and
shocks. The thermal protection system requires subliming or ablat-
ing heat-shieldprotection,whereby the increasedblowing results in
decreased heat transfer.

Denison and Dooley’s4 analysis regarding convectiveheat trans-
fer with mass addition and chemical reactions was subsequently
uni� ed and summarized by Lees.5 Lees’s paper explained in a
straightforward manner the assumptions required to solve the ther-
mochemical erosion problem with the tools available at that time.
In fact, the test of time has demonstrated that the major assump-
tions in Lees’s paper are still reasonable and valid. Initially, Lees’s
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thermochemical erosion analysis model was successfully applied
to external � ows such as RV thermal protection systems, i.e., RV
nose-tips.

Many recently declassi� ed or unclassi� ed experimentaland ana-
lyticalprogramsin the rocketcommunitywere spawnedfromLees’s
work and led to the development of a number of thermochemical
ablationand mechanicalerosioncomputermodels for predictingthe
RV nose-tip performance and the recession.6¡16

Later, Lees’s thermochemical erosion analysis model was suc-
cessfully applied to internal � ows associated with chemical rocket
systems. Although the chemistry associated with rocket engines is
considerablydifferent than the RV environment, the analysis tech-
niques were basically the same. Again, Lees’s work led to the de-
velopmentof a number of thermochemicalablationand mechanical
erosion computer models for predictingrocket chamber/nozzle per-
formance and recession.17¡25

In the last 20 years, gun-barrel technologyhas primarily focused
on mechanical and metallurgical aspects with a secondary focus on
erosion. Catastrophic gun-barrel failures have been nearly elimi-
nated, whereas thermochemical erosion (thermochemical ablation
with mechanical erosion) problems have intensi� ed because of per-
formance requirements demanding the use of high � ame tempera-
ture propellants. The erosion of gun barrels is generally attributed
to both thermal ablation (bore surface melting of unprotected gun
steel/gun steel oxides with aerodynamic � ow removal) and chemi-
cal ablation[gas-wall (interfaceand surface) chemical interactionof
protectedgun steel with removal of material by high-speed � ow]. If
the surface/interfacial temperature remains below the solidus tem-
perature,as a practicalgun designshould,theprimaryerosionmech-
anism is chemicalablation.If the temperaturerises above the solidus
temperature, both chemical and thermal ablation may contribute to
erosion. In 1990, the U.S. Army Benet Labs (Benet) Thermal Man-
agement Team identi� ed the need for the development of a uni� ed
modelingcodeforpredictingthermochemicalerosionin gun barrels.
An extensive literature search of military, NASA, and commercial
sources revealed that there were no thermochemicalerosion model-
ing codes forgun barrels.This searchdid reveal the two-dimensional
kinetics nozzle performance (TDK) with chemistry/mass addition
boundary-layer (MABL) modules and the materials ablation con-
duction erosion (MACE) modeling codes that work together to pre-
dict thermochemical ablation with mechanical erosion in rocket
chambers, throats, and nozzles.26,27 Since the dawn of the space-
age, the TDK/MACE codes and their predecessors7¡10,14¡25 have
been used for rocket performance and nozzle erosion predictions.
The U.S. Army’s BLAKE compressible thermochemical equilib-
rium and XNOVAKTC interiorballisticscodes28,29 providethe nec-
essary input for the TDK/MACE thermochemical erosion analysis
of gun barrels.

The TDK/MABL module uses a simple backward-differenceim-
plicit integration method to calculate the � ow variables, whereas
the chemical relaxation equations are integrated using a � rst-order
implicit integration method to ensure numerical stability in near-
equilibrium � ows. The code calculates � ows with mass addition
at the wall (blowing), transport properties, heat transfer, quasi-
steady-state Hgw, and Mollier chart gas properties. Modi� cations
to TDK/MABL include real gas binary mixture chemistry, � nite
rate chemical kinetics, generalized chemical equilibrium, a fully
implicit back-differencesubroutine, and linkage � les to MACE.

This code analyzes the propellant-wall boundary layer with a
different secondary exhaust composition transpiring through the
wall, and calculates the resultant boundary-layer effect. The pri-
mary and secondary � ows are treated as a binary mixture, where
the rate of mixing is controlled by an eddy-viscosity model. Equi-
librium, frozen chemistry at an initial equilibrium composition, or
� nite rate kinetics can be used to govern the � ow chemistry. The
boundary-layerequationsfor the compressibleturbulent� ow can be
derived from the time-dependentNavier–Stokes equationsusing the
Reynolds time-averaging procedure and the usual boundary-layer
order-of-magnitudeassumptions.For this work, the simpli� ed equi-
libriumchemistrywas used, although the nonequilibriumchemistry
(generalized � nite rate chemical kinetics) is possible.

For TDK/MABL, the boundary-layer equations are written in
a curvilinear coordinate system in which s is the wetted length
along the wall and y is measured normal to it (x is axial distance
measured along the centerline). It is assumed that the lateral and
transverse curvature terms can be neglected, resulting in simpli� ed
conservationequations for continuity, momentum, and energy.26

The MACE code solves the one-dimensional heat-conduction
equation, includes mechanisms that control internal decomposi-
tion, and uses an implicit Newton’s method boundary condition
with an explicit interior solution. Enhancements include the sur-
face recession boundary options determined by simple conduction;
constant temperature sublimation; a Munson–Spindler-type rela-
tionship (Arrhenius-type,multiple equations,primary T , secondary
P ); a carbon–oxygen reaction;or a generalizedchemistryboundary
condition(diffusion-based,thermochemicalablation). In additionto
the preceding boundary conditions, the surface material may be re-
moved by mechanical erosion, including gas � ow, particulate � ow,
droplet � ow, and boundary-layer shear stress. Up to 10 materials
may be considered with heat capacities, with/without 100% con-
tact, contact resistances, and radiation gaps at each interface. Heat
blocking caused by mass injection can be either linear or nonlinear.
Convectiveheat transferand boundary-layerpropertiesmay be input
directly or through a linkage � le with a heat transfer code. Heating
rates may be modi� ed by angle of attack, surface roughness, non-
isothermal wall, or protuberance heating. Material properties may
be constant or vary as a function of temperature.The variablemate-
rial properties may be irreversible based on maximum temperature
or reversible based on current temperature. The output is written
to a � le that may subsequently be used as input to a plot program,
thermal stress program, or a vehicle mass loss and drag (aeroheat-
ing) program. The program uses either spherical-, cylindrical-, or
rectangular-speci� ed coordinates.27

The MACE code calculates the actual thermochemical erosion
response. The inputs include thermal properties, the Mollier table
for inert wall, the Mollier table for reacting wall, mass addition
parameter tables, and boundary-layerparameters.

It is the intention of this paper to introduce and outline improve-
ments for what is believed to be the � rst uni� ed thermochemical
erosionmodelingcode forgun barrelsbasedon Lees’s thermochem-
ical erosion analysismodel for RV heat shields and rockets.5 At this
juncture, mechanical erosion effects include only high-speed gas
wash � ow. Future improvements required to complete the analysis
are phase-dependentblowing parameters, a time-dependentbound-
ary layer, and a master control module for automation. In addition,
this code requires critical propellant-gun system-speci� c informa-
tion built into an automated database. Speci� cally designed Arrhe-
nius and combustion gas analysis testers will provide Arrhenius
pro� les and combustion gas constituents, respectively. Chemical
erosion data will be acquired by examining the thermochemical–
mechanicalalloy properties,the gas–metal eroded surfaceproducts,
and the gas–metal ef� uent products.30¡33

In the absenceof system-speci� c experimentaltest data, previous
generalexperimentaltestdata can be substituted.Complex chemical
interactions exist between a multicomponent gas and a multicom-
ponent alloy because the alloy components have different selective
af� nities for the reactive gases, and the reactive species may not
diffuse at the same rate through the alloy surface scale. In addition,
alloy strength is reduced as reactive gases internally dissolve/react
in alloys, or an alloy component forms a low melting-point oxide
that enhances erosion.34,35

For this 155-mm M203 Unicannon system analysis, it was nec-
essary to use past experimental data already available in the gun
community to determine the existence of thermochemical activity,
thermochemical Arrhenius pro� les, and thermochemical combus-
tion gas constituents.These experimental data showed that thermo-
mechanical effects alone, with a nonreactive (frozen chemistry) gas
mixture, do not fully explain the extent of erosion in gun tubes.
Therefore, it must be assumed that thermochemical effects are a
signi� cant factor. In addition, these data indicate that propellant
combustion products and alloy erosion products are gun system-
dependent.36,37
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These experimentaldata show that althoughnonequilibriumcon-
ditions may exist at the gas-wall interface, equilibrium potentials
from the TDK code could be used for the MACE code. This ap-
proximation is valid in the oxide scale at the metal/metal oxide and
metal oxide/metal oxide interfaces,38,39 because equilibrium exists
at the high temperatures and pressures of interest.

These experimental data also show two distinctly different
chemical-relatedgas-wall interactionsfor typicalchemically reduc-
ing solid propellant-product steel (or chromium-plated steel) sys-
tems. The � rst chemical-related gas-wall interaction is the carbur-
ization of iron and chromium involving the diffusion of carbon into
the metalmatrix at peakgun temperaturesandpressures.In this case,
the carbon forms a solid solution with the iron or chromium. In this
region, the metal’s structure is unaltered and the metal and the car-
bon are two distinctly different components in physical proximity,
but not chemically bound. This case describes a purely mechani-
cal interactionand does not describe true thermochemical ablation.
As the system returns to room temperature, the iron–metal matrix
cannot physically retain the free carbon and precipitates physically
bound carbon as chemically bound iron carbide (Fe3C) through-
out the solid-solution iron matrix. The return to room tempera-
ture also causes thermal contractionsbetween surface austenite and
carburized subsurface tempered martensite, which produces stress
cracks (heat checking). This carburizationeffect still does not qual-
ify as thermochemical ablation, because this phenomenon involves
no material removal.This interactionis considereda degradingphe-
nomenon, considering that the metal matrix alloy is case-hardened,
has a lowered melting point, and is weakened because of cracking
and mechanical erosive forces. Experimental data support the exis-
tenceof gun-barrelcarburization.40¡43 The meltingpointof gunsteel
is 400±C lower than the melting point of chromium. For these sys-
tems, carburization lowers the solidus melting point by 50–400±C
for gun steeland 50–100±C for chromium,basedon respectivephase
diagrams that justify chromium plating of steel.

These experimentaldata also show another chemical-relatedgas-
wall interaction for typical chemically reducing solid-propellant-
product steel (or chromium-plated steel) systems. This second
chemical-related gas-wall interaction is the oxidation of iron and
chromium. This occurs initially at the metal gas interface, then at
the metal/metaloxideinterfaceof surfacesandplated interfaces.The
process involvesthediffusionof oxygenfromoxygen-richgas prod-
uct species into the metal at peakgun temperaturesand pressures.In
this case, the oxygen forms a distinct iron- or chromium-oxidescale
layer. This case describes true thermochemicalablationbecause the
brittle scale layer is highly susceptible to cracking and is easily re-
moved by mechanical erosive forces. As the system returns to room
temperature, the metal oxide retains the same chemical structure in
the scale layer. Despite the possibilityof nonequilibriumat the gas-
wall interface,experimentaldata andchemicalequilibriumcodesin-
dicate the near exclusivepresenceof iron-oxideor chromium-oxide
metal–gas compound products when exposed to the combustion
products.Typically, these chemicallyreactinggases requireapprox-
imately a 50% increase in molar oxygen to obtain complete product
combustion to carbon dioxide and water. Experimentaldata support
the existence of gun-barrel oxidation.44¡50 For these systems, oxi-
dation lowers the melting point by 100¡200±C for gun steel, and
raises the melting point by 400¡500±C for chromium, based on re-
spective phase diagrams that further justify the chromium plating
of steel.

Procedure
The 155-mm M203 Unicannon gun system thermochemical ero-

sion analysis procedure consists of � ve analyses, utilizing the
NOVA, BLAKE, TDK/MABL, TDK/ODE, and MACE codes. The
NOVA interior ballisticsanalysis outputs boundary-layeredge con-
ditions for gas pressure, velocity, and temperature as a function
of position and time. The BLAKE gas thermochemical equilib-
rium analysis outputs pressure/temperature temporal states and
compressibility tables. The TDK/MABL boundary-layermass ad-
dition analysis outputs recovery enthalpy and heat transfer data.
The TDK/ODE gas-wall thermochemical equilibrium analysis out-

puts inert/reacting wall enthalpies and blowing parameters. The
MACE ablation, erosion, and temperature pro� le analysis outputs
surface/in-wall temperature and erosion pro� le data. All cases start
at ambient conditions and are for a single shot.

The NOVA code interiorballisticsanalysis includesthe 22-ft can-
nonwith a 0.020-sin-borephase, theM203charge,the26-lbM30A1
propellant, and the 96-lb M549 projectile. The M30A1 propellant
consistsof 28% nitrocellulose,22%nitroglycerine,47%nitroguani-
dine, 1% ethyl centralite,1% potassiumsulfate, and 1% otherminor
species. The NOVA code calculates the time-dependent � ow� eld,
and evaluates the maximum and minimum state variables. The re-
sults of the NOVA calculations may be considered the input to the
entire erosion analysis. The NOVA input � le follows the format
given in the NOVA user’s manual.29 This � le contains gun system-
speci� c data not included within the NOVA code. NOVA outputs
gas pressure (psi), gas velocity (ft/s), gas temperature (R), and � lm
coef� cient (Btu/in.2 s ±R) data at the wall. At 12 preselected axial
locations, separate � les were generated that contained the preced-
ing data as a function of time. A � le generation utility code is used
to convert the 12 axial location NOVA output � les (with pressure,
velocity, temperature, and density vs time) into 12 preselected time
slice linkage � les (with pressure, velocity, temperature, and den-
sity vs axial distance), with the format required by the TDK/MABL
analysis module. Although this is an extremely limited sampling,
the time factor and the meticulous nature of linking up the different
modules necessitate this approach. These � les contain boundary-
layer edge conditions that will be used by the TDK/MABL code to
calculate heat transfer parameters.

The BLAKE thermochemical equilibrium analysis evaluates the
maximum and minimum state variable ranges identi� ed by the
NOVA output. The BLAKE input � le follows the format given in
the BLAKE user’s manual.28 This � le contains the M30A1 chem-
istry and state variable ranges. BLAKE was modi� ed to output
chemical composition and compressibility (dense gas correction)
linkage � le data at the 12 axial locations as a function of NOVA
temperature and pressure variations. These � les were subsequently
used to calculategas propertiesby the TDK/MABL and TDK/ODE
modules.

The TDK/MABL analysis calculates the boundary-layer char-
acteristics with the edge properties extracted from the 12 NOVA
preselected time-slice linkage � les (with pressure, velocity, tem-
perature, and density vs axial location) and BLAKE linkage � le
(chemicalcompositionandcompressibilityvs temperatureand pres-
sure). The boundary-layer module calculates adiabatic conditions
and the cold wall heat transfer rate, using the previous � les as in-
put. The TDK/MABL analysis � rst calculates the adiabatic con-
dition (qhw D 0) and then calculates the cold wall condition (Twall

and Hwall, both are constant), resulting in a total of 24 analyses.
The TDK/MABL analysis requires 24 input � les (12 adiabatic and
12 cold wall), where each includes chemistry and compressibility
for the applicable state variable ranges. These adiabatic and cold
wall input � les follow the format given in the TDK user’s manual.26

The TDK/MABL code internallygenerates transportpropertiesand
Mollier gas properties for each analysis, and these data are used
to calculate the boundary-layercharacteristics.TDK/MABL gener-
ates 24 output � les with adiabaticconditions,and heat transfer rates,
which are subsequentlyused to tabulate time-dependentboundary-
layer properties at two selected locations, the 1- and 2-ft axial
stations.

The TDK/ODE analysis requires eight cases including 1) non-
reacting inert wall with no omitted species; 2) nonreacting inert
wall with omitted condensed species C(GR); 3) reacting chromium
wall with no omitted species; 4) reacting chromium wall with omit-
ted species C(GR), CR2N(S), and CRN(S); 5) reacting gun steel
wall with no omitted species; 6) reacting gun steel wall with omit-
ted species C(GR); 7) reacting iron wall with no omitted species;
and 8) reacting iron wall with omitted species C(GR). All of these
cases include the BLAKE chemical composition and compressibil-
ity (function of temperatureand pressure) linkage � le data. In cases
3–8, the solid propellant combustion products are totally saturated
with an excess of the wall material. Product omissions are based
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on Ref. 44. The eight key input � les follow the format given in
the TDK user’s manual.26 These � les contain the M30A1 chemistry
and state variable ranges. For each case, TDK/ODE outputs link-
age � les (Mollier charts) as a function of pressure and temperature
for MACE, including 1) inert gas-wall enthalpy (Hgw)inert linkage
� le; 2) reacting gas-wall enthalpy (Hgw)reacting linkage � le; and 3)
chemical ablation potential (Ba ) linkage � le.

The MACE analysis computes the resulting thermochemicalero-
sion response and in-depth temperature pro� les. The analysis was
performed for four cases, which include two chromiumcalculations
and two gun steel calculations (both at axial locations at 1 and 2 ft).
The correspondingMACE input � les follow the format describedin
the MACE user’s manual27 and are generatedfrom the TDK/MABL
and TDK/ODE linkage data described earlier. The convective en-
vironment section, i.e., pressure, recovery enthalpy, cold wall heat
transfer rate, etc., varied in the preceding � les. MACE linkage � le
data from TDK/MABL include tabulated cold wall heating data,
thermal properties, recoveryenthalpy data, and transport properties
data, from the 24 corresponding TDK/MABL cases. MACE link-
age � le data from TDK/ODE are in the form of Mollier charts, and
include inert gas-wall enthalpy, reacting gas-wall enthalpy, and the
chemical ablation potential for each case. MACE outputs surface
erosion, surface temperature,and temperature pro� les as a function
of time for each case.

Results and Discussion
The current thermochemical erosion model requires input from

� ve differentanalysesto compute surface recession.As an example,
the AFAS 155-mm system including the M203 charge and M30A1
propellant is used. The time-dependent core � ow in the gun bar-
rel must be known. That is, the velocity, pressure, and temperature
distribution in the barrel must be known as a function of time and
space. For our analysis this information is considered to be a speci-
� ed input. Next, the chemical compositionof the gases in the barrel
must also be known.Our model is basedon the premise that equilib-
rium chemistry applies at the temperaturesand pressuresassociated
with gun-barrel interior ballistics. Equilibrium chemistry calcula-
tions are made for the combusted propellant without wall material.
With the core � ow properties known, the boundary-layer param-
eters can be calculated, again assuming chemical equilibrium. As
pointed out by Lees,5 the boundary-layer analysis can be calcu-
lated for a nonreacting wall, and modi� ed to account for chemical
reactions and mass addition. Two boundary-layer calculations are
necessary for each time point evaluated, the � rst to calculate the
cold wall heat transfer coef� cient and the second to calculate the
adiabaticwall temperature.Thermochemicalequilibriumchemistry
calculationsare then made with the combustedpropellantgases and
reactingwall material. These calculationssupply the wall mass � ux
(blowing rate) and wall-gas enthalpy tables needed to complete the
analysis.

All of the preceding quantities are used to calculate the tran-
sient thermochemicalresponse.For this analysis,the governingheat
transfer equations are greatly simpli� ed using Fick’s law for binary
diffusion. For the special case of unity Lewis number, the complete
similarity between heat transfer and mass transfer is employed to
solve the resulting equations. Finally, the mass addition of react-
ing wall material into the boundary layer modi� es the heat transfer
coef� cient by the well-known blocking effect.2

The equations that govern an ablation model for convective heat
transfer and mass addition to a chemically reacting boundary layer
are quite dif� cult to solve. Fortunately,a series of physical assump-
tions reduces the problem, so that meaningful results can be ob-
tained, and they include 1) one-dimensional steady-state ablation,
2) convectiveheat transferbased upona constant steady-statevalue,
3) mass loss in the form of gas phase diffusion,4) melt runoffwhere
the melt layer is assumed to be in� nitesimally thin, 5) complete
speciesdiffusionin themelt layer,6) no speciesdiffusionin the solid
phase, 7) melt layer obeyinga prescribedphase diagram for compo-
sition vs temperature, 8) diffusion-controlledcombustion; 9) unity
Lewis and Prandtl numbers; and 10) equilibrium chemistry.12

Thermochemical ablation involves surface and interfacial react-
ing � ow, ablation products, diffusion, eddy turbulence, radiation,
gas-wall reactionzone,heat transfer,mass transfer, temperaturegra-
dients, thermal stress cracking, microcrack erosion, melting layer,
and mechanical removal.The ablationmodel employed in this anal-
ysis includes the gas, the solid wall, the melt layer, heat transfer by
convectionand radiation, surface temperature effects, mass transfer
at the gas-wall interface,enthalpyat the gas-wall interface, and me-
chanical erosion. Ablation products include all material coming off
the wall, in gas, solid, and liquid phases. Blowing is gas coming off
the wall and diffusing into the boundary layer.

The two typesof thermochemicalablationmodeling availableare
the engineeringapproachand the Navier–Stokes approach.This pa-
per focuseson theengineeringapproach,whereastheNavier–Stokes
approachwill be addressedin a future paper.The engineeringmodel
includesdecoupled� uid � ow (boundarylayer and inviscidcore), in-
terior ballistics, boundary-layerheat transfer, and thermal response
analysis.This analysisalso assumes equilibriumchemistryfor abla-
tion, unity Lewis and Prandtl numbers, and similarity between heat
and mass transfer.

Engineering approach modeling is relatively straightforward,
whereby each mechanism’s importance is identi� ed, modest com-
puter resources are needed, parametric analysis is possible, and in-
cremental module upgrades are feasible. However, this approach
requires engineering judgment, and extrapolations may be ques-
tionable.

The engineering approach core assumptions include 1) test data
support unity Lewis number (with similarity existing between heat
and mass transfer); 2) the computed chemical ablation potential
Ba values, which can be calculated from equilibrium chemistry; 3)
immediate molecule-wall reactions forming equilibrium products;
4) second-order importance of reacting chemistry on the blowing
potential and heat transfer interaction;5) the concept of a boundary
layer; and 6) the concept of an inviscid core.

Figures 1– 4 show NOVA travel and time vs pressure, veloci-
ty, temperature, and � lm coef� cient data for the 155-mm M203
gun system for TDK/MABL input. For the entire NOVA/BLAKE/
TDK/MACE analysis, all unknown parameters can be determined
by experiment. Incidentally, NOVA-predicted energy loss order is
highest for the gas, then for the projectile, and then for the tube.

Fig. 1 Nova gas pressure data as functions of time and position.

Fig. 2 Nova gas velocity data as functions of time and position.
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Fig. 3 Nova gas temperature data as functions of time and position.

Fig. 4 Nova � lm coef� cient data as functions of time and position.

Fig. 5 Blakecompressibility data as functions of pressure and temper-
ature.

Figure 5 plots BLAKE pressure– temperature–compressibility
data for the 155-mm M203 gun system for TDK/MABL and TDK/
ODE input. BLAKE thermochemicalequilibriumproductsare con-
� rmed by unpublishedin-houseexperimentalArrhenius testing,ex-
perimental combustion gas analysis, and past experimental data for
combustion product species.

The TDK/MABL analysis is the weak link in the total ero-
sion analysis because it does not include time-dependent effects.
The resulting 155-mm M203 gun system TDK/MABL output data
are subsequently used for MACE code input. Figure 6 plots the
TDK/MABL axial location¡time¡adiabatic wall enthalpy data.
The recovery enthalpy at the adiabatic wall temperature Hr is the
potential chemistry driver where the heat transfer approaches zero.
Figure 7 plots the TDK/MABL axial location¡time¡adiabaticwall
temperature data. This temperature Taw is the potential temperature
without reactions. Figure 8 plots the TDK/MABL axial location–

time–cold wall heat transfer rate data. This heat � ux Qcw is the
wall heat � ux evaluated at the cold wall temperature. The plots of
the TDK/MABL output indicate that the peak heat load was lo-
cated »1–2 ft from the breech. Therefore, the boundary-layer pa-
rameters (recovery enthalpy and cold wall heat transfer rate) were
extracted from the TDK/MABL output as a function of time at the
1- and 2-ft locationsforMACE code input.The TDK/MABL analy-

Fig. 6 TDK/MABL wall enthalpy data as functions of time and
position.

Fig. 7 TDK/MABL wall temperature data as functions of time and
position.

Fig. 8 TDK/MABL heat � ux data as functions of time and position.

sis shows that guns add only a small amount of mass to the boundary
layer, which thickens it, and decreases heat transfer conduction to
the wall.

The TDK/MABL heat and mass transfer model includes the fol-
lowing three equations,For mass addition to the boundary layer:

reUeCh0 D
Qcw

Hr ¡ Hgw

(1)

For the heat-to-mass transfer ratio:

reUeChb D PMg / Ba , Le D 1 (2)

For the overall correlation between these two equations:

Chb

Ch0

D f (Ba , Mw) D 1 ¡
h PMg

reUeCh0

(3)

where h D a(Mwe/ Mwi)¤¤b , h is related to the molecular diffusion
of the gas into the boundary layer, a is the coef� cient, and b is the
exponent.

For a description of the TDK/ODE analysis, see Ref. 17. The
following155-mm M203 gun system TDK/ODE outputdata are for
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MACE code input.Figure9 plotsTDK/ODE pressure–temperature–

inert Hgw data for chromium. Figure 10 plots TDK/ODE pressure–

temperature–reacting wall Hgw data for chromium. Figure 11
plots TDK/ODE pressure¡temperature–Ccg data (transposed) for
chromium. Figure 12 plots TDK/ODE pressure–temperature– Ba

data (transformed) for chromium. Figure 13 plots TDK/ODE
pressure–temperature– inert Hgw data for gun steel. Figure 14 plots
TDK/ODE pressure–temperature–reacting wall Hgw data for gun

Fig. 9 TDK/ODE enthalpy of the inert gas-wall data as functions of
pressure and temperature.

Fig. 10 TDK/ODE enthalpy of the reacting gas-chromium wall data
as functions of pressure and temperature.

Fig. 11 TDK/ODE chromium condensed-phase products mass frac-
tion data as functions of pressure and temperature.

Fig. 12 TDK/ODE chromiumthermochemical ablationpotentialdata
as functions of pressure and temperature.

steel. Figure 15 plots TDK/ODE pressure–temperature–Ccg data
(transposed) for gun steel. Figure 16 plots TDK/ODE pressure–

temperature– Ba data (transformed) for gun steel.
Choosing chemical equilibriumspecies requiresconsiderableex-

perience:Experimental data or chemical kinetic analysis determine
if species should be omitted because of kinetic blocking.

The reaction-limiting temperature Treact is the onset tempera-
ture of the exothermic reaction for a given pressure, whereas the

Fig. 13 TDK/ODE enthalpy of the inert gas-wall data as functions of
pressure and temperature.

Fig. 14 TDK/ODE enthalpy of the reacting gas-gun steel wall data as
functions of pressure and temperature.

Fig. 15 TDK/ODE gun steel condensed phase products mass fraction
data as functions of pressure and temperature.

Fig. 16 TDK/ODE gun steel thermochemical ablation potential data
as functions of pressure and temperature.
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diffusion-limiting temperature Tdiff is the diffusion-limited equi-
librium temperature point of the exothermic reaction for a given
pressure. One way to determine Treact and Tdiff is by an Arrhenius
tester that provides gas-wall reaction data as a function of pres-
sure and temperature. Another way is by using a time-dependent
chemical kinetics code. For the purposeof this work, the chromium
and gun steel data are acquired from Figs. 10 and 14, respectively.
Figure 10 chromium data includes respective P(psi)¡Treact(±R)¡
Tdiff(±R) triplets of 10–1800–2200; 100–2000–2400; 1000–2350–

2800; 2500–2400–3000; 5000–2600–3000; 15,000–2800–3200;
and 30,000–3000–3400. The gun steel data in Fig. 14 in-
cludes respective P(psi)¡Treact(±R) ¡ Tdiff(±R) triplets of 10–800–

1600; 100–1150–2000; 1000–1200–2400; 2500–1350–2600;
5000–1400–2800; 15,000–1550–3000; and 30,000–1600–3000.

The TDK/ODE ablationmodel assumes that as the gas diffuses to
the wall/interface, it reacts to form equilibriumproducts as follows:

Ba D (Cw ¡ Ccg )/ Cg D (C pg ¡ Cg )/ Cg (4)

where Ccg is counted on the wall surface/interface, not counted off
the wall surface/interface.

Figure11 showsCcg [Cr(s)mass fraction]with respect to pressure
and temperature. At gun pressures with a gas oxidizer–chromium
fuel ratio (O/ F) of 0.5, Cr(s) is in equilibrium with Cr2O3(s) from
ambient temperature up to its metal melting temperature (3800–

4000±R). In Fig. 11, Ccg [mass fraction of Cr(s) before reaction
onset] equals 0.3373 at gun conditions. By de� nition, Cw is the
percent fuel D 1.0/ 1.5 D 0.6667 and Cg is the percent gas D 1 ¡
Cw D 0.3333. Figure 12 shows Ba as a function of gun pressure and
temperature, where Ba D (Cw ¡ Ccg)/ Cg D 0.991 and is required
for MACE input.

This chromium case was run for O/ F D 0.1, Cw D 0.9091,
Cg D 0.0909, Ccg D 0.819, and Ba D 0.991; and it shows that Ba

is independent of gun pressures and O/ F, but is very dependent
on stoichiometry. Ba is � xed by chosen reactant and product stoi-
chiometry. Both Ba and Ccg are chosen here where the solid (sol)
metal starts to react, although experimental data would be a better
approach.Ccg uses only the metal (sol) and not the liquid (liq) metal
or metal (gas).

Figure 15 shows Ccg for the gun steel (sol) mass fraction with
respect to pressure and temperature. The computations show that
Ccg for gun steel was nearly identical to Ccg for iron, most likely
because iron comprises»95% of gun steel. For the purposesof this
paper, Ccg for iron is used to illustrate these results, although this
same illustration is true for the other gun steel metals, which add
only a very minor correction. At gun pressures with an O / F of
0.5, Fe(A) is in equilibriumwith Fe3O4(s) from ambient to 1000±R,
Fe(A) is in equilibrium with FeO(s) from 1000 to 2100±R, Fe(C) is
in equilibrium with FeO(s) from 2100 to 2900±R, and Fe(D) is in
equilibriumwith FeO(L) from 2900 to itsmetal melting temperature
(3200to 3400±R). Fe(s) is a combinationofFe(A), Fe(C), andFe(D).
The literature44 shows that the equilibrium of Fe(A) with Fe3O4(s)
from ambient to 1000±R does not exist and that it is all Fe(A).
Thus, in Fig. 15, Ccg , which is the mass fraction of Fe(s) before
reactiononset, equals 0.136 at gun conditions.Again, by de� nition,
Cw is percent fuel D 1.0/ 1.5 D 0.6667, and Cg is percent gas D 1 ¡
Cw D 0.3333. Figure 16 shows Ba as a function of gun pressure and
temperature,where Ba D (Cw ¡ Ccg)/ Cg D 1.59 and is required for
MACE input.

The iron case was run for O/ F D 0.1, Cw D 0.9091, Cg D 0.0909,
Ccg D 0.7646, and Ba D 1.59; and again it shows that Ba is inde-
pendent of gun pressures, independent of O/ F, but very dependent
on stoichiometry. Again, the following is true: Ba is � xed by cho-
sen reactant and product stoichiometry,both Ba and Ccg are chosen
where metal(s) starts to react, althoughexperimentwould be better,
and Ccg uses only the metal (sol) and not the metal (liq) or metal
(gas).

The TDK/ODE thermochemical equilibrium products are con-
� rmed by experimentalArrhenius testing (thermal analysis), exper-
imental combustiongas analysisformetal products(gas chromatog-

raphy, mass spectrometry, x-ray diffraction), experimental surface
analysis for metal products (Auger spectrometry, ESCA spectrom-
etry), and past experimental data for combustion product species.
Combustion gas analysis shows that metallic combustion products
generally quench to the same metal products. This analysis calls on
experience and is dif� cult to automate.

TDK/ODE may zero out the negative Ba values above the melt
temperatureof the wall material. Although this requires re� nement,
it does not affect this analysis because melted material is instantly
removed, by de� nition.

It should be noted that the TDK/ODE thermochemical equilib-
rium calculations,which generated Ba and Hgw tables, included the
effects of complex chemical reactions, vaporization, melting, and
metal alloys.

TDK hasequilibrium,kinetics,and frozenchemistryoptions.The
TDK/ODE chemical equilibrium option is used for this work and
predicts maximum recession. Therefore, this option is very useful
from a gun-design standpoint. The TDK/ODK � nite rate chemical
kinetics Arrhenius-type option predicts actual recession. Unfortu-
nately,thisoptionwas notusedfor this analysis,becausethismodule
currently lacks suf� cient input data for it to be a practical tool. The
TDK/ODE frozen chemistry option predicts no recession, and was
not used here except to show that erosion does have a chemical
component.

In summary,theTDK/ODE chemicalequilibriumoptionwas cho-
sen because it is a practical approximation of gun-barrel interior
ballisticschemistry,where suf� cient activationenergy coupledwith
many collisions generates fast reaction rates, high temperature,and
high pressure for the given time frame.

The following155-mmM203 gun systemMACE outputdata pre-
dict surface erosion, surface temperature, and temperature pro� les
for each axial location case. Figure 17 plots these MACE Treact –

time–recession (S) data for chromium at station 1. Figure 18 plots
these MACE Treact¡time¡recession rate ( PS) data for chromium
at station 1. Figure 19 plots these MACE Treact¡time¡cold wall
heat transfer rate (Qcw , cold wall heat � ux) data for chromium
at station 1. Figure 20 plots these MACE Treact¡time¡hot wall
heat transfer rate (Qhw, hot wall heat � ux) data for chromium at

Fig. 17 MACE station 1 chromium recession data as functions of re-
action limiting temperature and time.

Fig. 18 MACE station 1 chromium recession rate data as functions of
reaction limiting temperature and time.
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Fig. 19 MACE station1 chromiumcold wallheat � ux dataas functions
of reaction limiting temperature and time.

Fig. 20 MACE station 1 chromium hot wall heat � ux data as functions
of reaction limiting temperature and time.

Fig. 21 MACE station 1 chromiumwall temperature data as functions
of reaction limiting temperature and time.

Fig. 22 MACE station 2 chromium recession data as functions of re-
action limiting temperature and time.

station 1. Figure 21 plots these MACE Treact¡time¡wall temper-
ature (Twall) data for chromium at station 1. Figure 22 plots these
MACE Treact¡time¡recession (S) data for chromium at station 2.
Figure 23 plots these MACE Treact¡time¡recession rate ( PS) data
for chromium at station 2. Figure 24 plots these MACE Treact –time–

cold wall heat transfer rate (Qcw ) data for chromium at station 2.
Figure 25 plots these MACE Treact¡time¡hot wall heat transfer
rate (Qhw) data for chromium at station 2. Figure 26 plots these

Fig. 23 MACE station 2 chromium recession rate data as functions of
reaction limiting temperature and time.

Fig. 24 MACE station2 chromiumcoldwallheat � uxdataasfunctions
of reaction limiting temperature and time.

Fig. 25 MACE station 2 chromium hot wall heat � ux data as functions
of reaction limiting temperature and time.

Fig. 26 MACE station 2 chromiumwall temperature data as functions
of reaction limiting temperature and time.

MACE Treact¡time¡wall temperature (Twall) data for chromium at
station 2.

Figures 17–26 predict that the chromium at stations 1 and 2 are
nearly inert to thermal and thermochemical erosion because of in-
suf� cient heat transfer/wall temperatures to achieve chromium re-
action temperatures, insuf� cient heat transfer/wall temperatures to
achieve the chromium transformationtemperature, insuf� cient heat
transfer/wall temperatures to achieve the chromium melting tem-
perature, and extremely small erosion/erosion rates.
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Fig. 27 MACE station 1 gun steel recession data as functions of reac-
tion limiting temperature and time.

Fig. 28 MACE station 1 gun steel recession rate data as functions of
reaction limiting temperature and time.

Fig. 29 MACE station 1 gun steel cold wall heat � ux data as functions
of reaction limiting temperature and time.

Figure 27 plots these MACE Treact¡time¡recession (S) data
for gun steel at station 1. Figure 28 plots these MACE
Treact¡time¡recession rate ( PS) data for gun steel at station 1.
Figure 29 plots these MACE Treact¡time¡cold wall heat transfer
rate (Qcw ) data forgunsteel at station1. Figure 30 plots theseMACE
Treact¡time¡hot wall heat transfer rate (Qhw) data for gun steel at
station 1. Figure 31 plots these MACE Treact¡time¡wall tempera-
ture (Twall) data forgunsteelat station1. Figure 32plots theseMACE
Treact¡time¡recession (S) data for gun steel at station 2. Figure 33
plots these MACE Treact¡time¡recession rate ( PS) data for gun steel
at station2. Figure 34 plots theseMACE Treact¡time¡cold wall heat
transfer rate (Qcw ) data for gun steel at station 2. Figure 35 plots
these MACE Treact¡time¡hot wall heat transfer rate (Qhw) data for
gun steel at station2. Figure 36 plots theseMACE Treact¡time¡wall
temperature (Twall) data for gun steel at station 2.

Figures 27–36 predict that the gun steel at stations 1 and 2 are
quite susceptible to thermochemical erosion because of suf� cient
heat transfer/wall temperaturesto achievegun steel reactiontemper-
atures, suf� cient heat transfer/wall temperatures to achieve the gun
steel transformation temperature, and signi� cant erosion/erosion
rates. These � gures also predict that the gun steel is not suscep-

Fig. 30 MACE station 1 gun steel hot wall heat � ux data as functions
of reaction limiting temperature and time.

Fig. 31 MACE station 1 gun steel wall temperature data as functions
of reaction limiting temperature and time.

Fig. 32 MACE station 2 gun steel recession data as functions of reac-
tion limiting temperature and time.

tible to thermal erosion as a result of insuf� cient heat transfer/wall
temperatures to achieve the gun steel melting temperature.

The A723 melting point is 1452±C or 3106±R, and was used for
MACE input as an approximationof gun steel.The chromium melt-
ing point is 1845±C or 3813±R, and was used for MACE input as
an approximationof the chromium-platedsurface.Density, conduc-
tivity, and speci� c heat data for MACE input are from the NOVA
database.

The MACE calculations used the TDK/ODE tables and the
TDK/MABL boundary-layer parameters for the boundary condi-
tions. The purely equilibrium results indicate that an enormous
amount of wall metal reacts with the hot gases in the boundary
layer. Because the preceding analysis was for equilibrium � ow, it
only represents a limiting case.

Because the chemicalkinetics for the gas-wall interactionhas not
been studied to date, the temperatureswhere the kinetics begin and
equilibrium is achieved are parametrically stacked for each case.
These f -function data can be determined experimentallywith stan-
dard test techniques. An important experimental test to determine
Treact , Tdiff, and the cubic Arrhenius f -function is by using a ther-
mogravimetric analyzer (TGA) or differentialscanning calorimeter
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Fig. 33 MACE station 2 gun steel recession rate data as functions of
reaction limiting temperature and time.

Fig. 34 MACE station 2 gun steel cold wall heat � ux data as functions
of reaction limiting temperature and time.

Fig. 35 MACE station 2 gun steel hot wall heat � ux data as functions
of reaction limiting temperature and time.

Fig. 36 MACE station 2 gun steel wall temperature data as functions
of reaction limiting temperature and time.

(DSC)-type Arrhenius tester with captured combustion gases (or at
least a pure gas of interest). Because reaction rate is a weak func-
tion of pressure, low-pressure � ow of propellant products or pure
gas can be used in a TGA (dm vs T , up to 1000±C, cubic transi-
tion curve) or a DSC (dq vs T , up to 600±C, bell-shaped curve),
because the extreme sensitivity of these instruments compensates
for the much-reducedpressure.The experimentalArrheniusmethod
determines nonequilibrium (chemical kinetic) recession rates. The
MACE codeneedsonly the actualArrheniuspro� le case for an exact
solution.

It should be noted that an equilibrium analysis of iron and air
at room temperature will show that the iron will combine with the
oxygen to form iron oxides. But this reaction occurs over a time
scale that is many orders-of-magnitudegreater than the time scale
of interest, it can be concludedthat this system is not in equilibrium
and therefore must be kinetically controlled. On the other hand,
if the preceding system were evaluated at 5000±R (2504±C), the
TDK/ODE calculations would be reasonable, and it could be con-
cluded that the system would indeed be in equilibrium.

Althoughthe temperaturesand pressuresassociatedwith the gun-
barrel interior ballistics suggest the use of an equilibrium analysis,
the transient thermal response of the wall requires a kinetic wall
function relating the chemistry associated with the reacting wall
and inert wall. At low temperatures the wall is inert, whereas at
elevated temperatures the wall chemically reacts with the propellant
products. Therefore, it is assumed that there is a temperature below
which no reactionsoccur, referred to as Treact . It is also assumed that
there is another temperature above which the system is in complete
equilibrium,referredto as Tdiff . The � nal answer is still not precisely
known until an ancillary kinetic study is performed to determine
Treact and Tdiff.

As explained in the preceding text, Treact and Tdiff can be
determined by an Arrhenius tester or by a proposed time-
dependent chemical kinetics code. For the purpose of this work,
the chromium and gun steel data used by TDK/ODE were ob-
tained from Figs. 10 and 14, respectively. The TDK/ODE Mol-
lier table of (Hgw)react (vs temperature and pressure) provides equi-
librium values for Treact and Tdiff for MACE input cases. Treact

is at the onset temperature of the exothermic reaction, and Tdiff

is at the diffusion-limited equilibrium temperature point of the
exothermic reaction. These temperatures may be a weak func-
tion of pressure. Figure 10 chromium data include respective
P(psi)¡Treact(±R)¡Tdiff(±R) triplets of 10–1800–2200; 100–2000–

2400; 1000–2350–2800; 2500–2400–3000; 5000–2600–3000;
15,000–2800–3200; and 30,000–3000–3400. Figure 14 gun steel
data includes respective P(psi)¡Treact(±R)¡Tdiff(±R) triplets of 10–

800–1600; 100–1150–2000; 1000–1200–2400; 2500–1350–2600;
5000–1400–2800; 15,000–1550–3000; and 30,000–1600–3000.

For MACE analysis,radiationeffects from emissivityandabsorp-
tivity are not a factor until about 4000±R. Using a past MACE code
illustration, a considerable amount of analysis has been performed
on re-entry heating of graphite heat shields in air using carbon–

air kinetic rate functions. Based on analysis and test data, it has
been shown that below 1500±R the graphite does not react with the
� ow, and above 3000±R the system is in equilibrium, resulting in
Treact D 1500±R and Tdiff D 3000±R. Based on these results, the cubic
transition function was formulated to relate the ratio of the kinetic
reaction rate to the equilibriumrate when the surface temperature is
between Treact and Tdiff. The carbon¡air kinetic rate function plots
temperature (±R) against PM/ PMdiff and begins at 1500±R as an ex-
ponential kinetic curve that is not diffusion-limited,and transitions
to a diffusion-limited (equilibrium) curve at about 2700±R. Each
chemical system requires additional analysis and possibly test data
to determine the appropriate Treact and Tdiff. Because these quan-
tities are not known for the problem of interest, the MACE study
performed a parametric analysis of Treact and Tdiff using equilibrium
enthalpies.

At this point in code development, single-shot comparisons of
wall material erosion are preferableto absolutecalculations.For the
given example, predicted single-shot thermochemical wall erosion
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is compared, where both interfacial and exposed surface gun steel
eroded more than 1 £ 106 times faster than chromium at either of
the two chosen axial positions.

To date, the U.S. Army Armament Research, Development, and
EngineeringCenter’s investmentin thisgun-erosiontechnologyarea
has yielded the � rst practical gun-erosion modeling code. Gun-
erosion modeling can reduce the cost of designing extended-life
high-performancegun systems that push materials’ technologylim-
its and explain gun erosion-relatedphenomenon.

Current gun-erosioncode improvement projects include tedious-
step automation, master-control module uni� cation, dual chemical
equilibrium module combination, time-dependent boundary-layer
development, and mass transfer phase-componentseparation.
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