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ABSTRACT

This study applies Design of Experiments and Response Surface Methodology (RSM)
to the ternary Al/KCIO,/binder system, using the adiabatic flame temperature as
the target response. A three factor Box—Behnken design was constructed in the Al
content (26-38 wt.%), binder content (2-10 wt.%) and initial temperature of the
reactants (298-398 K), and the flame temperature of each of the fifteen resulting
formulations was computed from a fully transparent Hess law energy balance based
on tabulated NIST-JANAF data, rather than from a proprietary equilibrium code. The
thermochemical calculation yielded a reaction enthalpy of -10.6 kiJ-g. The effective
dissociation coefficient was calibrated so that the stoichiometric flame temperature
fell within the literature range of 2900-3200 K; this agreement therefore represents
consistency with the calibration target rather than an independent validation of
the model. A full quadratic response surface model fitted the computed data with a
coefficient of determination of 0.9990 and a maximum relative error below 0.13%, and
passed all residual adequacy checks. The temperature was governed primarily by the
quadratic effect of the aluminum content and the linear cooling effect of the binder,
whereas the initial temperature showed a comparatively weak contribution within
the investigated range, acting primarily additively and independently of composition.
Numerical optimization located a maximum adiabatic temperature of about 3089 K at
32.7 wt.% aluminum and the lowest binder loading.

Abbreviations and heat producing devices, and the performance
of each application is governed by a small number

BBD Box-Behnken design of characteristic outputs such as the adiabatic flame

Dok Design of experiments temperature, the burning rate, the volume and com-

RSM Response surface methodology position of gaseous products, and the luminous or

RMSE Root-mean-square error thermal output [1-3]. Among these, the adiabatic

1. Introduction

flame temperature is one of the most fundamental
thermodynamic parameters because it defines the
theoretical upper limit of the energy released during

Pyrotechnic compositions are intimate mixtures
of a metallic or non metallic fuel and a solid oxidizer
that, once ignited, sustain a self propagating exo-
thermic reaction. They are used across a wide range
of applications — illuminating and signal flares, de-
lay and ignition trains, gas generators, incendiaries

combustion and strongly affects ignition behavior,
luminosity, and the phase composition of combus-
tion products [4, 5].

Aluminum is one of the most important metallic
fuels in energetic materials because of its high heat
of oxidation and low cost, whereas potassium per-
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chlorate remains one of the most widely used oxidiz-
ers owing to its high oxygen content and favorable
storage and handling characteristics [6-8]. In the alu-
minum / potassium perchlorate system the energy
is released through the reduction of the perchlorate
by the metal, which can be written in stoichiometric
form as Eq. (1):

3KCIO, + 8 Al = 3KCI + 4Al,0, (1)

This reaction is strongly exothermic, and it drives
the flame temperature into the region of 2900-3200
K reported for this class of thermite type composi-
tions [9, 10]. In practical formulations, an organic
binder is added to allow the mixture to be pressed
or cast. In the present simplified model, the binder
is represented by an empirical CH,O surrogate and
acts predominantly as a thermal diluent because
its energetic contribution is small relative to the Al/
KClO, reaction.

The combustion of pyrotechnic mixtures is difficult
to predict from first principles. Reactions may occur
in both condensed and gaseous phases and proceed
through a complex sequence of heating, decomposi-
tion, oxidation, melting, evaporation and secondary
gas-phase reactions [11-13]. As a consequence, there
is no single closed form relationship that links com-
position to combustion output across a broad range,
and formulation has traditionally relied on extensive
trial and error experimentation. This makes the field
a natural candidate for systematic, model based ap-
proaches that can extract the maximum amount of
information from a minimum number of trials.

Design of Experiments (DoE) combined with Re-
sponse Surface Methodology (RSM) provides exactly
such a framework. These methods are well estab-
lished in propellant manufacture and in adjacent
areas of energetic materials processing, and a small
number of studies have begun to apply them to py-
rotechnic formulation [14, 15]. Recent work has, for
example, used central composite designs and RSM
together with thermochemical simulation to screen
and optimize pyrotechnic compositions, demon-
strating that response surfaces can reproduce sim-
ulated combustion parameters with useful accuracy
[16-18].

Despite this progress, the application of DoE
and RSM to pyrotechnic systems remains limited.
A further methodological challenge is that thermo-
chemical response data are often reported without
complete access to the calculation workflow, includ-
ing software versions, thermodynamic databases,
species selections and equilibrium assumptions.

This incomplete reporting can make independent
verification and reproduction of simulation-derived
response surfaces difficult [19-21]. Furthermore,
published response-surface models have primarily
focused on compositional factors, whereas process
conditions are less frequently incorporated as inde-
pendent variables. This omission may be significant
because the initial reactant temperature affects the
enthalpy balance and, consequently, the attainable
adiabatic reaction temperature [22]. The role of the
initial temperature is of particular interest, because
it determines whether preconditioning of a charge
can be used as an additional handle on performance,
or whether its effect is simply additive and indepen-
dent of composition.

The present work addresses these gaps for the
specific case of the mentioned system. Its novelty
lies in three elements taken together. The combus-
tion response — the adiabatic flame temperature —is
obtained not from a black box code but from a fully
transparent Hess law energy balance built entirely on
tabulated NIST-JANAF thermochemical data, so that
every computed value is traceable within the stated
modelling assumptions. A three factor Box—Behnk-
en design is used to study not only the aluminum
and binder contents but also the initial temperature
of the reactants as an explicit, independent factor,
allowing its relative contribution and its interaction
with composition to be quantified rather than as-
sumed. Besides, the entire workflow is implemented
with open, general purpose scientific software, pro-
viding a compact and fully reproducible template for
the statistical modelling of pyrotechnic combustion.

2. Materials and Methods
2.1. Pyrotechnic system

The system studied in this work is the ternary
formulation Al/KCIO,/organic binder. Aluminum was
chosen as the metallic fuel and potassium perchlo-
rate as the oxidizer; these are among the most wide-
ly used components of modern energetic composi-
tions, offering a high heat of reaction combined with
a relatively well characterized thermochemistry. An
organic binder was included as the third component,
both to reflect real cast or pressed formulations and
to provide an independent compositional factor for
the statistical design. All compositions are expressed
as mass fractions (Eq. 2), and the three components
always sum to 100 %:

W + Wiciog + Whinger = 100% (2)
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2.2. Combustion model

The combustion of the mixture was represented
by the decomposition of the perchlorate followed by
the aluminothermic reduction of the liberated oxy-
gen. The stoichiometric core reaction is as described
in Eg. (1), which is balanced in all four elements and
corresponds to a stoichiometric aluminum content
of 34.2 wt.% for the binary Al/KCIO, pair. Away from
stoichiometry the model treats the excess reagent
as an inert, heat absorbing diluent: in fuel rich mix-
tures the excess aluminum is carried through as
condensed metal, whereas in fuel lean mixtures the
excess perchlorate decomposes according to Eq. (3):

KClO, > KCl + 20, (3)

with the released oxygen acting as a gaseous dilu-

ent. For simplicity, the binder was approximated by
an empirical CH,O surrogate, with one mole of CH,0
corresponding to about 4.5 wt.% binder relative to
the stoichiometric Al/KCIO, mixture. Its simplified
oxidation contribution was included through the for-
mation of CO, and H,0.

2.3. Adiabatic temperature calculation

The constant pressure adiabatic flame tempera-
ture T,y was computed from a Hess-law energy
balance at 1 atm (101.325 kPa). The enthalpy re-
leased by the reaction at the reference temperature
(298.15 K), augmented by the sensible enthalpy of
the pre heated reactants, is set equal to the enthal-
py required to raise all combustion products from
the reference temperature to T,, including any
phase change contributions (Eq. 4):

- AH:) (298) + Z iereact niJ‘ ;-098 Cp,idT = Z ie prod n]J. ?9d8 Cp,de + Z k nkAthaxe,k (4)

The sensible-enthalpy contributions of the gas-
eous products O,, CO,, and H,0 were included in the
product-side enthalpy balance using the NIST Sho-
mate thermodynamic functions. For O, and CO,, the
temperature-dependent C,(T) expressions were in-
tegrated piecewise over the applicable temperature

0 B

HO(T)—H”S.]S :At+7+7+

The standard reaction enthalpy was evaluated
from the tabulated enthalpies of formation of the
species involved (eq. 6),

~AH(298) = 3 proaMAH;* = SreacAH;®  (6)

giving —AH,° = -6714 kJ per three moles of oxidiser,
i.e. -10.6 kJ-g* of stoichiometric mixture. All stan-
dard enthalpies of formation, molar heat capacities
and phase transition data (melting of KCl and Al,O,,
and the associated latent heats) were taken from
the NIST-JANAF thermochemical tables and the CRC
Handbook; the principal values used are collected in
Table 1.

The temperature-dependent heat-capacity cor-
relations used for the gaseous products are summa-
rized in Table 2.

Because the temperature of interest exceeds the
melting points of the condensed products, the sen-
sible enthalpy term of each product was evaluated
piecewise, adding the solid heat capacity up to the
melting point T,,, the enthalpy of fusion AH,,,, and the

ranges. For H,0(g), whose reported gas-phase C,(T)
correlation starts at 500 K, the sensible-enthalpy in-
crement relative to 298.15 K was evaluated directly
from the NIST Shomate enthalpy expression (Eq. 5),
thereby avoiding extrapolation of the C,(T) correla-
tion below its stated validity range.

4
D EL oy T )
4 t 1000

liquid heat capacity above T,, (Eq. 7):
JT508C,dT = C5(T,,—298) + AH,, + C(T-T,), T>T,, (7)

At the high temperatures reached by this system
the endothermic dissociation of the products (princi-
pally Al,O; and KCI) becomes an important heat sink
and is the physical mechanism that limits the real
flame temperature. Rather than solving the full dis-
sociation equilibrium, this effect was represented by
an effective heat sink term that switches on above
2500 K and grows with temperature in proportion to
the total number of product moles n,, (Eq. 8):

Hdiss = kdntot(T - 2500)2; T > 2500 K (8)

The effective dissociation coefficient ky was cali-
brated once using the stoichiometric binary Al/KCIO,
composition by requiring the calculated adiabatic
temperature to be approximately 3140 K, consistent
with the literature range of 2900-3200 K for this sys-
tem. This calibration gives ky ~ 1.37 J-mol*-K2. The
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Table 1. Principal thermodynamic data used in the adiabatic-temperature calculation

Species AH? (298 K), k-mol* M, g:-mol* C, (solid), J-mol*-K* C, (liquid), J-mol*-K* T, K  AH,, kl-mol*
Al 0.0 26.98 28.3 31.8 933 10.7
KCIO, -432.75 138.55 - - - -
KCl -436.5 74.55 50.0 73.6 1044 26.3
Al,O, -1675.7 101.96 130.0 192.5 2327 111.1

Table 2. Temperature-dependent heat capacities of gaseous products used in the enthalpy balance

Gaseous species

Temperature dependence of C,(T), J-mol*-K*

100-700 K:
C,(T) =31.32234 - 0.02023531T + 5.786644x10°T? - 3.650624x10%T? - 7374/T>
0,(g) 700-2000 K: _ _
C,(T) =30.03235 + 0.008772972T - 3.988133x10°T? + 7.88313x107°T® - 741599/T>
2000-6000 K:
C,(T) =20.91111 + 0.01072071T - 2.020498x10°T* + 1.46449x10°T> + 9245722 /T?
298-1200 K:
CO(g) C,(T) =24.99735 + 0.05518696T - 3.369137x10°T* + 7.948387x10°T* - 136638/T>
1200-6000 K:
C,(T) = 58.16639 + 0.002720074T - 4.92289x107T? + 3.8844x10™"'T° - 6447293/T?
500-1700 K:
H,0(g) C,(T) = 30.09200 + 0.006832514T + 6.793435x10°T* - 2.534480x10°T> + 82139/T?

1700-6000 K:

Co(T) =41.96426 + 0.008622053T - 1.499780x10°T* + 9.8119x10™T° - 11157640/T2

Note: The appropriate C,(T) correlation was applied within its stated temperature range. For H,0(g), the sensible enthalpy
relative to 298.15 K was evaluated directly using the corresponding NIST Shomate enthalpy function; therefore, the 500-
1700 K C,(T) correlation was not extrapolated below 500 K. Source: NIST Chemistry WebBook (Chase, 1998).

same coefficient was subsequently kept fixed for
all compositions and all Box—Behnken design points
and was not adjusted individually for any formula-
tion. Thus, the term represents an empirical approx-
imation of the aggregate high-temperature dissocia-
tion heat sink rather than a full chemical-equilibrium
treatment. The energy balance was solved for T, by
bisection to a tolerance below 1 K. The reaction en-
thalpy of -10.6 kJ-g* obtained with this scheme is in
good agreement with values reported for thermite
type systems, confirming that the underlying ther-
modynamics are physically sound.

2.4. Design of experiments

A three factor Box—Behnken design (BBD) was
used to plan the calculations and to build the re-
sponse surface. The three independent factors were
the aluminum content (A), the binder content (B)
and the initial temperature of the reactants (C); the
potassium perchlorate content was taken as the

balance and was therefore not an independent vari-

able. Each factor was studied at three coded levels

(-1, 0, +1), which were mapped onto the real factor

ranges given in Table 3: 26-38 wt.% for aluminum,

2-10 wt.% for the binder and 298-398 K for the initial

temperature.

The coded and natural variables are related by
Eq. 9:

X[ _Xi,O

X =————

i AY

i

(9)

where: X; is the natural value of factor i, X;, its value
at the center level and AX; the step to the +1 level.

The BBD places the design points at the mid
points of the edges of the cube defined by the three
factors, together with replicated points at the cen-
ter; the corners of the cube are not sampled. For
three factors this yields twelve edge points plus cen-
ter replicates, giving fifteen runs in total when the
centre point is replicated three times.
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Table 3. Independent factors of the Box—Behnken
design and their coded levels

Low Centre High

Factor Symbol
(-1) (o)  (+1)
Al content, wt.% A 26 32 38
Binder content, wt.% B 2 6 10

Initial temperature T°,K C 298 348 398

2.5. Response surface model and statistical analysis

The adiabatic temperatures computed for the fif-
teen design points were fitted with a full second or-
der (quadratic) response surface model of the form
Eg. 10):

3
JA/' = :Bo + Zﬁiixiz + z XX (10)
i=1 i<j

in which y is the predicted adiabatic temperature, B,
the intercept, B; the linear coefficients, B; the qua-
dratic coefficients and B; the two factor interaction
coefficients. The coefficients were estimated by ordi-
nary least squares. The quality of the fit was assessed
using the coefficient of determination and its adjust-
ed value, together with the regression F-statistic,
t-statistics, and associated p-values of the individual
polynomial terms. Since the response values were
generated deterministically by the thermochemical
model, the replicated centre points contain no ex-
perimental pure error. Therefore, the F- and t-statis-
tics and the associated p-values are interpreted here
as indicators of the relative contribution of the poly-
nomial terms to the quadratic approximation rather
than as tests of significance against experimental
random noise. Because the estimated pure error is
zero, a conventional lack-of-fit F-test based on the ra-
tio of lack-of-fit variance to pure-error variance is not
applicable to the present deterministic dataset. The
relative importance of the terms was visualized us-
ing a Pareto chart of the standardized effects. Model
adequacy was assessed primarily from R2, adjusted
R?, RMSE, maximum relative deviation, and residual
diagnostics.

The predictive accuracy of the fitted model (Eq.
11) was quantified by the relative deviation between
the model prediction and the thermochemical com-
puted value at each design point,

g=2—2.100% (11)

Y
and summarized by the root mean square error. Mod-
el adequacy was checked through residual analysis,
comprising a plot of the residuals against the fitted

values and a normal probability plot of the residuals.
Finally, the fitted surface was numerically maximized
over the experimental region to locate the composi-
tion of maximum adiabatic temperature.

2.6. Software

All calculations were performed in Python 3.11.
The thermochemical energy balance was imple-
mented as a stand alone routine using only the tabu-
lated data described above, so that every computed
temperature is fully traceable. The response surface
regression and the analysis of variance were carried
out with the statsmodels 0.14, numerical optimiza-
tion of the fitted surface with SciPy 1.13, and all fig-
ures were produced with Matplotlib 3.8. No propri-
etary equilibrium or design of experiments software
was required.

3. Results and Discussion

3.1. Experimental design and thermochemical
dataset

To evaluate the combustion behavior of the ter-
nary Al/KClO,/binder system, a three factor Box—
Behnken design (BBD) was constructed. The three
independent factors were the aluminum content
(A), the binder content (B) and the initial tempera-
ture of the reactants (C); the potassium perchlorate
content (Eq. 12) was treated as the dependent bal-
ance, so that the mass fractions always summed to
100%:

Wyciog = 100 — Wy = Whinger (12)

Each factor was varied over three coded levels
(-1, 0, +1). Aluminum was studied between 26 and
38 wt.%, the binder between 2 and 10 wt.%, and the
initial temperature between 298 and 398 K. The re-
sulting design, illustrated in Fig. 1, places the exper-
imental points at the mid points of the edges of the
factor cube together with a replicated center point;
the corners of the cube are deliberately left unpopu-
lated, which is the distinguishing feature of the BBD
relative to a full factorial design and which avoids
the extreme (and often physically unattainable)
combinations of all three factors simultaneously.

The adiabatic flame temperature of each of the
fifteen formulations was obtained from a transpar-
ent thermochemical calculation rather than from
a proprietary equilibrium code. The combustion
chemistry was represented by the aluminothermic
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Fig. 1. Three-factor Box—Behnken design. Green markers are the twelve edge-point runs; the orange marker is the
replicated center point (n = 3). Cube corners are intentionally not sampled. Factors: A = Al content, B = binder content,

C = initial temperature To.

reduction of potassium perchlorate (Eq. 1), for which the standard reaction enthalpy (Eq. 13), evaluated from

tabulated enthalpies of formation, is

AH'(298K) = (3AH S[KCI]+ 4AH [ A1,0,]) ~ 30H [KCIO, ] = ~6714kJ (13)

per three moles of oxidizer, equivalent to -10.6 kJ-g*
of stoichiometric mixture — a value fully consistent
with the strongly exothermic character reported for
this class of thermite type compositions. The stoi-
chiometric fuel fraction of the binary Al/KCIO, pair
is 34.2 wt.% Al.

The adiabatic (constant pressure) flame tempera-
ture T,q (Eq. 14) was found by solving the enthalpy
balance in which the heat released by the reaction,
corrected for the sensible enthalpy of the preheat-
ed reactants, is entirely absorbed by the combustion
products as they are raised from the reference tem-
perature to T,4:

Ty Tod
—AHrO + Z niL%CP’idT = Z niLgS C,dT + Zk:nkAthase,k (14)

reactants

The heat-capacity integrals and phase-transition
enthalpies (fusion of KCl and Al,O;) were based on
tabulated NIST-JANAF data, whereas the effective
high-temperature dissociation term was introduced
empirically as described in Section 2.3. With this
model, the stoichiometric binary composition reach-
es = 3140 K, within the literature range of 2900-
3200 K reported for Al/KCIO,. Since this temperature
range was used to calibrate the effective dissociation
coefficient, the agreement should be interpreted as
consistency with the calibration target rather than
as an independent validation of the model.

The complete design and the computed respons-
es are summarized in Table 4.

The adiabatic temperature spans 2862.5-3080.0 K
across the design space. The three replicated center
points (runs 13-15) return identical values of 3051.6

products

K; because the response is generated deterministi-
cally, the pure error is effectively zero, and the small
residual scatter discussed below arises solely from
lack of fit of the polynomial surface.

3.2. Response surface model

The thermochemical dataset was fitted with a full
second order (quadratic) response surface model in
the three coded factors x; (Al), x, (binder) and x; (ini-
tial temperature) (Eq. 15):

3 3
T,=5 +Zﬂi‘xi +Z,3ﬁxi2 +Zﬂij‘xixj (15)
i1 =

i<j

Ordinary least squares regression yielded the fit-
ted equation (Eq. 16)

T, =3051.6-2.84x, —44.92x, +2.39x, —108.07x7 —9.26x —12.23x> - 27.62x,x, (16)
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Table 4. Box—Behnken design and computed adiabatic temperature for the Al/KCIO,/inder system

Run A B C Al, wt.% Binder, wt% KClO4, wt.% To, K T.a, K
1 -1 -1 +0 26.0 2.0 72.0 348.15 2950.8
2 +1 -1 +0 38.0 2.0 60.0 348.15 3002.2
3 -1 +1 +0 26.0 10.0 64.0 348.15 2921.6
4 +1 +1 +0 38.0 10.0 52.0 348.15 2862.5
5 -1 +0 -1 26.0 6.0 68.0 298.15 2932.5
6 +1 +0 -1 38.0 6.0 56.0 298.15 2925.0
7 -1 +0 +1 26.0 6.0 68.0 398.15 2937.5
8 +1 +0 +1 38.0 6.0 56.0 398.15 2930.0
9 +0 -1 -1 32.0 2.0 66.0 298.15 3075.4
10 +0 +1 -1 32.0 10.0 58.0 298.15 2980.2
11 +0 -1 +1 32.0 2.0 66.0 398.15 3080.0
12 +0 +1 +1 32.0 10.0 58.0 398.15 2984.8
13 +0 +0 +0 32.0 6.0 62.0 348.15 3051.6
14 +0 +0 +0 32.0 6.0 62.0 348.15 3051.6
15 +0 +0 +0 32.0 6.0 62.0 348.15 3051.6

Note: A = Al content, B = binder content, C = initial temperature To; KClO4 is the balance

with the two remaining interaction terms (x,x; and
X,X;) being negligible.

The quadratic model provides an excellent ap-
proximation of the deterministic thermochemical
response, with a coefficient of determination of R?
= 0.9990. The overall regression F-value is 534 (p <
10°); in the present deterministic dataset, this sta-
tistic reflects the strength of the quadratic approxi-
mation relative to the residual approximation error
rather than significance against experimental ran-
dom variability.

The corresponding response surface is shown in
Fig. 2 as a function of aluminum and binder content
at the central initial temperature. The surface is a
smooth dome: the temperature rises towards the
stoichiometric aluminum content and falls on both
the fuel lean and fuel rich sides, while increasing
binder content lowers the temperature monotoni-
cally. The design points, projected onto the surface,
lie close to it, reflecting the excellent fit.

Figure 3 presents the same response as a two di-
mensional contour map, which locates the optimum
more precisely.

Numerical maximization of the fitted model over
the experimental region places the temperature op-
timum at 32.7 wt.% Al and 2.0 wt.% binder (with the
initial temperature near its center value), predicting
a maximum adiabatic temperature of 3089 K. The
optimum binder content coincides with the lower
bound of the factor, which is physically reasonable.

dominant aluminum and binder terms. Therefore,
the overall influence of the initial temperature is
described here as comparatively weak rather than
statistically insignificant.

In contrast, the linear aluminum effect (p =
0.076), the linear initial-temperature effect (p =
0.119), and both interactions involving initial tem-
perature showed comparatively weak contributions
to the fitted quadratic model. The negligible linear
aluminum term is a direct consequence of the de-
sign being centred close to the temperature maxi-
mum, where the first derivative of the response

3075
3100
| 3050

3025
3000
2975

2950

N
©
a
(=]
Adiabatic temperature, K

10 2925

o 2900
\:’g

2875

Adiabatic temperature, K

30

Ao 32 34
ONntep, 36 5 3 o
> Wie, 38 6\‘\

Fig. 2. Response surface of the adiabatic temperature as
a function of aluminum and binder content, at the cen-
tral initial temperature. White markers show the design
points projected onto the fitted surface.
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Fig. 3. Contour map of the adiabatic temperature over
aluminum and binder content. White circles are the
design points; the star marks the predicted optimum
(3089 K at 32.7 wt.% Al, 2.0 wt.% binder).

The organic binder acts predominantly as a thermal
diluent, so the temperature is maximized at the low-
est binder loading. The optimum aluminum content
lies essentially at the center of the studied range,
consistent with the strong curvature of the surface
in the x, direction.

3.3. Relative importance of the model terms

The relative importance of the model terms is vi-
sualized as a Pareto chart of the standardized effects
(absolute t values) in Fig. 4.

The standardized effects indicate that five terms
make the largest contributions to the fitted quadrat-
ic response surface. The dominant contribution is
the quadratic aluminum term (A?; |t| = 57.6), whose
large negative coefficient produces the pronounced
temperature maximum and reflects the transition
from fuel-lean to fuel-rich compositions. This behav-
ior is physically consistent with the thermochemis-
try of the Al/KCIO, system: the adiabatic tempera-
ture reaches a maximum close to the stoichiometric
fuel-oxidizer ratio, whereas excess oxidizer on the
fuel-lean side and excess unreacted aluminum on
the fuel-rich side act as heat-absorbing components.
The second strongest contribution is the linear bind-
er term (B; |t| = 35.2), consistent with the role of
the binder as a thermal diluent, followed by the Al x
binder interaction (|t| = 15.3). The quadratic binder
and initial-temperature terms make smaller contri-
butions to the polynomial approximation. Although
the quadratic initial-temperature term C? exceeds
the conventional regression threshold, its standard-
ized effect is substantially smaller than those of the

A
B (binder)

AxB

A (Al)

C(To)

- Above conventional regression threshold

D Below conventional regression threshold

b (R

0 T 10
Conventional regression
threshold (p = 0.05)

20 30 40 50 60

Standardized effect |t|

Fig. 4. Pareto chart of the standardized effects (|t|) of
the model terms. The dashed line corresponds to the
conventional p = 0.05 regression threshold; for the present
deterministic dataset, the standardized effects are used
to compare the relative contributions of the polynomial
terms.

vanishes. The comparatively weak contribution of
the terms involving the initial temperature indicates
that preheating acts primarily as an additive sensi-
ble-enthalpy contribution and has little interaction
with composition within the investigated range.

3.4. Model validation and adequacy

The predictive quality of the fitted model was as-
sessed by comparing the RSM predictions with the
thermochemical computed temperatures for all fif-
teen runs. The parity plot in Fig. 5 shows the pre-
dicted values plotted against the computed values
together with the line of perfect agreement.

All points lie essentially on this line: the root
mean square error is only 2.1 K and the maximum
relative deviation (Eq. 17), evaluated as

Tad _Tad

-100% (17)

E =

ad

does not exceed 0.13% over the entire design space.
This confirms that the quadratic surrogate reproduc-
es the underlying thermochemistry to well within
any practically relevant tolerance and can therefore
replace the full calculation for rapid interpolation
and optimization.

Model adequacy was further examined through
residual diagnostics, shown in Fig. 6.

In the plot of residuals against fitted values (Fig.
6a) the residuals scatter randomly about zero within
a narrow band of +3.6 K, with no funnel shape or
systematic trend, indicating that the variance is ho-
mogeneous and that no important term has been
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Fig. 5. Parity plot of RSM-predicted versus thermochemical
computed adiabatic temperature for all fifteen runs. The
dashed line is the line of perfect agreement (R* = 0.9990,
RMSE = 2.1 K, maximum error 0.13%).

omitted from the model. The normal probability
plot of the residuals (Fig. 6b) is close to linear, with
a correlation coefficient of 0.99, so the normali-
ty assumption underlying the regression is satis-
fied. Taken together with the high R, and the low
prediction error, these diagnostics confirm that the
second-order model provides an adequate repre-
sentation of the deterministic response surface.
The results demonstrate that a compact Box—
Behnken design combined with response surface
methodology captures the combustion behavior of
the Al/KCIO,/binder system with high fidelity, using
only fifteen formulations and a transparent thermo-
chemical model in place of a proprietary equilibrium
solver. The fitted surface reproduces the two gov-
erning physical trends — a composition of maximum
temperature near the stoichiometric aluminum con-

(a) Residuals vs fitted

41 @ Edge points
e <> Center points
%
2 o
e o®
A -~
& ®
-2 .
%
[ ]
-4
2850 2900 2950 3000 3050
Fitted T.q, K

tent, and a monotonic cooling effect of the binder
acting predominantly as a thermal diluent — and
quantifies their interaction. The dominance of the
guadratic aluminum term and of the linear binder
term, together with the comparatively weak influ-
ence of the initial temperature, provides a clear and
physically interpretable ranking of the factors that
would be difficult to obtain from a one factor at a
time study.

A limitation of the present study is the absence
of direct experimental validation of the calculated
adiabatic flame temperatures. The present results
are entirely model-based; therefore, the absolute
temperature values should be regarded as engineer-
ing estimates rather than experimentally validated
predictions. In addition, the thermochemical mod-
el assumes complete reaction, treats dissociation
through a single effective term, and does not resolve
the condensed/gaseous partitioning of the alumina
product in detail. Nevertheless, because the same
model underlies every design point, the relative
trends and the fitted response surface are robust,
and the methodology is directly transferable to ex-
perimentally measured responses such as burning
rate or luminous output. Extending the design to a
genuinely multi response formulation, and validat-
ing the predictions against experimental firings, are
the natural next steps of this work.

4, Conclusion

A three factor Box—Behnken design combined
with Response Surface Methodology was used to
model the adiabatic flame temperature of the alu-
minum/potassium  perchlorate/binder  system.
Using only fifteen formulations, the temperature

(b) Normal probability plot
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Fig. 6. Residual diagnostics for the fitted model: (a) residuals versus fitted values; (b) normal probability plot of the

residuals.
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was mapped over the ranges 26-38 wt.% Al, 2-
10 wt.% binder and 298-398 K initial temperature.
The temperature of each formulation was obtained
from a fully transparent Hess law energy balance
based on tabulated NIST-JANAF data rather than
a proprietary equilibrium code, so that every com-
puted value is traceable. The model reproduced the
reaction enthalpy of -10.6 kJ-g, while the effective
dissociation coefficient was calibrated to yield a stoi-
chiometric flame temperature within the literature
range of 2900-3200 K. The latter agreement there-
fore represents consistency with the calibration
target rather than an independent validation of the
model.

A full quadratic response surface model fitted
the fifteen computed points with R? = 0.9990 and
a maximum relative error below 0.13%, so that the
polynomial surrogate reproduces the thermochemi-
cal calculation to well within any practical tolerance.
Residual diagnostics confirmed the adequacy of the
fit: the residuals scattered randomly about zero
within £3.6 K and followed a normal distribution.

The fitted model gave a clear and physically in-
terpretable ranking of the factors. The temperature
was governed primarily by the quadratic effect of the
aluminum content, which produces a well defined
maximum near the stoichiometric composition, and
the linear thermal-dilution effect of the binder, to-
gether with their interaction. In contrast, the initial
temperature and its interactions with composition
made comparatively weak contributions to the fit-
ted response surface within the investigated range.
From a thermochemical perspective, this indicates
that pre-heating primarily contributes addition-
al sensible enthalpy to the reactants, whereas the
attainable adiabatic temperature is governed pre-
dominantly by the fuel-oxidizer ratio and the ther-
mal-dilution effect of the binder. Numerical optimi-
zation of the surface located a maximum adiabatic
temperature of about 3089 K at 32.7 wt.% aluminum
and the lowest binder loading, consistent with the
diluent role of the binder.

The absolute temperatures should be regarded
as engineering estimates, since the model assumes
complete reaction and represents high temperature
dissociation through a single effective term; because
the same model underlies every design point, how-
ever, the relative trends and the fitted surface re-
main robust.

Author Contributions

Dinara Muktaly - Conceptualization,
Methodology, Supervision, Project Administration
and Writing — Review & Editing. Olesya Tyumentseva
—Validation, Supervision, Writing — Review & Editing.
Oksana Chervyakova — Validation, Writing — Review
& Editing. Aigerim Imash — Validation, Visualization.
Bagdatgul Milikhat — Validation, Visualization. Aslan
Akberliyev — Validation, Data Curation, Writing —
Original Draft. Lyazzat Mussapyrova — Validation,
Visualization, Writing — Original Draft.

Conflict of Interest

The authors declare that they have no conflict of
interest.

Funding

This research was funded by the Science Com-
mittee of the Ministry of Science and Higher Edu-
cation of the Republic of Kazakhstan under project
BR28712843 «Development and Testing of Technol-
ogies for Multicomponent Systems Based on Sec-
ondary Aluminum Alloys and Organometallic Mate-
rials for Applications in Technological Combustion,
Pyrotechnic Compositions, and Concealing Aerosol
Compositions».

References

[1]. K. Zhang, Y. Han, D. Ren, C. Zhu. Experimental
and numerical investigations on the condensed
combustion products of Mg-based solid fuels. Fuel
329 (2022) 125423. https://doi.org/10.1016/].
fuel.2022.125423.

[2]. K. Zhang, D. Ren, Y. Han, C. Zhu. Experimental
and numerical study on the combustion and
infrared radiation characteristics of Mg/PTFE/
Viton pyrotechnic compositions. Infrared Physics
& Technology 133 (2023) 104841. https://doi.
org/10.1016/j.infrared.2023.104841.

[3]. C. Roseres, L. Courty, P. Gillard, C. Boulnois.
Burning velocities of pyrotechnic compositions:
Effects of composition and granulometry.
Energies 15 (2022) 3942. https://doi.org/10.3390/
en15113942.

[4]. M. Gerlich, W.A. Trzcinski, M. Hara. Combustion
characteristics and thermochemistry of selected
silicon-based compositions for time-delay
detonators. Materials 18 (2025) 1456. https://doi.
org/10.3390/ma18071456.



D. Muktaly et al. / TOPEHWE N NJIA3SMOXUMMUA 24 (2026) 383—-395

393

[5].

[6].

[7].

[8].

[9].

[10].

[11].

[12].

[13].

[14].

D. Ondzié Pandzou, N. Mokrani, S. Bernard,
L. Courty. Combustion and thermal behavior
of selected metallic fuels used in pyrotechnic
compositions. Energies 18 (2025) 6290. https://
doi.org/10.3390/en18236290.

S.M. Pourmortazavi, M. Fathollahi, S.S.
Hajimirsadeghi, S.G. Hosseini. Thermal behavior
of aluminum powder and potassium perchlorate
mixtures by DTA and TG. Thermochimica Acta
443 (2006) 129-131. https://doi.org/10.1016/].
tca.2005.11.045.

X. Ji, Y. Liu, Z. Li, Q. Yu, Y. Gao, et al. Thermal
behavior of Al/Zr/KCIO4 pyrotechnic compositions
at high temperature. Thermochimica Acta
659 (2018) 55-58. https://doi.org/10.1016/].
tca.2017.11.006.
Y.Chen,Q.Huang,Z.Ren,Y.Li,D.Song, etal. Astudy
on the regulation of combustion characteristics in
aluminum/potassium perchlorate through oxygen
balance. Thermochimica Acta (2026) 180239.
https://doi.org/10.1016/j.tca.2026.180239.

X. Jia, L. Tong, X. Hu, J. Mao. General mechanism
review of aluminum-based thermite reaction.
Advanced Engineering Materials 27 (2025)
€202501172. https://doi.org/10.1002/
adem.202501172.

L.L. Wang, Z.A. Munir, Y.M. Maximov. Thermite
reactions: Their utilization in the synthesis and
processing of materials. Journal of Materials
Science 28 (1993) 3693-3708. https://doi.
org/10.1007/BF00353167.

J.M. Grobler, W.W. Focke, N.P. Derrick, A.J.
Oberholster, C. Kelly, et al. Sensitising the micron-
sized aluminum/potassium periodate thermite.
Journal of Energetic Materials 38 (2020) 455-466.
https://doi.org/10.1080/07370652.2020.1732499.
V.P. Sinditskii, V.Y. Egorshev, V.V. Serushkin,
S.A.E. Filatov. Combustion of energetic materials
controlled by condensed-phase reactions.

Combustion, Explosion, and Shock Waves
48 (2012) 81-99.  https://doi.org/10.1134/
S001050821201011X.

C.Tu,Y.Feng,Z.Ling, X.Chen, C.Zhou, etal. Thermal
decomposition, ignition process and combustion
behavior of nitrate ester plasticized polyether
propellant at 0.1-3.0 MPa. International Journal
of Aerospace Engineering 2022 (2022) 6439787.
https://doi.org/10.1155/2022/6439787.

N.J. Roslan, S.H. Jamal, J.ILA. Rashid, M.N.F.
Norrrahim, K.K. Ong, et al. Response surface
methodology for optimization of nitrocellulose
preparation from nata de coco bacterial cellulose
for propellant formulation. Heliyon 10 (2024)

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

e25993. https://doi.org/10.1016/j.heliyon.2024.
e25993.

D.F.V. Cantini, V. Pelikan, J. Pachman. Modeling
and optimization of pyrotechnic compositions
using central composite design and response
surface methodology. FirePhysChem 5 (2025) 513-
521. https://doi.org/10.1016/j.fpc.2025.03.004.
H.R. Pouretedal, S. Sattar, A. Zare. Improved
luminosity of a new tracer pyrotechnic of
Mg:Ba0,:Ba(NOs),:Viton using response surface
methodology. Journal of Thermal Analysis and
Calorimetry 148 (2023) 5209-5216. https://doi.
org/10.1007/s10973-023-12070-y.

J.0. Hamed, 0.0. Ogunleye, C.A. Osheku. Optimal
design of a composite propellant formulation
using response surface methodology. Advances in
Materials Science 17(1) (2017) 44-57. https://doi.
org/10.1515/adms-2017-0004.

D.F.V. Cantini, V. Pelikan, J. Pachman. Modeling of
sustainable B/B4C/Bi,03 pyrotechnic compositions
using RSM. FirePhysChem (2026). https://doi.
org/10.1016/j.fpc.2026.01.010.

N. Vallet, D. Michonneau, S. Tournier. Toward
practical transparent verifiable and long-term
reproducible research using Guix. Scientific Data
9 (2022) 597. https://doi.org/10.1038/s41597-
022-01720-9.

M. Scheffler, M. Aeschlimann, M. Albrecht, T.
Bereau, H.-J. Bungartz, et al. FAIR data enabling
new horizons for materials research. Nature 604
(2022) 635-642. https://doi.org/10.1038/s41586-
022-04501-x.

D. Persaud, L. Ward, J. Hattrick-Simpers.
Reproducibility in materials informatics: Lessons
from ‘A general-purpose machine learning
framework for predicting properties of inorganic
materials’. Digital Discovery 3 (2024) 281-286.
https://doi.org/10.1039/D3DD00199G.

P.Zhu, J.C.M. Li, C.T. Liu. Adiabatic temperature of
combustion synthesis of Al-Ni systems. Materials
Science and Engineering A 357 (2003) 248-257.
https://doi.org/10.1016/50921-5093(03)00249-1.



394 D. Muktaly et al. / TOPEHUE M NJTASMOXUMMUA 24 (2026) 383—395

About the Authors

D. Muktaly — Leading Researcher, Institute of
Combustion Problems, Almaty, Kazakhstan

E-mail: dinara.muktaly@mail.ru

ORCID: https://orcid.org/0000-0002-1139-5488

O.A. Tyumentseva — Leading Researcher, Candidate
of Chem. Sci., Institute of Combustion Problems,
Almaty, Kazakhstan

E-mail: otyumentseva@knu.kazatomprom.kz

0. Chervyakova — Leading Researcher, Institute of
Combustion Problems, Almaty, Kazakhstan
E-mail: Oksana_almadk@mail.ru

B. Milikhat — Researcher, Institute of Combustion
Problems, Almaty, Kazakhstan
E-mail: Mbagdatgul@mail.ru

A. Akberliyev — Master of Natural Sciences, General
Director, Institute of New Materials, Almaty,
Kazakhstan

E-mail: info.institutnm@gmail.com

L.A. Mussapyrova — PhD, Leading Researcher,
Institute of Combustion Problems, Almaty,
Kazakhstan

E-mail: lyazzat.mussapyrova@gmail.com

ORCID: https://orcid.org/0000-0002-9881-1324
A. Imash — Researcher, Institute of Combustion
Problems, Almaty, Kazakhstan
E-mail: iimash.aigerim@gmail.com
ORCID: https://orcid.org/0000-0003-3792-6512

MopaenupoBaHMe MOBEPXHOCTM OTKAMKA aguabaTtMyeckoil TemnepaTtypbl MAaMeHU MUPOTEXHUYECKUX
cocrasos Al/KCIO,

A. Mykranbi?, O. TiomeHuesa?, 0. Yepsakosa'#, A. Umaw'?, 6. Munuxat*?, A. Akbepaues?, J1. Mycanuposa®?*

"MHcTUTYT Npobnem ropenus, yn. boreHbal 6atbipa, 172, AnmaTtsl, KazaxctaH

2Ka3axCcKMi HauMOHabHbIV YHMUBEPCUTET UM. anb-Oapabu, np. anb-Papabu, 71, AnmaTsl, KasaxcTaH
3MHCTUTYT HOBbIX MaTepuanos, ya. Mubek xkonbl, 50, Anmatbl, KasaxcTaH

‘AnmallK, yn. Typkebaesa, 199, Aamatbl, KasaxcTaH

AHHOTALUMA

B HacToAwem uccnegoBaHUU MeToAbl NAAHUPOBAHUA IKCMEPUMEHTA M METOAO0/I0TNA NOBEPXHOCTU OTKAMKA
(RSM) nprmeHeHbl K TpexkomnoHeHTHoM cucteme Al/KClO,/cBaAsylolLee, Npy 3TOM B KayecTBe LeNeBoro OTKAMKa
BblbpaHa aanabaTnyeckaa TemnepaTypa naameHun. na coaep:kaHus antommHma (26-38 mac.%), ceasyrouwtero (2-10
Mac.%) 1 HayaNbHOM TemnepaTypbl peareHToB (298-398 K) 6bia1 nocTpoeH TpexdaKTopHbI nNaaH bokca—beHKeHa,
a TemnepaTypa NAameHn ANA KaXK[0ro U3 NATHaALATU NOJyYeHHbIX COCTaBOB paccyMTaHa Ha OCHOBE MOJIHOCTbIO
Nnpo3payHoro sHepreTnyeckoro 6anaHca no 3akoHy lecca ¢ Mcnonb3oBaHWem TabanuyHbiXx gaHHbIX NIST-JANAF,
6e3 NpMMeHEeHWA 3aKpbITOro NpPorpammHoro obecnevyeHMA AR PaABHOBECHbIX TEPMOXMMMUYECKUX PacyeTos.
Mogaenb BOCNpou3Bena Kak 3HTaNbNUIo peakuuu, pasHyto -10,6 kKAX: T, Tak U NpUBOAUMBINA B AuTepatype And
OAHHOW cuUcTeMbl AMAnas3oH Temnepatyp naameHu 2900-3200 K. MonHas KBagpaTUYHAs MoAe/b NMOBEPXHOCTU
OTK/IMKa OMucana pacyeTHble AaHHble ¢ KoadodunumeHTtom aetepmmHaumm 0,9990 1 MaKCMManbHOM OTHOCUTENIbHOM
norpewHoctblo MeHee 0,13%, a aHanM3 OCTaTKOB MOATBEPAMA afeKBAaTHOCTb mogdenu. Hanbonblwuii Bknag B
M3MeHeHWe TemnepaTypbl BHOCUAN KBaAPATUYHbIN 3PPEKT coaeprKaHUA aNtoMUHUA U TMHEWHbIA OXNaXaatoLWwmii
addeKT cBA3yloLWero, Torga Kak HavyanbHaa TemnepaTypa B Uccief0BaHHOM AMana3oHe OKa3biBasla CPaBHUTENbHO
cnaboe BAMAHWE, AENCTBYA NPEUMYLLECTBEHHO aAAUTUBHO U MPAKTUYECKM HEe3aBUMCMMO OT cocCTaBa. YnMcneHHas
ONTMMM3AUMA MOKasana, YTO MaKcMmanbHaa aanabatvyeckas TemnepaTypa okoso 3089 K pocturaetca npwu
copep¥aHum antommHna 32,7 mac.% v MMHUMANbHOM COLEPMKAHNM CBA3YIOLLETO.

Kniouesble cnoBa: MMPOTEXHMYECKME COCTaBbl, ajtlOMUHWIA/Mepxnopat Kanua, agvabatuyeckas Temnepartypa
naameHu, NJaHMPOBaHME IKCNEPUMEHTA, METOA0/10TUA MOBEPXHOCTU OTK/IMKA, NnaH bokca—beHkeHa
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Al/KCIO,; nupoTexHMKanblK KypamgapblHAafbl XaablHHbIH, aguabartanblik TemnepaTypacbiH Kayan 6eti
apKblibl moaenbaey

A. Mykranbi?, O. TiomeHuesa?, O. Yepeakosa'?, A. Umaw*?, 6. Muauxat'?, A. AKbepnues?, /1. Mycanuposa®?*

aHy npobsemanapbl UHCTUTYTbI, BereHbait 6aTbip K., 172, Anmathbl, KazakctaH
29n-Papabu aT. Kasak yATTbIK yHMBepcuTeTi, an-®apabu aaH., 71, Anmatbl, KasakcTaH
3¥KaHa maTepuangap MHCTUTYTbI, Hubek »Konbl K., 50, AnmaTbl, KasakcTtaH

‘AnmallK, Typkebaesa K., 199, AnmaTbl, KasakcTaH

AHOATNA

By 3epTTeyae TaxipmnbeHi )ocnapnay agici »)kaHe ayan 6eTiHiH agicHamacb! (RSM) Al/KCIO,/6aiinaHbICTbipFblLL
YWKOMMOHEHTTi »KYMeciHe KONAaHbIbIN, MAKCaTTbl *Kayan peTiHAe ajblHHbIH, aanabaTtanblk TemnepaTtypacol
TaHAdanabl. ANOMUHUIA MenLepi (26-38 macc.%), b6alinaHbicTbipFbi Mmenlepi (2-10 macc.%) KaHe peareHTTepAiH,
6acTankbl Temnepatypacsl (298-398 K) 6oibiHWwa yw pakTopabl Bokc—beHKeH ocnapbl Kypbinabl. AfbiHFaH OH bec
KYPaMHbIH 9PKaMCbIChI YLUIH *Ka/lblH TEMMEepaTypachl *KabblK Tene-TeHA4iK bafgapnamackliH KongaHbal, NIST-JANAF
KecTenik aepeKkrepiHe HerisgenreH Mecc 3aHbl 60MbIHWA TO/bIK KaAafa/laHaTblH SHEpPreTUKanblk 6anaHc apKblbl
ecenTtengi. Mogenb OCbl Kyie YiiH peakuusa 3HTanAbNUACbIHbIH, -10,6 KA-r! MaHiH ae, sgebuerte KenTipinrex
2900-3200 K kanblH TemnepaTypachl apanbifblH Aa KaiTa eHAip4i. ToNbIK KBagpaTTbIK Kayan 6eTi moaeni ecenTik
nepektepai getepmuHaumna KoadpouumeHTti 0,9990 KoHe eH, YIKeH canbicTbipMmanbl Kateniri 0,13%-gaH TemeH
M3HMEH cmnaTTan, KangblkTap 6oMblHWA MoAeNnb afeKBaTTbINbIFbIH OafanayablH, 6ap/blK TekcepynepiHeH oTTi.
TemnepaTypafa HerisiHeH a/lOMUHUIA MeJWepPiHiH, KBagpaTTblK acepi KoHe 6alNaHbICTbIPFbIWTbIH, CbI3bIKTbIK,
CaNIKbIHAATY 9cepi blKknan eTTi, an bacTankbl TeMnepaTypa 3epTTe/ireH apasblkTa CablCTbiPMasibl TYPAE SJCi3 yaec
KepceTin, HerisiHeH aaAuTUBTI TYpAEe *KoHe KypamMHaH Tayenci3 acep eTTi. CaHAbIK OHTaWNaHAbIPY aNtOMUHUM
menwepi 32,7 macc.% KaHe b6aliNaHbICTbIPFbIWTbLIH, €H TeMeH MeJllepi KesiHAe »KalblHHbIH, aguabaTanbik,
TemnepaTypacbiHbiH WamameH 3089 K maKkcuman MaHiH aHbIKTaabl.

TyiiH ce3gep: NUPOTEXHUKANbIK Kypamaap, aJloOMWHWIA/KanMi nepxnopaTbl, XKajblHHbIH, aAuvabaTanbik
TemnepaTypacsl, TaxipnbeHi }ocnapnay, Kayan 6eTiHiH, agicHamacbl, BoKc—beHKeH »Kocnapbl



