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Abstract

In this paper, we present an inverse method, an input estimation method, to recursively estimate both the time varied heat flux and the
inner wall temperature in the chamber. The algorithm includes the use of the Kalman filter to derive a regression model between
the biased residual innovation and the heat flux through a given heat conduction state space model. Based on this regression model,
the Recursive Least Squares Estimator (RLSE) is proposed to extract the time-varying heat flux on-line as the input. Computational
results show that the proposed method exhibits a good estimation performance and highly facilitates practical implementation.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Gun barrel heating from multiple firings continues to be
a subject of concern to ordnance engineers. Continuous
gun firing rises the barrel temperature, producing several
adverse effects on system performance. In rapid firing situ-
ation, combustion gases and the projectile’s sliding friction
will produce chemical, mechanical and temperature aspect
variation. The propellant gas temperature is the major fac-
tor to make gun material melting, cracked, erosion, and
wear, etc. [1–4]. An excellent review of gun barrel erosion
was given by Ahmad [5]. Ebihara and Rorabaugh [6]
describe various erosion mechanisms and Bracuti [7] dis-
cusses the role of wear reducing additives. After repeated
firings the inner wall temperature increases quickly and
reaches the chrome layer melting point. Coating embrittle-
ment by propellant gas product absorption can adversely
affect barrel wall resistance to thermal shock and sliding
wear [8]. High temperatures will reduce the normal barrel
fatigue life.
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A number of investigators have modeled barrel heating
[9–15]. Some resent publications include: Gerber and
Bundy (1991,1992,1993,1995) and Conroy (1991). In these
studies, the finite-difference scheme used to solve the prob-
lem numerically and described in detail. The reliable gun
tube design strongly depends on theoretical analysis and
experimental experience. The chamber temperature is
related to the barrel material and fire frequency. Thermal
effects resulting from high temperature propellant gas and
friction action between the bullet band and gun bore result
in barrel melting, erosion and wear, thermal stress and
deformation, propellant self-ignition or combustion in the
cartridge case. These failures lead to reduction in muzzle
velocity, range and accuracy, limiting gun performance of
guns, and become restrictions to improvements of gun
power.

Unknown heat source or heat flux estimation utilizing a
measured temperature inside a heat-conducting solid is
called the inverse heat conduction problem (IHCP). Inverse
heat conduction problems have been of interest to many
researchers in recent years. It is sometimes necessary to cal-
culate the transient surface heat flux and the surface tem-
perature from a temperature measured at some location
inside a body. The primary heat transfer mechanism to
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Nomenclature

B sensitivity matrix
[B] gradient matrix
[C] capacitance matrix
Cp specific heat
Cc chrome specific heat
Cs steel specific heat
[D] matrix of conductivity values
{F} thermal load vector
{ff} coefficient vector
H measurement matrix
I identity matrix
J functional
Je element functional
k time (discretized)
kc chrome thermal conductivity
ks steel thermal conductivity
K Kalman gain
Kb steady-state correction gain
l element length
M sensitivity matrix
[M] global conductance matrix
N total number of nodes
[N] shape function matrix
P filter’s error covariance matrix
Pb error covariance matrix
Q process noise covariance
q(t) heat flux

R measurement noise covariance
Ro radius of outer wall
Ri radius of inner wall
s innovation covariance
t time
T temperature
T0 initial temperature
v measurement noise vector
r radial coordinate
Z(k) observation vector
c forgetting factor
a thermal diffusivity
ac thermal diffusivity of the chrome
as thermal diffusivity of the steel
b impulse duration time
C input matrix
d Dirac delta function
q density
qc density of the chrome
qs density of the steel
U state transition matrix
W coefficient matrix
X coefficient matrix
Dt sampling time interval
x process noise vector
r standard deviation
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the gun barrel from firing is thermal convection from the
propellant gas behind the projectile to the bore surface.
The bullet fires within a short time, the propellant gas pro-
duces heat flux convection to the wall. In high rate machine
gun continuous firing the time interval is very short, allow-
ing the heat flux to accumulate so fast that the inner wall
temperature increases sharply. This situation produces heat
input from projectile passage mechanisms that can melt the
bore surface material.

The time varied heat flux acting on the inner wall is dif-
ficult to measure from the inner wall temperature. There-
fore, how to estimate the inner wall temperature is very
important. If we know the inner wall temperature, better
gun material and strength can be designed. This paper con-
cerns the boundary heat flux estimation in a one-dimen-
sional heat conduction domain with heat flux in the
chamber wall and convection in the outer wall. The
cross-sectional average temperature of the flow in the bore
Tg and the coefficient of heat transfer between the gas-par-
ticle mixture in the bore and the inner wall of the barrel hg

were obtained from experiments. The Tg and hg values were
difficult to obtain. In this paper, we present an inverse
method in which the input estimation method, including
a finite-element scheme, is used to solve the estimating
time-varying unknown surface heat flux inverse problem.
The finite-element discretization concept has been applied
to the inverse heat conduction problem [16]. The input esti-
mation method uses the Kalman filter to generate the resid-
ual innovation sequence. Based on the regression model,
the Recursive Least Squares Estimator (RLSE) is proposed
to on-line extract the time-varying heat flux named as the
input. The simulation results demonstrate good perfor-
mance and accuracy in tracking the unknown boundary
heat flux of a thermal system. Estimating the unknown
heat flux presents a very important reference for under-
standing the inner wall melting and material phase change
necessary to design propellant grain types and barrel
materials.

2. The weighting input estimation algorithm

The recursive input estimation algorithm consists of two
parts. The first part is a Kalman filter. The second part is a
real-time least squares algorithm. The input parameter is
the unknown time-varying heat flux. The Kalman filter
requires an exact knowledge of the process noise variance
Q and the measurement noise variance R, R depends on
the sensor measurements. The Kalman filter is used to gen-
erate the residual innovation sequence. This recursive real
time least-squares algorithm is derived by residual sequence
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to compute the value of the input heat flux. The actual val-
ues derived in the paper [17].

The Kalman filter equations are given by

X ðk=k � 1Þ ¼ UX ðk � 1=k � 1Þ ð1Þ
P ðk=k � 1Þ ¼ UP ðk � 1=k � 1ÞUT þ CQCT ð2Þ
sðkÞ ¼ HPðk=k � 1ÞHT þ R ð3Þ
KðkÞ ¼ P ðk=k � 1ÞH Ts�1ðkÞ ð4Þ
P ðk=kÞ ¼ ½I � KðkÞH �P ðk=k � 1Þ ð5Þ
ZðkÞ ¼ ZðkÞ � HX ðk=k � 1Þ ð6Þ
X ðk=kÞ ¼ X ðk=k � 1Þ þ KðkÞZðkÞ ð7Þ

The equations for a recursive least-squares algorithm are

BðkÞ ¼ H ½UMðk � 1Þ þ I �C ð8Þ
MðkÞ ¼ ½I � KðkÞH �½UMðk � 1Þ þ I � ð9Þ
KbðkÞ ¼ c�1P bðk � 1ÞBTðkÞ½BðkÞc�1P bðk � 1ÞBTðkÞ þ sðkÞ��1

ð10Þ
P bðkÞ ¼ ½I � KbðkÞBðkÞ�c�1P bðk � 1Þ ð11Þ
q̂ðkÞ ¼ q̂ðk � 1Þ þ KbðkÞ½ZðkÞ � BðkÞq̂ðk � 1Þ� ð12Þ

where q̂ðkÞ is the estimated input vector, Pb(k) is the error
covariance of the estimated input vector, B(k) and M(k) are
the sensitivity matrices, and Kb is the Kalman gain. ZðkÞ is
the bias innovation caused by measurement noise and
input disturbance. s(k) is the covariance of the residual.
c is a forgetting factor.
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In this paper, we choice c = 0.925 [18] to compromise
between fast adaptive capability and the estimate accuracy
loss.

3. Mathematical model

Assume that there is a gun barrel is a hollow cylinder.
The radii of the inner and outer walls are Ri and Ro, respec-
tively. The radius of the interface between the two metal
layers is RL: and dcð� RL � RiÞ is the thickness of the
chrome layer. The measured temperature z(t) is from the
thermocouple at x = Ro. Fig. 1 shows the geometry and
coordinates. The following restrictions apply here [12]:

(1) The temperature gradients in the axial direction are
neglected in comparison to those in the radial
direction.

(2) The temperature is axi-symmetrical in the plane nor-
mal to the bore axis. This implies axi-symmetrical
heat input, as well neglecting gravity in the barrel wall
and chrome thickness variation along with other
effects that would cause azimuthal dependence.

(3) The barrel feedback heating to the gas flow in the gun
bore is neglected.

(4) Barrel thermal expansion is not considered to have an
effect on the heat transfer process.

(5) The densities, specific heats, and thermal conductivi-
ties of the barrel steel and chrome layer are all
constants.
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(6) Thermally perfect contact is assumed at the chrome-
steel interface (i.e., temperature and radial conductive
heat flux are continuous).

(7) The latent heat effects due to phase change in the steel
from martensite to austenite are neglected.

The mathematical formulation of the one-dimensional,
transient, heat conduction problem can be generalized as:

o2T ðr; tÞ
or2

þ 1

r
oT ðr; tÞ

or
¼ 1

ac

� �
oT ðr; tÞ

ot
in Ri 6 r 6 RL;

ð13Þ

and

o
2T ðr; tÞ
or2

þ 1

r
oT ðr; tÞ

or
¼ 1

as

� �
oT ðr; tÞ

ot

in RL 6 r 6 Ro; ð14Þ
T ðr; 0Þ ¼ T 0 for t ¼ 0; in Ri 6 r 6 Ro ð15Þ

� kc

oT
or
¼ qðtÞ in r ¼ Ri; ð16Þ

� ks

oT
or
¼ hðT � T1Þ in r ¼ Ro; ð17Þ

kc

oT
or

� �
c

¼ ks

oT
or

� �
s

in r ¼ RL; ð18Þ

Zðr; tÞ ¼ T ðr; tÞ þ vðtÞ measured temperature ð19Þ

where T is the temperature distribution as is function of r

and t, t ¼ time measured from firing initiation. The con-
stants ac � kc=ðqc � cpc

Þ and as � ks=ðqs � cps
Þ are the ther-

mal diffusivities of the chrome and steel, respectively.
Here kc,qc and cpc

are the thermal conductivity, density,
and specific heat, respectively of the chrome; ks, qs and
cps

are the corresponding properties of the steel.
Where T0 is the uniform initial temperature, q(t) is

the unknown heat flux input to be estimated, and Z(t) is
the noise-corrupted measurement, v(t) is the measurement
noise assumed zero mean and white Gaussian, h is the coef-
ficient of convective heat transfer between the barrel wall
and the surrounding atmosphere, T1 is outer wall
temperature.

In chrome layer Ri 6 r 6 RL, The calculus of variations
provides an alternative method for formulating the govern-
ing Eq. (13) and boundary conditions (15), (16), and (18).
Variational calculus states that the minimization of the
functional Jc [19]:

J c ¼
1

2

Z Z Z
V

rkc �
oT
or

� �2

þ 2rqcCc �
oT
ot

� �
� T

" #
dV

þ
Z

S
qT dS ð20Þ

The element equation for the temperature is T e ¼
Ne

i T i þ Ne
jT j ¼ ½Ne�fT gwhere Ti and Tj are the nodal tem-

peratures to be determined.
½N e� ¼ ½Ne
i Ne

j � ¼
Rj � r
Rj � Ri

r � Ri

Rj � Ri

� �

the temperature gradient matrix {ge}, is given by

fgeg ¼ oT e

or
¼ oN e

i

or

oNe
j

or

� �
fTg ¼ � 1

Rj � Ri

T i þ
1

Rj � Ri

T j

¼ � 1

Rj � Ri

1

Rj � Ri

� �
T i

T j

� �
¼ ½Be�fTg

where [N] is the shape function matrix, [B] is obtained by
differentiating [N] with respect to r.

Eq. (20) must be minimized with respect to the set of
nodal values {T}

oJ c

ofTg ¼
o

ofTg
XE

e¼1

J e
c ¼

XE

e¼1

oJ e
c

ofTg ¼ 0

The minimization process produces the following system of
equations.

½C�c
ofTg

ot
þ ½M �cfTg þ fF gc ¼ 0

The [C]c matrix is the global capacitance matrix, [M]c is
the global conductance matrix, {F}c is the thermal load
vector. The element contributions to [C]c, [M]c, {F}c are
summed in the usual manner.

½De�c ¼ ½rke
c� ð21Þ

½Ce�c ¼
Z

V
rqcCc½Ne�fTg½Ne� ofTg

ot
dV ¼ 2pqcCc

60l2

ð2R5
j � 20R2

j R3
i þ 30RjR4

i � 12R5
i Þ ð3R5

j � 5R4
j Ri þ 5RjR4

i � 3R5
i Þ

ð3R5
j � 5R4

j Ri þ 5RjR4
i � 3R5

i Þ ð12R5
j � 30R4

j Ri þ 20R3
j R2

i � 2R5
i Þ

2
4

3
5

ð22Þ

½Me�c ¼
Z

V
½Be�T½De�c½Be�dV

¼ 2pkc

l2

Z Rj

Ri

�1

1

" #
½�1 1� r2 dr ¼

2pkcðR3
j � R3

i Þ
3ðRj � RiÞ2

1 �1

�1 1

" #
ð23Þ

ff egc ¼
Z

S1

q½Ne�TdS ¼ fff gq ¼ 2pRiq
1

0

" #
ð24Þ

where Ri, Rj are the single element left node and right node.
l ¼ Rj � Ri is the length of single element. [D] is matrix con-
sists of the conductivity values. [ff] is the coefficient matrix.

In the steel layer, The functional formulation that is
equivalent to (14) and its boundary conditions (15), (17)
and (18) is Js:

J s ¼
1

2

Z Z Z
V

rks �
oT
or

� �2

þ 2rqsCs �
oT
ot

� �
� T

" #
dV

þ
Z

S1

1

2
hðT � T1Þ2dS ð25Þ

J ¼
XE

e¼1

Z
V e

1

2
fgegT½De�fgegdV þ

Z
V

rðqsCsÞe
oT e

ot

� �
T edV

þ
Z

Se
1

1

2
hðT e � T e

1Þ
2dS ð26Þ
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We take a single element

J e
s ¼

Z
V e

1

2
fTgTfBegT½De�fBegfTgdV

þ
Z

V e
rqsCs½Ne�fTg½Ne� ofT g

ot
dV

þ
Z

Se
1

h
2
fT gTfNegTfN egfTgdS

�
Z

Se
1

hT1fN egfTgdS þ
Z

Se
1

h
2

hT 2
1 dS ð27Þ

In the steel layer, Eq. (27) must be minimized with
respect to the set of nodal values {T}:

oJ s

ofTg ¼
o

ofTg
XE

e¼1

J e
s ¼

XE

e¼1

oJ e
s

ofTg ¼ 0

We can get steel layer single element matrix ½Ce�s, ½Me�s,
ff egs, respective:

½De�s ¼ ½rke
s � ð28Þ

½Ce�s ¼
Z

V
rqsCs½N e�fTg½N e� oT

ot
dV

¼ 2pqsCs

60l2

ð2R5
j � 20R2

j R3
i þ 30RjR4

i � 12R5
i Þ ð3R5

j � 5R4
j Ri þ 5RjR4

i � 3R5
i Þ

ð3R5
j � 5R4

j Ri þ 5RjR4
i � 3R5

i Þ ð12R5
j � 30R4

j Ri þ 20R3
j R2

i � 2R5
i Þ

" #

ð29Þ
½Me�1s ¼

Z
V
½Be�T½De�s½Be�dV

¼ 2pks

l2

Z Rj

Ri

�1

1

� �
�1 1½ �r2 dr ¼

2pksðR3
j � R3

i Þ
3ðRj � RiÞ2

1 �1

�1 1

� �
ð30Þ

In the right node (Ni = 0, Nj = 1, r = Rj)

½Me�2s ¼
Z

Se
2

hfNegTfN egdS ¼
Z

Se
2

h
NiN i N jN i

NiNj NjNj

� �
dS

¼ 2pRoh
0 0

0 1

� �

Merging ½Me�1s ms for element 1; 2; . . . ; n and ½Me�2s .

½Me�s ¼ ½Me�1s þ ½Me�2s

¼

m1 �m1 0 0 0 0

�m1 m1 þ m2 �m2 0 0 0

0 �m2 m2 þ m3 �m3 0 0

0 0 �m3 m3 þ m4 � � � � � �

� � � � � � � � � � � � . .
.

�mn

0 0 0 0 �mn mn þ 2pRoh

2
6666666664

3
7777777775

ð31Þ

ff egc ¼
Z

Se
1

hT1fN egTdS ¼
Z

Se
1

hT1
0

1

� �
dS ¼ 2pRo � hT1

0

1

� �

ð32Þ

Assemble the chrome layer and steel layer element, then
minimized with respect to the set of nodal values {T}:

oJ
ofTg ¼

o

ofTg
XE

e¼1

J e ¼
XE

e¼1

oJ e

ofTg ¼ 0 ð33Þ

where Eq. (33) is a system of first-order linear differential
equations.
½C� ofTg
ot
þ ½M �fTg þ fF g ¼ 0 ð34Þ

The [C] matrix is the capacitance matrix, [M] is the con-
ductance matrix, {F} is the thermal load vector. From Eq.
(34) and to account for process noise inputs [20], the con-
tinuous time state equation can be written as:

_T ðtÞ ¼ WT ðtÞ þ X½qðtÞ þ wðtÞ� ð35Þ
W ¼ ð�1Þ½C��1½M �; X ¼ ð�1Þ½C��1fff g

where the state vector T(t) is N � 1, N is the total nodes, W
and X are the coefficient matrix. W is N � N, X is N � 1, q

is the unknown input heat flux of the boundary, xðtÞ is the
process noise. This noise term represents the modeling
error. We replace the time derivative with a forward
difference, discrete over time intervals of length Dt is

X ðkÞ ¼ UX ðk � 1Þ þ C½qðk � 1Þ þ xðk � 1Þ� ð36Þ
where

X ðk � 1Þ ¼ ½ T 1 T 2 T 3 . . . T N�1 T N �T;
U ¼ eWDt

C ¼
Z ðkþ1ÞDt

kDt
expfW½ðk þ 1ÞDt � s�gXds

Here X represent the state vector, U is the state transi-
tion matrix, C is the input matrix, q is the deterministic
input sequence and x is the process noise vector, assumed
to be zero mean and white noise with variance

EfxðkÞxTðjÞg ¼ Qdkj

where dkj is a Dirac delta function. In order to compare the
results for situations involving measurement errors, using
Eq. (19), the discrete measure equation becomes:

ZðkÞ ¼ HX ðkÞ þ mðkÞ ð37Þ

where Z is the observation vector at time kDs, H is the
measurement matrix, v is the measurement noise vector,
assumed to be zero mean and white. The variance of v(k)
is given by EfmðkÞmTðjÞg ¼ Rdkj.

The obtained state equation is combined with the Kal-
man filter and recursive least squares method to progress
the inverse estimation.

4. Results and discussion

Using simulation, a 5.56 mm T65K2 rifle three-shot and
5.56 mm machine gun under continuous fire situations
were modeled. The thermal and mechanical properties of
the gun steel (AISI 4340) and its associated chrome layer
were taken as [12]:

Specific heat, Cs ¼ 469:05 J=ðkg �CÞ, Cc ¼ 505:03
J=ðkg �CÞ
Density, qs ¼ 7827 kg=m3, qc ¼ 7191kg=m3

Thermal conductivity, ks ¼ 38:07 J=ðm s �CÞ, kc ¼ 83:75
J=ðm s �CÞ



Fig. 2. (a) Estimated triangle wave as input heat flux with r = 10�4,
Q = 10. (b) Estimated triangle wave as input heat flux with r = 10�3,
Q = 10.
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Thermal diffusivity, as ¼ 1:037� 10�5 m2=s, ac ¼
2:305� 10�5 m2=s
Melting temperature ðT mÞs ¼ 1504 �C, ðT mÞc ¼ 1857 �C
Here we consider two gun barrels, a T65K2 rifle barrel,
and a 5.56 mm machine gun barrel
T65K2 rifle, (Ri ¼ 0:00278 m and Ro ¼ 0:00720 m)
5.56 mm machine gun (Ri ¼ 0:00278 m and Ro ¼
0:00828 m).

To illustrate the accuracy of the proposed approach in
predicting input heat flux q̂ðkÞ, we used a representative
one dimension unknown triangle wave heat flux to check
the feasibility of the weighting input estimation method
combined finite element method. A thermocouple was
placed at the surface x ¼ Ro, the coefficient of convective
heat transfer between the barrel wall and the surrounding
atmosphere h ¼ 6 W=m2 �C [12], T1 ¼ 25 �C is outer wall
temperature. Since P(�1/�1) and Pb (�1) are normally
not known, the estimator was initialized with P(�1/�1)
and Pb (�1) as very large numbers, such as 108, respectively.
This had the effect of treating the initial errors as very large,
so the estimator ignored the first few initial estimates. The
initial input estimator CONDITIONS were given
by X ð�1=� 1Þ ¼ ½ 0 0 . . . 0 �T and Pð�1=� 1Þ ¼
diag½108� for the Kalman filter. The real-time least-squares
algorithm initial conditions were given by q̂ð�1Þ ¼
0; P bð�1Þ ¼ 108 and M(�1) was set using a zero matrix.
The Kalman filter for the recursive input estimation algo-
rithm requires exact knowledge of the process noise covari-
ance matrix Q and the measurement noise covariance
matrix R. R depends on the sensor measurements. Both
the filter Q value and sequential least-square c value interac-
tively affect the fast adaptive capability for tracking the
time-varying parameter. The test input heat flux is given
by

Example 1. Triangle waveform in qðtÞ ðW=m2Þ

qðtÞ ¼
0 0 6 t < 4; 10 < t 6 tf

106 � ð0:25t � 1Þ 4 6 t 6 8

106 � ð�0:5t þ 5Þ 8 6 t 6 10

8><
>:

ð38Þ

The sampling interval Dt ¼ 0:01 s, the estimation input
heat flux q(t) on the boundary x ¼ Ri, at x ¼ Ro is convec-
tion situation h ¼ 6 W=m2 �C, T1 ¼ 25 �C, the sensor loca-
tion is at x ¼ Ro, the element number E ¼ 550, the initial
temperature T 0 ¼ 0 �C, process noise covariance Q ¼ 10,
and measurement noise covariance r = 10�4, r = 10�3.
The estimates of q(t) are plotted in Fig. 2 for r = 10�4

and r = 10�3, respectively. This indicates that a large mea-
surement error can cause estimate accuracy degradation. In
this case, although the measurement error influences the
estimate resolution, the results are still good.

Example 2. Square waveform in qðtÞ ðW=m2Þ

qðtÞ ¼
0 0 6 t < 2; 27 < t 6 tf

7� 105 2 6 t 6 27

�
ð39Þ
We used the following test condition and parameters:
5.56 mm machine gun, continuous fire at 25 s, if we assume
the heat flux become reduce the firing time can be prolong,
the round-for-round time was very short and neglected, the
sampling interval Dt ¼ 0:01 s, elements number E = 550,
process noise covariance Q = 10, and measurement noise
covariance r = 10�4, r = 10�3. Figs. 3 and 4 demonstrate
the temperature figure. The estimates of q(t) are plotted
in Fig. 5 for r = 10�4 and r = 10�3, respectively. From
Fig. 3a we can find the chrome layer melting point at
1857 �C. Under continuous fire the melting point will be
reached in about 22 s. From Fig. 5 it is evident that the
recovery of q(t) using the weighting input estimation
method combined with the finite element method is good.
The estimation results show excellent agreement with the
exact value. Using this method, we can use the measured
temperature to recursively estimate both the time varied
heat flux in the chamber and the inner wall temperature.



Fig. 3. (a) Continuous fire inner wall temperature. (b) Continuous fire
outer wall temperature.

Fig. 4. Continuous fire 3D temperature.

Fig. 5. (a) Estimated continuous fire with r = 10�4, Q = 10. (b) Estimated
continuous fire with r = 10�3, Q = 10.
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The proposed scheme is helpful in developing future
nondestructive experiments. The temperature influence on
a shooter, gun material and propellant testing are fast
and economical. These applications can be useful in mak-
ing quick and efficient identification of unknown heat flux
in the chamber surface.

Example 3. Three-shot square waveform in qðtÞ ðW=m2Þ

qðtÞ ¼

7� 105 1 6 t 6 1:3; 1:4 6 t 6 1:7;

1:8 6 t 6 2:1; 2:2 6 t 6 2:5

2:6 6 t 6 2:9; 3:0 6 t 6 3:3

0 others

8>>><
>>>:

ð40Þ

The following test condition and parameters: 5.56 mm
TK65K2 rifle gun, three-shot six times, round-for-round
time was very short and neglected, sampling interval
Dt ¼ 0:001 s, elements number E = 450, process noise
covariance Q = 10, and measurement noise covariance
r = 10�4. The estimates of q(t) are plotted in Fig. 6a. It
was found that Fig. 6a shows larger fluctuations in the esti-



Fig. 6. (a) Estimated three-shot fire with r = 10�4, Q = 10. (b) Estimated
three-shot fire with r = 10�4, Q = 100.

Fig. 7. (a) Comparison between the estimated b ¼ 0:1 s with Dt = 0.01,
0.001, 0.0005 s. (b) Comparison between the estimated b ¼ 0:2 s with
Dt = 0.01, 0.001, 0.0005 s. (c) Comparison between the estimated b ¼ 0:3 s
with Dt = 0.01, 0.001, 0.0005 s.
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mated value than Fig. 5. This indicates that fast pulse heat
flux can cause estimate accuracy degradation. In Fig. 6b,
Q = 100 the estimates of q(t) were better than those in
Fig. 6a. In this case, although the fast pulse heat flux
influences the estimate resolution, the results are still
acceptable.

In order to analyze the influences in estimation results
produced by using different impulse duration and sampling
time, the results of tests are shown in Fig. 7. The three sets
of sampling time, Dt = 0.01, 0.001, and 0.0005 s, and the
three sets of impulse duration time, b = 0.1, 0.2, and
0.3 s. According to the figure, the estimation is precise for
different impulse duration when the sampling time (Dt) is
0.001 s. The estimation has slightly better result when
Dt ¼ 0:0005 s. However, the improvement is not signifi-
cant. As a result, when Dt is shorter than 0.0005 s, the com-
puting time in the simulation will be longer. The results of
estimation may not even converge due to the relatively
greater influence of noise than the change of temperature
in a very short time interval.
The above simulation results demonstrates that the pro-
posed method has good performance in tracking unknown
heat flux imposed on a gun barrel wall in a one-dimen-
sional body.
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5. Conclusions

This research used simulations of the measured temper-
ature on a gun barrel outer wall to estimate the heat flux in
the chamber on-line with accuracy. The measurement data
can be used to understand all temperature fields. We found
that the heat flux input from projectile passage mechanisms
can melt/erode the bore surface material. If we know the
temperature variability, we can then avoid reaching the
gun material melting point. The proposed scheme is helpful
in developing future nondestructive experiments and design
propellant grain types and barrel materials. The time var-
ied heat flux of a gun barrel was estimated precisely on-line
in this study. The total temperature field inside the gun bar-
rel was estimated to determine the gun material melting
point using the temperature variation. This kind of nonde-
structive experiment can provide fast economical gun bar-
rel and propellant research. The heat pulse flux produced
by the bullet occurs simultaneously after shooting from
the barrel in continuous shooting cases. Therefore, the pro-
posed method is sensitive to the temperature delay effect
and measurement accounting. We must choose a large Q
and to acquire better estimated results.

Further, systematic study can focus on how to avert the
temperature effect on the gun barrel inner wall, determining
methods to control heat, such as tantalum or improved
chromium coatings to prolong barrel life and reduce main-
tenance costs. The temperature influence on a shooter, gun
material and propellant testing can be determined econom-
ically and quickly. These applications can be useful in mak-
ing quick and efficient identification of unknown heat flux
on the chamber surface. The conclusions obtained are valu-
able in improving the service life of gun barrels and offer a
scientific basis for the rational and effective choice of
materials.
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