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Abstract: Problem statement: Future generations of intelligent munitions will seu
Microelectromechanical Systems (MEMS) for guidarfoging logic and assessment of the battlefield
environment. The temperatures fund in a gun systeowever, are sufficient to damage some
materials used in the fabrication of MEMS. The muation of this study is to model the dynamic
temperature distribution in a typical small-calibgmjectile. Approach: An axisymmetric finite-
element model of a projectile is developed to sateitemperatures through internal ballistics (the
projectile is in the gun barrel) and external Istiltis (the projectile travels in a free trajecttowards

the target). Accuracy of the simulation is conficrt@rough comparison to analytical models and to
payloads attached to experimental projectileshindimulation, the exact values for some boundary
conditions are unknown and/or unknowable. A sevigjtianalysis determines the effect of these
uncertain parameterResults: The simulation shows that friction at the projecun barrel interface

is primarily responsible for elevated temperaturea gun system. Other factors have much smaller
effects. The short duration of the internal batistprevents the frictional heat from diffusingarthe
bulk of the projectile. As a result, the projectilas a shallow, high-temperature zone at its bgarin
surface as it leaves the gun barrel. During extebadlistics, this heat will diffuse through the
projectile, but most of the projectile experienta®speratures of 56°C or lower. Simulation shows tha
the polymer package around a MEMS device will ferthttenuate heat flow, limiting temperatures in
the device to less than 30°Conclusion: The finite element model demonstrates that a MEddce
may be engineered to survive temperatures expécthe ballistic environment.
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INTRODUCTION Richards measured the temperature of a bulletigei
military rifle at 267°C (Richards, 2002). Even inet
Intelligent weapon systems are deployed for thenormal handling of munitions, elevated temperatures
purposes of guiding munitions, optimizing fuzingilo  can be encountered. In evaluating ordinance, the US
and providing real-time assessment of the batitkfie Army will cycle temperatures from -60°F to +160°F (
environment (Tuscon, 2006; 2008; Tobik, 2006;51°C to +71°C), thirty times, before acceptance
Schubert and Kraus, 1995). Over time, thesgCarluccietal., 2006).
technologies have been miniaturized and deployed in  The motivation of this study is to evaluate the
ever-smaller weapon systems, with the leading edgthermal environment for MEMS in a small-caliber
found in munitions for man-portable grenade launghe projectile through the ballistic cycle. To the kriedge
(Goodin and Alexander, 2002; Kleiner, 2009).of the authors, this topic has not been previously
Extrapolating this trend, it is feasible that addressed. Previous numerical analyses of gunrsgste
Microelectromechanical Systems (MEMS) will soon have modeled the linear motion of the projectile
bring intelligent capabilities to small-caliber nitions,  (Stiefel, 1988), flexure of a gun barrel througte th
considered here as 0.50 caliber (12.7 mm) and emall ballistic cycle (Ahmeckt al., 2008) and the interaction
One challenge to the future deployment of MEMSof a solid propellant with combustion gasses during
is the presence of harsh temperatures, capable ofternal ballistics (Ray and Tezduyar, 2000). Tdtisdy
damaging MEMS materials, in the ballistic develops an axisymmetric finite-element simulation,
environment. Using a high-speed infrared camerawritten in MATLAB (The MathWorks, Inc.), to model
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dynamic temperatures through the internal and pater Equation 3 may be expressed explicitly in terms of
phases of the ballistic cycle. The accuracy of thehe temperature rate:

simulation results is confirmed through comparison

analytical models and further supported by obsemat  T=M_ 50 (Q ~Keopa T) (4)

of experimental articles. The sensitivity of thegicted
temperatures to uncertain and unknown parameters in

) o With axial symmetry, the projectile’s geometry is
the simulation is also assessed. y y bro) g Y

defined in the (r-z) half-plane. This study conside
MATERIALSAND METHODS triangular, three-node elements, having a linear
temperature distribution within the element. The
Finite element model: Finite-element model. This temperature, [, at any point within an element is
study models the dynamic temperatures in a smallgiven as a function of the node temperaturgsnd the
caliber projectile fired from a rifled barrel. The shape interpolation function given by theuvdctor:
projectile is modeled as an axisymmetric body, \iith

geometry defined in the axial-radial (r-z) half4pda In T,
a real projectile, circumferential variations in t _in. N. N |7 (5)
temperature are expected between the rifling gmsove ¥ 1t * 0 F ?
- . . . ; T,
these variations in temperature are ignored instudy.
In cylindrical coordinates, the thermal diffusion ) ) )
equation is expressed as: The radius of the centroid for an element is
given as:
2
roar\' or) r’a¢*> oz\ oz ot w_hthtr
r= 3 z (6)
Where:
r,.zandp = The radial, axial and circumferential The centroid radius approximation states that, for
coordinates . ~ elements sufficiently far away from a body’s celre;
k The material's thermal conductivity the radius of any point within the element is
(W-m2.K™) approximately equal to the radius of the element’s
o = The internal rate of heat generation percentroid. This assumption is valid when:
unit volume (W-ri) ~
p = The density (kg-i) r >>1 @)
c = The specific heat (J 'T&QK_J') letmax ~ TeL v

Assuming uniform  temperatures in  the

. 2 o In this study, the centroid radius approximation
circumferential direction, or d®/= 0, Eq. 1 simplifies

will be applied throughout the geometry, with the

to: understanding that some accuracy is lost near the
centerline of the model. This approach has beed use
}ﬂ(kral},i[kﬂ},q:pcﬂ 2) previously by Louaayowet al. (2008). The centroid
ror\  or) dz\ oz ot radius approximations simplifies Eq. 2 by treatiras a
constant within the element and allowing its
For the finite-element simulation, the desiredhfor elimination.
of Eq. 2 in matrix notation is: The element temperature gradient matrix B'Jris
given as:
MGLOBALT + KGLOBALT =Q (3)
1 Z,-2; ;-7 7~ %
B= 8
Where: det(J){ =T, =T, rz—rj ®
MgLoea. = The global thermal capacity matrix
1
(W-s-K) ) ) where, J is the element Jacobian matrix (m), gas&n
KeLosaL = The global conduction matrix (V\/’-k)
T = The nodal temperature vector (K) (h-1) (z-2)
Q = The heat flow across boundary COﬂditiOI’lSJ:{ v ! 3} 9)
(W) = r3) (Zz - 23)

356



Am. J. Engg. & Applied i, 3 (2): 355-362, 2010

The elemental thermal conductivity matrix,g K z
(W-K™), may now be expressed as:

Kg =2T7A  k (BB (10)

Similarly, the element heat capacity matrixgM
(3-kg*-K™), may be shown to be given by:

i"r1+27 ﬁ_g ﬂ_i 1 14 | | _1.._
3 3 3
TAPC| - I, 4 r,
Mg = 2r-=2 —r,+2r 2r-21 (11)  Fig. 1: Finite element mesh of projectile, in r-alfh
10 3 3 3 |
4 plane
or-2  gp-h Sy
3 3 3

During external ballistics, forced convection and
radiation at the surface of the projectile are wared.
Convection at the nose of the projectile duringrinal
ballistics is ignored, as it is assumed that the
temperature difference between exposed surfacheof t
projectile and the air in the gun barrel is nedligi
Koiosn = Ker (12) Conduction hea_t transfe_r between the pr(_)jectilet_laad

gun barrel wall is explicitly modeled, but is catesied
(13) with friction as both phenomena act over the same

surface.

The global thermal conductivity matrix is
assembled by mapping the individual element matrice
to the appropriate locations in the global matiike
global heat capacity matrix is likewise assembled:

M GLOBAL = ZM EL

The simulation recognizes that the thermophysica
properties of matter are temperature dependertato
Eq. 10-13 require recalculation at each integrasi@p.
Linear interpolation is used to calculate valuesvieen

|:riction boundary condition: Friction between the
projectile and the gun barrel creates heat in bote
instantaneous heat flux at the interfagg,. (W-ni?),

points on data tables. is proportional to the frictional force and the agity:
The fourth-order Runge-Kutta method was used in

the time integration of Eqg. 4. A time step ofi§ was Qe = Feric X (14)

used to provide adequate resolution, 145 stepsnglur Agre

internal ballistics. The transition from internad t
external ballistics, when the projectile exits thearel, Where:
is assumed to be instantaneous. During externak,. = The frictional force (N)

Iqallistics, a 10us integrati_on time is _used. With this A,.. = The bearing area of the projectile against the
time step, the largest Fourier number in the meshirs
gun barrel wall (rf)

in a 0.125 mm copper element having a temperature o _ ) . L

27°C (300 K). The resulting Fourier number, 0.037,% ~ The |plstantaneous velocity of the projectile

indicates numerical stability in the simulation. (m-sec)
The simulation models a .40 S&W-caliber

projectile, consisting of a lead core covered with o . : o

uniform, 0.25 mm thick copper jacket. The projectd Wor_ks _descnblng _th_e linear motion _ of a projectile

15.5 mm in length and 10 mm in diameter. Element uring mte_rnal ballistics, the acceleration isuamssd to

range in size from 0.125-0.5 mm. Figure 1 shows th&®€ parabolic:

finite-element mesh used for this study. At the

beginning of the simulation, the projectile is assd to X =Kgt(Tg —t) (15)

be at a uniform, 20°C temperature.

Based on Woodlegt al. (2007) and other previous

Where:

The linear acceleration of the projectile (m-8ec
Elapsed time (s)

1, = The total duration of the internal ballistic¥ (s

Boundary conditions: Four boundary conditions are
modeled in the simulation. During internal ballisti

the simulation models frictional heating betweer th
projectilie and the gun barrel and convectiothwi _
the combustion gasses at the base of thiegile. Ke = A constant (m-s&f)
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Integration of Eq. 15 with the appropriate initial around the projectile. The heat generated by @nicts
conditions yields velocity and position as a fuontof  absorbed not only by the projectile, but also by glun
time. barrel. In addition, thermal conduction occurs hesw

these two components. Both friction and conduction

KeTet’ kgt depend on a number factors, including: heat rethine

B 3 (16) the gun barrel from previously-fired rounds; thefrma
expansion of the gun barrel which reduces the

Kt kot interference and thus the friction; accumulation of
x=—f—-—E— (17)  residue from previous rounds and; wear of the gun

barrel. Practically, these factors are difficult, not

. impossible, to predict and model in simulation.
Cpnstants ke and t, may be dg_termmed _by The exact nature of the friction, though, is nst a

applying the known boundary conditions. At time jmportant as its magnitude. As will be discussethin

t=1,, the projectile leaves the muzzle with a knownResults section, the duration of internal ballistis too

muzzle velocity, or: short to allow frictional heat to diffuse deep irttee
projectile. Instead, elevated temperatures frowtifm
X(Tis) = laagrer (18) are only found near the surface when the projectile

leaves the gun barrel. Therefore, the rate of heat
transfer is not as important as the total heat ldpeel

by friction during internal ballistics. To model eh
frictional heat absorbed by the gun barrel and wapt
Substitution of Eq. 18 and 19 into Eq. 16 and 17the effects of conduction with the gun barrel, the

X(TIB) = Xvuzzie (19)

yields: authors apply a correction factor, e, to the hkat 6f
Eq. 14 in the simulation. The value of e, 0.025swa
T, = 2lgpprer (20) empirically selected to force surface temperattwdse
X yuzzie similar to those cited by Richards (2002).
1200 3¢ Internal_ conyection boupdary condition: Forced
Kg = BARREL = —_MUZILE (21)  convection with combustion gasses at the base ef th
Tie Azarrer projectile is also considered during internal Iséltis.

The temperature of the gas is assumed to be 1727°C
Using values of 100 mm and 276 mefor (3400 K) based on work by Ray and Tezduyar (2000)
loarrer @Nd Xy, Yields values of 72fis for 1, and  the convection coefficient at the base is assutndit
4.35x10% m-sec* for k. 5000 W-ni*K™, an estimate based on representative
The Newtonian equations of motion may be usedralues listed by Edward Pope (1997). The value used

; ; g the simulation is inflated by two orders of magdey
to determine the magnitude of the frictional foreg,. . . )
. the high the b h chamb ®
(N). Assuming the peak pressureyfR, Pa) of the as the Hign pressure In the bresch chamber 15 ec

busti behind th ectil incidids to result in a higher heat transfer at the base ét
combustion gasses benind the projectile coINCIAEs W .,nirihytion of internal convection to the temparas
maximum acceleration:

in the projectile, though, is expected to be midima
Considering a semi-infinite lead solid starting at
Feric = Fuax Ax ~ MXyax (22)  uniform temperature and having its surface expdsed
convection, the closed-form solution for temperatas

For a 0.40 S and W-caliber bullet, the peak® function of depth, x and time, t, is given by:

pressure in the breech is on the order of 2#28M ,
(35 ksi) and the mass, m, of a typical projectld1.63  T(xt) =T :erfc( j_j_(ex hx _ h Gt]]
at

g. With these values, the friction force of Eq. 22 T,-T, k k2

12,500 N. hiat (23)
The exact value of friction and the heat it (erfc[ + B

generates, is uncertain. The 12,500 N friction doi 2Jat K

based on a maximum value for pressure; the actual
pressure may differ due to variations in the priapel Using the stated convection parameters over an
charge and leakage of gasses from the breach amaterval of 725us, equal to that of internal ballistics, the
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surface temperature of the solid will be 84.6°C.aAt with a convection coefficient of 1000 W-hK™. The
depth of 0.2 mm, the temperature is only 31.9°Ce Th other face is exposed to a 27°C (300 K) fluidhwat
shallow depth of heating and the relatively lowface 100 W-m? K™ coefficient. The lateral surface of the
temperature indicate minimal heat transfer to thecylinder is perfectly insulated. Assuming temperatu
projectile from forced convection with the propelia invariant material properties (at 571 K) in theiogtr,
gasses. This finding supports earlier claims byhe surface temperatures, and T (K), may be found
Carlucciet al. (2006). analytically to be 573.92 and 560.69 K, respecyivel
The simulation models the cylinder with 1x1 mm
External convection boundary condition: triangular elements and is allowed to run to stestdye
Considering a project, 15.5 mm long, having a si#fa from a uniform starting temperature. It returnsface
temperature of 277°C and traveling in a standardemperatures of 573.96 and 560.79 K, in excellent
atmosphere at 276 m-SéqMach 0.8). Under these agreement with the analytical solution.
conditions, the Reynold’s number is 94,000, indiaat Verification of the simulation’s transient
laminar flow asRe< Reg,; = 200,00. In laminar flow performance considers again a solid lead cylinder,
conditions, the average forced-convection coefficie Mm in diameter and 16 mm in length, starting at a
have (W-mi2-K™), may be calculated using classical Uniform temperature and being immersed in a heated
methods: fluid so that all external surfaces have a coneecti
coefficient 500 W-iif-K™. The Biot number under
K Kk these circumstances, 0.027, indicates that thesioih
have = NU(')TZO-BG"T R& PP (24)  of heat inside the cylinder is “faster” than the
convection, so that temperatures in the cylinder tve

For the 15.5-mm projectile, the convection nearly uniform. The time constant for the cylinder’
coefficient is 507 W-i-K™2 ' temperature with respect to that of the fluid,is

The simulation applies Eq. 24 to the nose an05:57 sec; the temperature as a function of time is

lateral surfaces of the projectile during external9'Ven as:

ballistics. Flow separation is assumed to occuthat

base, so it is exposed to a turbulent wake. The T=Te _;_ exp{i) (25)

convection coefficient of the wake is assumed th&ié ~ Twr — T T

that of the lateral surface. As will be seen in Results

section, temperatures in the projectile are redfiv At any point in time, the simulated temperatures i

insensitive to the external convection, so thabrerr the cylinder are nearly uniform and the time-

arising from this approximation are not significant temperature curve is almost indistinguishable ftbat

The projectile is assumed to have a constanpredicted by Eq. 25.

velocity through its trajectory. Further validation is obtained through comparison
of simulation predictions to test articles recodeadter

Radiation boundary condition: Radiative heat firing. A paraffin insert, 4.8 mm in length and 3vm

transfer to the environment is considered duringn diameter, is press-fit into a hole drilled irtte base

external ballistics. The projectile’s surface isumed of the bullet. Paraffin is selected due to its loelting

to be nearly-fully oxidized copper with an emisgndf  point (55°C), as melting would indicate this

0.4 and the environment is assumed to have a amifor temperature being reached. After assembling thietbul

temperature of 20°C (293K). into a cartridge, it is fired and recovered in aewvdrap.
Water serves to slow the projectile without damage

Model validation: To determine the accuracy of the rapidly cool from the projectile.

finite-element simulation, it is applied to situats for Simulation of the paraffin-bearing projectile

which analytical solutions exist, both steady-statel predicts a thin layer of heated paraffin at thefae

transient. The simulation also models projectilagily  exposed to the combustion gasses, with temperatures

temperature-sensitive paraffin payloads. Comparisotetween 119 and 159°C. Because the simulation does

simulation predictions with test articles will fogr  not consider possible phase changes nor the heat of

validate the simulation. fusion of materials, these temperatures cannot be

The steady-state verification considers a solidlle considered accurate. It may be inferred, thougt, ttie
cylinder, 10 mm in diameter and 16 mm in lengtheOn surface of the paraffin will experience some meltin
face of the cylinder is exposed to a 327°C (600l but the bulk of the paraffin will remain solid. The

359



Am. J. Engg. & Applied i, 3 (2): 355-362, 2010

recovered paraffin inserts do exhibit effects cstasit  bullet materials depend on the alloys used in its
with superficial surface melting-fine details halveen  construction. To ascertain the effect of these uace
“blurred” by melting and fluid flow and residue fro parameters, the simulation is repeated with chahges
combustion of the propellant is observed under théhese parameters. Friction is changed by +25%triate
surface of the paraffin. Using an optical microseape  convection, +50%; external convection, +25% and
depth of melting is measured to be less than 0.5 m  thermal conductivity of projectile materials, +25%.
Figure 4 shows the change in maximum
RESULTS temperature obtained by increasing the frictior2b9o.
) ) ) . Near the bearing surface, the change in frictiahdg a
The MATLAB simulation predicts the dynamic goec increase in temperature. Through the bulkhef t
temperature distribution in a small-caliber praject projectile, though, the increase in maximum
Temperatures in the projectile as it leaves thelzamel temperature is less than 10°C. Reducing the frickip
are shown in Fig. 2. Elevated temperatures, frod-25 550 produces changes in temperature that are
270°C, are found only near the bearing surfacechvhi approximately symmetric to Fig. 4. Other than fdot
was in frictional contact with the gun barrel. Whthis  ,5ne of the parameters yield a temperature difteref
shows excellent_ agreement wi.th Richard’s ore than 10°C. Table 1 shows the changes in
measurement (Richards, 2002), it should b&egicted temperatures from the uncertainty anglysi
remembered that this result was forced using a The simulation is applied to predict temperattines

corre_ction fa_ctor on th? frictior_l. The distriputida a bullet with a MEMS device mounted on its basee Th
consistent with Richard’s data in that the highespe device is assumed to be a silicon wafer, EOthick,

infrared camera used by Richards only measured thvevith negligibly-small surface-micromachined feature
surface temperature of the bullet. In addition, th ghgibly

temperature rise from convection with the comblms.tio&rhe device has a PMMA (poly methyl methacrylate)

gasses at the base is negligible in comparisordb t pg\_ckage, 25mm—th|ck, n Intimate _contact W'th the

from friction. silicon device on both sides. These assumptions are
Diffusion of the frictional heat through the conservative as they ignore_any cavities that would

projectile occurs during external ballistics. Figus slpw heat transfer to the device. _Elements 0.125 mm

shows temperatures in the projectile at a distasfce thick are used to model the device and the package.

40 m downrange. Assuming a constant velocity ofnternal heating of the MEMS device is ignored.

276 m-se¢, this corresponds to a flight time of

145 m sec. Here, elevated temperatures have diffusdable 1: Differences in temperature resulting framcertainty in

through the projectile, but the peak temperatureniy simulation parameters
56°C. Parameter Change Results

. . rojectile-barrel friction +25%  +60°C in maximurmiperature
The numerical values assigned to boundar)}jJ ° at bearing surface P

conditions and material properties in the simulatio convection with +50%  +8°C in maximum temperature at
have varying levels of uncertainty. As discussatieza  combustion gasses base

friction at the projectile-gun barrel interface deps on  External convection +25% 40i0-%"c in surface tempewat
several unknown and/or uncontrollable factors. ¥alIU e i conductivity in £25%  -6°C/+4° in maximum

for combustion gas convection are estimates based Gyiet materials temperature at core
previously published data. The thermal condugtiof

5 P,

250
E\ 200 g
= 150 = 0
= =
E 100 &
0
» : 5 ;
5 - 0 > 0 5 10 15
Axial (mm) et

Fig. 2: Predicted temperatures in projectile at zteiz Fig. 3: Predicted temperatures in projectile, 40 m
exit downrange
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€0 diffusivity of lead and the short duration of thernal
ballistics, temperatures in excess of 100°C arendou
40 only near the bearing surface of the projectileitas

leaves the gun barrel. Through external ballisttbs,
frictional heat will diffuse through the projectilét a

20 distance of 40 m downrange, the peak temperature in
the projectile is 56°C, which is less than the 71%ed
in acceptance testing of munitions by the US Army
(Carlucciet al., 2006). The implication is that a MEMS
device, placed anywhere except the bearing suidhce

) ) ) ) the projectile, will not suffer damage from temparas
Fig. 4: Changes in maximum temperature obtained byssociated with firing the projectile.

increasing friction 25%

Radial ()

o 5 10 15
Axial (mrm)

CONCLUSION
5

Further, a PMMA package will provide additional
thermal protection for a MEMS sensor in a projetil
keeping temperatures below 30°C in the silicon.sThi
protection is attributed to the high specific heatl low
thermal conductivity of the PMMA package, which
attenuate the heat flow to the silicon wafer. Theader
conclusion to be drawn is that a polymer package ca
provide adequate protection against the high
temperatures encountered during the ballistic cycle

ERadial {mm)
[a=]

8] 3 10 15
Axial (o)

Fig. 5: Predicted temperatures in projectile with
MEMS on base, 80 m downrange
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