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Abstract. In this paper both experimental and numerical isgi@f heat transfer in
thermally activated batteries deriving from cherhisaurces of electric currents are
considered. These batteries are used to supplyasplewices in the army, i.e. missiles,
rockets and they are characterized by the activdtine from 0.1 s to several seconds
with an effective working time from seconds, togdesf minutes [1]. The heat being
generated during their work inside the battery eaus temperature increase of up to
873 K. In the frame of this work both experimengald numerical investigations of
temperature distribution on the outer surface efttiermally activated battery BTR-03,
as well as the heat flux distribution were carraad [8]. Comparing the temperature
histories at several points on the outer surfacéhefbattery BTR-03, obtained from
experiment and calculated numerically allowed thdete the numerical model of heat
transfer in the battery.
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1. INTRODUCTION

The considered thermally activated batteries araradterized by high
mechanical strength, reliability over a wide tenapere range, freedom from
maintenance during storage and long shelf life.

The values of voltage and currents are adjustedeaequirements of the
user [1, 2]. In the case of battery BTR-03 it wasuemed that battery life did not
exceed 660 s [1, 2]. Structure of the thermal batBTR-03 is based on the
electrochemical systenCa/LiCl,KCI/PbSQ [1, 2, 8]. An anodic reaction
mechanism is presented in the paper by NissenT&$. battery consists of
multiple cells connected in series. The individedments forming the basic
component, a single cell, are made in the formlaf fings arranged in the
following way: calcium anode, secondly an elect®liayer which is a mixture
of saltsLiCl andKCI and the cathode which is madeRifSQ. Individual cells
are separated by the pyrotechnic heat tablets.-1Hij. In a temperature range
of (-)50°C to (+)50C the electrolyte is solid, showing no ionic cortility.
The activation of the thermal battery occurs dfiter melting of the electrolyte
salt, which is occurs as follows.
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Fig. 1.Cross section view of thermal battery BTR-03: 1up,2 - lid, 3 — cell,
4 — battery thermal insulation elements, 5 — hadalet, 6 — impact igniter,
7 — battery pole, 8 — pole insulation
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Startup of the impact igniter mounted in the lidtloé battery initiates an
exothermic reaction of the pyrotechnic heat tabléesnerated heat energy that
raises the temperature of individual elements ef battery to about 600 K,
melts the electrolyte and initiates a redox reactwhich causes the emergence
of voltage in each of the cells.

Completion of the battery life occurs in the cabthe complete reaction of
the respective electrode materials, or in the adstne solidification of the
electrolyte. To prevent premature crystallizatiohtioe electrolyte, thermal
insulation is placed inside the battery [1]. Thétdyry BTR-03 is cylindrical in
shape with a diameter of 56 mm, height of 74 mm amneeight not exceeding
450 g [1, 2].

2. BATTERY ACTIVATION

When the impact igniter of the battery BTR-03 mi#is its activity, the
flame fills the space inside the cylinder of thetéxy. The initiation of all 28
heat tablets occurs at exactly the same time. fesuat of a consultation with
the manufacturer of the BTR-03 it was assumed tti@linear burning rate of
the pyrotechnic heat tablet material was 5 cm/siarids all heat tablets were
burnt [8]. All of the 22 heat tablets are conneatéth the 22 cells and located
in the middle of the battery BTR-03. Three heatdibare placed above a pile
of 22 sets: a tablet-cell and 3 other tablets taeegnl under the pile. Additional
tablets are separated from one another only byhttienal insulation layers of
cardboard and they constitute the thermal proteaifahe cell pile from the top
and the bottom. This prevents the premature cligstabn of the electrolyte
due to its cooling. A single tablet weighs abow& d.and has a volume of
1.15410° m®. The manufacturer of battery BTR raises the cktosialue of
a single heat tablet in subsequent series. Injtitdl value was about 1600 J/g,
followed by 1850 J/g. There is no current data loa ¢alorific value of heat
tablet of the battery BTR-03. In our case, thelsifgat tablet calorific value of
2600 J/g and BTR-03 battery activation time < lasvassumed [1, 2]. As
a result a total heat flux of 130 kW is obtainednirthe battery during one
second. Dividing this value by the volume of 28 theablets, we get the
maximum value of a single tablet heat source eipgall410® W/n.
Calculations of heat transfer in the battery BTRaA@8e carried out within time
intervals of 700 s which exceeds the burn time aifldgts by 700 times.
Therefore a constant value of volumetric heat sglensity in time of 1 s was
assumed. Finally, in heat transfer model the votuméeat source density as
a function of ¢,(t) — Fig. 2 with its maximal value equal§1¢® W/m® was

assumed for doing calculation.
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Fig. 2. Time-dependence of volumetric heat soussesity ¢, (t) for the battery
BTR-03 single heat tablet

3. EXPERIMENTAL ARRANGEMENTS

Temperature measurements in 6 points on outer ceurdd the battery
BTR-03 were performed using coated thermocouples K 0.5 mm in coat
diameter by company Omega (USA). The location @frrttocouples on the
outer surface of the battery cup is shown in FigdiréThermocouples were
glued with high temperature silicone glue (tempx18a3 K)Red Hi-Temp RTV
(USA) and affixed to the outer surface of the bgttaip using clips in the form
of duralumin strips — Fig. 3. The battery was aattdd by a needle puncture of
the impact igniter with a trigger. The trigger wativated with a direct voltage
signal of 27 V. A set consisting of base unit NIcQAR172 and a measuring
card NI19213 (National Instruments, USA) was usednieasure temperature
versus timerl (t) at selected points on the outer surface of theetyaBTR-03:
Q, a1, &y, &, &4, 85 (Fig. 4). Results of measurements are shown is. Fgl2.
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Fig. 3. View of the battery BTR-03 with  Fig. 4. Distribution of thermocouples
mounted coated thermocouples which along the length of the battery BTR-03;:
are used to measure the temperature/on ag— 0 mm,a; — 10 mma, — 24 mm,
the outer surface of the battery cup az;— 45 mma, — 62 mmas — 74 mm
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4. NUMERICAL EVALUATIONS AND EXPERIMENTAL
RESULTS

Due to the high cost of the battery BTR-03 (abd@@QLEU per unit) it is
not possible to check the structural variants & thermal insulation of the
thermal battery, which is located in a special deviThus, a preliminary
numerical model of heat transfer in the battery BXRsuspended in the air that
describes the performed experiment was created.eNcah calculations were
carried out by means of COSMOS/M commercial sofen@ackage. Four-sided
mesh of 2320 elements and 2742 nodes was applied.-6. The results of
finite volume method calculations were given in fhem of the distribution of
isotherms cross-section of the battery in succedsiwe intervals — Figs. 13+17.
Also the results of calculations of the temperatdependence and heat flux
density as a function of time in the chosen nodeghe mesh elements
compatible with the measuring poirdg-as, i.e. T,(t) and ¢ (t) were shown in

Figs. 7+12 and 18+19. The initial boundary valuebpem, i.e. non-stationary
heat transfer equation with internal heat sourtest(tablets) and boundary
conditions of the third kind was solved. It wasuased that the battery life did
not exceed 700 s. The problem was treated as itwendional due to the axial
symmetry of the battery BTR-03. The results of gitons of the temperature
dependence as a function of tiffi@) at the pointsag, a;, a,, as, a4, as (Fig. 4)
were compared with the experimental data and iltst in Figs. 7+12.
Constant thermophysical properties of materialsduse build the battery
BTR-03 were assumed for numerical calculations bldd and Fig. 5. The
battery cup was made of the alloy steel 1H18N9hwaitthickness of 1 mm —
Fig. 5. Thermal insulation of cylindrical cup costsi of three layers: the outer
layer — insulation paper prespan with a thicknd€a®mm, the middle layer —
micanite with a thickness of 0.15 mm, the inneretay- cardboard with
a thickness of 1.5 mm. 22 sets: heat tablet andeelocated inside the battery
cup. Three additional heat tablets are located etog pile of 22 sets and an
additional three are located below the pile of @&.sAdditional heat tablets are
separated only by the thermal insulation layersastiboard and are a thermal
protection of the cell pile from the top and frone tbottom. This is necessary to
prevent premature crystallization of the electm®lgitie to its cooling. Each heat
tablet has a ring shape with a thickness of 0.7 ammuter diameter of 50 mm
and an inner diameter of 19.5 mm. Each cell alse &aring shape with
a thickness of 1.3 mm, an outer diameter of 50 mioh @ inner diameter of
20 mm. The space above and below the cell pildlésl fwith thermal insulation
cardboard — Fig. 5.
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Table 1. Average values of material thermal proper adopted for numerical
calculationst, — specific heatk — thermal conductivityy — density

material Cp, J/(KGK) k, W/(miK) p, kg/n?
1H18NIT [7] 460 26 8900
micanite [7] 880 0.52 3000
cardboard [7] 1340 0.20 500
substitute cell material: 800 k- = 50 (along the 5000
calcium radius of battery)
anode+electrolyte+cathode* k, = 4 (along the axis of
[6] battery)
heat tablet [6] 800 1 2000
battery interior gas* [6] 1110 6 0.40

(* [6] — based on the data of electrolytes)

The temperature and the heat flux density distiobyti.e. Ti(t) and g; (t)

on the outer surface of the cup battery BTR-03 wlztained as the solution of
the heat transfer equation for the case of a hmatcs placed in cylindrical
coordinates for a given initial and boundary caondi in a form [3, 4, 7]:

Tk
ot pEp

ol ror 52 PlEp

2 2 .
0°T 10T 0 T}_ Ay

where: T — temperature at a given point on the outer sarédahe battery cup,
t — the time from the initial moment, z — cylindrical coordinates of the point,
K, p, G — thermophysical properties of materials of thetdmg BTR-03,
g, — volumetric heat source.

An ambient temperature was assumed as an inititon T,mpien:= 293 K.
On the outer surface of the battery cup BTR-03hisa&t transfer by convection
and the boundary condition in the form

q=a [QTambient‘Tbatterycupsurfacé
were established.

The assumed value of the coefficient of heat temisfa = 15 W/(nf-K).
This is an overall coefficient, which was createdtze sum of two components
0 = Qconvection T Oradiation 1-€. the coefficient of heat transfer for air atiok
coefficient of heat transfer associated with thethansfer by radiation
Ofradiation = 5+6 W/(mz-K). In free space inside the battery BTR-03 thare
mainly emissions from heat tablets. It was assuthatithe heat transfer inside
the battery took place only through the conductibheat.
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We do not include convection and heat transferdoljation. In the axis of
battery cylinder the gas properties were assumefbraair at 700 K and in
accordance with the information given above, that l@nsfer mechanism was
assumed through conduction only. In the numerialdutations the changes of
heat flux density on the outer surface of the Ibaitep BTR-03 were shown as
a function of time along the radiu'q;(t) at points:ay, a,, as, a4 (Fig. 18) and

along the heigh'qz(t) at pointsa,, as (Fig. 19), i.e. on the surface of the upper
and lower lids of the battery cup BTR-03.

5. CONCLUSIONS

The temperature distribution measurements on ther osurface of the
battery cup BTR-03 at selected points along thgtlewnf the battery and the
preliminary numerical calculations carried out amrently available limited
material data, helped to validate the model of haaisfer in the battery. Due to
the high cost of battery it is not possible to takenperature distribution
measurements of the battery cup inside the spdeiate. Hence the design of
the thermal insulation of the battery BTR-03 candome only by numerical
simulation. The enormous power of all 28 pyrotechmeat tablets determines
the heat transfer in the battery BTR-03. Hence,stn thermophysical
coefficients adopted at the present stage of thveldpment of the numerical
model of heat transfer in the battery BTR-03: tharmmonductivity, thermal
diffusivity and specific heat (Table 1) are notn-the authors opinion — too
simplistic. The authors see an opportunity to dgwvel numerical model of heat
transfer in the battery BTR-03. At first, resulfstloe heat transfer in a singular
set, composed of the electrolyte, anode, cathodehenpyrotechnic heat tablet
have to be obtained. The model should take intowdcthe melting point of
the electrolyte. Research on thermophysical pragsemf the electrolyte as
a function of temperature is also needed.
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Fig. 6. Four-sided mesh of 2320 elements and
Fig. 5. Section of battery BTR-03 2742 nodes: Blue dots — volumetric heat

1 - 1H18N9T, 2 — micanite, source, Red dots — boundary conditions
3 — cardboard, 4 — substitute cel]  (replacement coefficient of heat transfer).
material, 5 — heat tablet material Selected pointsay, a, az, a4 and the
6 — battery interior gas corresponding node numbers
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Fig. 7. Temp. distribution at poiag Fig. 8. Temp. distribution at poia
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Fig. 10. Temp. distribution at poiag
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Fig. 18. Heat flux density history alon}‘T

Fig.

on the cup surface at the the radiugj, (t) on the upper and lower

19. Heat flux density history along

lids at the pointsy andag

The interior of the battery BTR-03 reaches a maximmiemperature of
672 K after about 2 minutes from initiation. At thame, the outer surface of
the cup reaches the maximum temperature of 583i¢s.(F+12 and Fig. 13).
The battery BTR-03 does not heat up symmetricallyigs. 7+12 and Figs.
13+17. Therefore, the number of additional heatetababove the pile of 22
cells should be increased from 3 units to 4 ukltsat dissipation through the lid

of the battery cup is larger than through the bottd the battery cup — Fig. 7
and Fig. 12.
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According to the authors, in order to maintain llagtery electrolyte in the
liquid state for longer periods than currently, ti@émerical calculations with
more additional heat tablets above and below theef2pile should be carried
out. Analysis of changes of heat flux density dsrection of time g, (t) on the

outer surface of the battery BTR-03 cup at the t8a@n a,, as, a4 (Figs. 8+11)
confirms data from the manufacturer that the follvpr of the pyrotechnic heat
tablets is already available in the first secondalsis of changes of heat flux
density as a function of timg, (t) on the upper and lower lids of the battery

BTR-03 cupq,(t) leads to the conclusion that the heat flux densityhese

sites remains virtually constant from the initiatiof the battery until the end.
The numerical calculations of heat transfer inhattery BTR-03 presented in
this paper allow the analysis of the battery aga Bource. The location of the
battery in the special device has no significabeeause the shape and the type
of thermal insulation of the battery BTR-03 candasigned without expensive
experimental studies.
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