
chamber ends and they exceed similar stresses in the center by about a factor of i.5. In 
chambers for detonating a gas mixture the main contribution to the SSS is thermal stresses. 
Simple approximate equations are suggested in order to evaluate the maximum thermal stresses 
in the chamber walls. 
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THERMOCOUPLE MEASUREMENT OF METAL TEMPERATURE UNDER PULSED DEFORMATION 

CONDITIONS 

S. N. Ishutkin,* G. E. Kuz'min, and V. V. Pal UDC 539.89+536.53 

An increase in temperature with pulsed deformation of a metal is a parameter which is 
very sensitive to loading conditions. In fact, this situation includes the possibility of 
using local temperature sensors. In using a local sensor it is necessary to disturb the con- 
tinuity of a test specimen. As a rule, the presence within the volume of a specimen sub- 
jected to pulsed deformation of any cavities, notches, nonconductors, etc., even if it has a 
weak effect on such parameters as pressure, density, or flow rate, distorts in an uncontrolled 
way the temperature field. With characteristic times for test processes of ~i-i0 ~sec a lo- 
cal sensor of reasonable dimensions as a result of thermal conductivity does not manage to 
reach thermal equilibrium with a loaded specimen, and its temperature may differ markedly 
from the specimen temperature. Therefore, under conditions of pulsed deformation the temper- 
ature sensor should be the specimen itself. With a thermocouple method of measurement this 
sensor-specimen may be obtained by joining two metals to each other which have similar me- 
chanical but different thermoelectric characteristics so that the separation boundary for 
the metals does not introduce distortions in the temperature field. As a result of the ther- 
moelectric effect an increase in specimen temperature caused by deformation of it leads to 
development within the metal of electric currents, an electric and magnetic field, and con- 
sequently to occurrence of a difference in electric potential between different points of 
the external surface of the specimen. The distribution of the potential over the external 
surface of the specimen contains information about temperature distribution over the inter- 
face of the metals. It is not difficult to measure by experiment the difference in poten- 
tials between two fixed points on this surface. If the temperature is constant along the 
whole metal interface and if values of thermoelectric coefficients are known, then the tem- 
perature of the interface is determined from measuring the potential difference in a straight- 
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forward way. However, in principal it is a fact that with pulsed deformation of the metal 
interface there are always areas with a different temperature. (For example, even in the 
case when the interface is a plane, and loading is carried out by a plane shock wave (SW) 
with a front parallel to this plane, the natural unloading wave which always arises leads to 
nonuniform metal heating along the interface.) Therefore, with the thermocouple method of 
temperature measurement under conditions of pulsed deformation the following problem arises. 
Let us say that the temperature at a certain point in the metal interface is of interest to 
us. Question: under what conditions is it possible to determine the temperature at this 
point of the difference in potentials is measured between some two points at the outer spec- 
imen surface? We consider the problem applied to measuring temperature behind a plane SW 
front, but as will be seen from that given below, a number of the results obtained have a 
more general character. 

Let there by a cylindrical symmetrical specimen consisting of two metals 1 and 2 (Fig. 
i) joined along plane Z: z = 0 (a cylindrical coordinate system (r, q, z) is considered). 
We connect to points A and B on the axis of symmetry an instrument which measures electric 
voltage (in the future we shall nominally call it a voltmeter). Let a section of the measur- 
ing lead BC be made of metal i, and section DA be made of metal 2, and the voltmeter is con- 
nected to points C and D by a lead made of metal i. We assume that at a certain instant of 
time an SW passes through the specimen causing at each point of the metal (r, ([, z) an in- 
crease in temperature ST(r, z) = T(r, z) - T o (T o is initial specimen temperature equal to 
the temperature of the surroundings), and the temperature at points C and D is maintained 
equal to To all the time. Let us be interested in the temperature behind the SW front. In 
this case it is necessary to explain whether it is possible from the voltmeter readings to 
determine the temperature at those points of boundary Z where the lateral unloading wave has 
not yet arrived (here we assume that the metals are joined so that relative sliding of them 
is impossible and the temperature of the boundary equals the temperature of the metal). For 
this in order to explain the voltage dependence in the voltmeter we divide a closed loop L 
lying in some plane ~ = const and passing through the voltmeter through the measuring lead 
from B to A, and from A to B through the specimen intersecting Z at some point M. The inte- 
gral of the electric field intensity E along L is connected with the voltage in the voltmeter 
V as follows: 

A M B C 

Edl = v + i'Edl + .t" Edl + j E d l  + .f Edl, (1) 
L 19 A M .B 

where dl is an element of length along L. On the other hand, 

~Edl d~ 
d t  ( 2 )  

L 

(~ is magnetic field flux through L). From (i) and (2) we obtain 

A M B C 

r dq) E I 1 - -  E d l - -  E d l - -  E I I .  ( 3 )  
d t  ~, . . 

D A .51 B 

By using Ohm's law connecting the electric field in the metal with temperature: 

1 t j + s ~ V T ,  i = t ,  2. ( 4 )  E = - -  --UV~t + o-- T 
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Here e is electron charge; ~ is chemical potential; oi, s i are conductivity and absolute 
thermoelectric coefficient of the metal i; j is current density. In the future we assume 
that o i are constant and s i only depend on temperature. 

Since the resistance of the voltmeter is much greater than that of the specimen, then 
it is possible to assume that current does not flow along the measuring lead. Then by sub- 
stituting E from (4) in (3) we have 

C M B T M  

V =  - - 7 i -  + -7 - V I s u a l -  j d l - -  - ~ [ j d l +  ( s l - - s 2 ) d T  (5)  
D .4. M T o 

(T M is temperature at point M). 

It is noted that the second term in this expression equals zero. In fact, the integral 
of V~ with respect to the closed loop equals zero, and in the section from C to D including 
the voltmeter VH = 0 since this section consists of one metal which is at constant tempera- 
ture. 

In order to calculate ~ we separate two loops: LI and L 2 lying in the same plane as L. 
We obtain the first by passing from the place of emergence of ~ at the external surface of 
the specimen (point N) to M along Z from M to B along L, and from B to N along the specimen 
external surface. We form the second by passing from M to N along ~, from N to A along the 
external surface, and from A to M along L. Since on the outside of the specimen there is no 
magnetic field, then ~ equals the sum of the fluxes through L I and L2, and therefore taking 
account of (4), 

d-7-=--  E d l - -  E d l  = - -  j d l - -  jd l .  
L 1 .L Z L 1 L 2 

(6)  

In a cylindrically symmetrical case the magnetic field only has a ~-component H = %H. Then 
from the equation j = rotH it follows that at the metal interface and at the external surface 
of the specimen 

~H 
j dl  --  dl 

d,z ( 7 ) 

(n is unit vector of the external normal to dE). Taking account of (6) and (7), from (5) we 
obtain 

T M  N A i 

T O B ~" , 

M !~ ~ OH I OH] I K N  + -< ez. 
(8) 

Whence it can be seen that voltage in the voltmeter markedly depends on magnetic field be- 
havior around the specimen boundary. The magnetic field itself in each of the metals satis- 
fies an equation of the diffusion type 

AH = ~oo~H/~t, ~ = t, 2, (9)  

~0 is a magnetic constant. 

From continuity of the tangential components of E in E and (4) and (7) it follows that 
the source of the magnetic field for Eq. (9) is in E in the place where there is a tempera- 
ture gradient along Z in the radial direction. The amount of magnetic flux dJ generated in 
a unit of time in a section of length dr, 

dY \-~[ ~-7~h + ~-2 ~ n ~ } .  - - ( s ~ - - s ~ ) - ~ - r d r "  (i0) 
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From this point of view all of the terms in (8) have a clear physical meaning. The first is 
the result of the direct effect of the temperature gradient along the integration path. The 
second and third are the amount of magnetic flux emerging at the external surface of the 
specimen for 1 sec. The fourth is the amount of magnetic flux generated in section g from 
N to M for 1 sec. 

We consider what will determine voltage in the voltmeter at different instants of time 
t is with t = 0 instantaneous specimen heating occurred. The magnetic field which is generated 
where there is a temperature gradient along the metal interface diffuses through the metal 
along the direction towards the external surface in which all of the time the condition H = 
0 is fulfilled. Characteristic times for which the magnetic field reaches the external sur- 
face for each of the metals is correspondingly ~z ~ ~0o16z 2 and ~2 ~ ~0o2622 (61 and 62 are 
distances from the place of finding a temperature gradient in E to the external surface). 
For definiteness we assume that ~i < T2. By using (i0) we present (8) in the form 

T N N A 

To B ~" 

( l l )  

(T N is temperature at point N). 

At instants of time t << ~z the magnetic field does not manage to diffuse to the external 
surface and the last two terms in (ii) are close to zero. Consequently, with t << ~l voltage 
in the voltmeter is determined by the temperature in the area of emergence of the metal inter- 
face at the external specimen surface T N and it depends weakly on temperature within T M. 
Therefore with t << T I an unusual effect arises of screening of the central region by the 
specimen edge zone. Screening is a special case of the common phenomenon of an electromag- 
netic field skin. Only in this case the field increases from within the specimen to the out- 
side in contrast with a normal skin considered with penetration of a field from the outside 
into the depth of the metal. In fact, screening of the central region of the thermocouple 
will always arise and not only in the special case of cylindrical geometry considered here. 

Thus, if the aim of the experiment is to measure temperature behind the SW front, i.e., 
the temperature in that region of the specimen when the unloading wave has not yet arrived 
and where the metal only undergoes single-stage compression, then the specimen should be such 
that the minimum T I is much less than the characteristic time for the test process. This 
limitation shows that the most natural specimen configuration represented by a bimetallic 
cylinder with characteristic dimensions in several millimeters is unsuitable. In fact, even 
for metals with quite poor conductivity of the constantan type o = 2-106 ~-Z'm-Z (not speak- 
ing about copper for which a = 6"107 ~-l'm-1) the diffusion time with these dimensions is 
~i00 Dsec whereas the characteristic time for shock-wave processes is =i ~sec. In addition, 
with specimen dimensions in several millimeters it does not generally make sense to record 
voltage for a time greater than =i ~sec since in this time either the unloading wave manages 
to reach the center of the specimen or voltage of a reverse sign develops caused by emergence 
of the SW into the second electrode of the thermocouple. With this experimental arrangement 
the effect of screening leads to the situation that the voltage recorded will not be deter- 
mined by the temperature behind the SW front which it is proposed to measure, but the temper- 
ature at the edge of the specimen in the region of plastic deformation in the unloading wave. 
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As a result of this voltmeter readings will in fact depend only on how the edge of the ther- 
mocouple is made. 

With t >> ~i, ~2 established the stationary distribution of flexes through the volume 
of the specimen. The problem of voltage in the thermocouple in this case was determined in 
[i] where it was shown that voltage in the voltmeter depends in a quite complicated way on 
temperature distribution over the whole metal interface. At intermediate instants of time 
(t ~ ~i, ~2) voltmeter readings determine both the change in magnetic flux and the tempera- 
ture distribution over the metal interface. Voltage in the thermocouple will depend strongly 
on specimen geometry. The possibility of recovering the temperature in the central region 
from voltage measured with t ~ ~i, T2, requires particular consideration in each specific 
case. 

The following thermocouple construction for measuring temperature behind the front of a 
stationary plane SW in copper was used in the present work. The axial cross section of the 
experimental assembly is given in Fig. 2a. In order to exclude the possibility of the metals 
sliding in relation to each other at the instant of loading, the blanks for the thermocouple 
were prepared by explosive welding of constantan and copper sheets. Then a cylindrically 
symmetrical specimen was prepared. The SW was introduced through a copper screen 1 and in- 
sulator 2. Constantan thickness in the central region H = 5 mm, and beneath the insulator 
3h = i00 zm. The insulator was prepared from Teflon 60 Dm thick. The diameter of the cen- 
tral region d = i0 mm, and the diameter of the interface 5 of constantan 4 and copper 6 was 
D = 20 mm. The diameter of the whole assembly was 75 mm. Loading was carried out by a plane 
SW with pressure behind the front of 15, 20, 30, 39 GPa. Pressure was measured by a manganin 
transducer. Given in Fig. 3 are typical pressure (a) and temperature (b) oscillograms. The 
sweep was 0.5 ~sec/square, and along the vertical it was 1 mV/square. Pressure at the max- 
imum was 15 GPa. 

Temperature gradients along the metal interface in this thermocouple were located in two 
areas: with r = d/2 and r = D/2. The radial dimension of the region where the temperature 
varied was of the order of the thickness of the constantan coating h. Until the lateral un- 
loading wave reached the metal interface temperature distribution T(r) in the boundary had 
the form shown qualitatively in Fig. 2b. Since shock adiabats for copper and constantan are 
quite similar [2], and thermal conductivity of copper is greater by a factor of twenty than 
that of constantan, the temperature in the central region of the metal interface differed by 
1-2% in all from the temperature behind the stationary SW front in copper. 

In order to explain how temperature governs the voltage in this thermocou]?le we turn to 
(9). Since h << d, the terms (i/r)(SH/Sr) and H/r 2 in AHmay be ignored compared with 82H/ 
8r 2 and 82H/Sz 2, then (9) is presented as 

O~H/Or 2 + 02H/Oz 2 = ~,oogH/Ot, (12) 

i.e., close to the position of the temperature gradient H a plane diffusion equation is sat- 
isfied without discharge of the magnetic field into the volume of the metal [the term -H'r 2 
in (9)]. Therefore the problem of finding the magnetic field is conveniently reformulated 
into a problem of diffusion of certain particles. In fact, these problems coincide entirely 
if the concentration of particles is H, they are generated at the interface, they diffuse 
through the metal according to Eq. (12), and by emerging at the external surface they disap- 
pear (according to the condition H = 0). Here the diffusion coefficient in metal i equals 
i/~0oi, and the number of particles generated in i sec in a unit length of Z in the radial 
direction is ~0-1(sz - s2)ST/Sr. Then the last term in (8) is proportional to the number of 
particles generated for I sec at the boundary: 

M 

f l oT dr N o  = -- -s (s~ -- s.,) %-7- ' 
N'O 

and the second and third terms are the number of particles emerging for i sec at the external 
surface: 

N A 
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therefore (8) may be presented in the form 

T M 

V = .i" (sl - -  s2) d T  - -  poNo + poN (t). 
T O 

(13) 

First we consider the subsidiary problem. Let at instant t = 0 in the area where a tempera- 
ture gradient in I is found n o particles be generated instantaneously, and at instant t at 
the external surface n(t) particles emerge from them. If in this area of Z there operates a 
constant source generating for i sec N o particles, then at instant t of the number of parti- 
cles generated for the time from x to x + dE at the external surface emerges that fraction 
of particles as with instantaneous generation of n o particles an instant t = O: n(t - ~)/n0. 
Then if a source of constant power started to operate with t = O, then at instant t at the 

t 

emerges J n(t--~)Nod~ particles. On the other hand, this number of parti- external surface 

0 

t 

cles equals ~ N(t) dt. By equating these expressions and differentiating with respect to t we 
0 

write 

N ( t )  = n ( t )  N o  ' . 
tZ 0 

i.e., in order to determine voltage in the thermocouple it is sufficient to find n(t), and 
from (13) we have 

TM Tsf 

( , . ( s  1 - -  s~)  dT.  
T o TN 

(14) 

The relationship 1 - n(t)/n 0 obtained by the numerical Monte Carlo method for the thermo- 
couple used by us is given in Fig. 4a. It can be seen that after i00 nsec from the volume 
of the metal 80% of the particles have departed. Since T N in this case cannot be less than 
the temperature with adiabatic compression Ts, with pressures in the SW of p ! 50 GPa the 
integral in the second term in (14) is at least half the first integral. For example, ac- 
cording to calculation by the procedure in [3] with p = 40 GPa, T M - T o = 250-280~ and T s - 
To = 120~ Therefore, after i00 nsec the addition to the voltage due to screening [second 
term in (14)] in this case does not exceed 10%. Since all the same T N > Ts, then it is clear 
that this is known to be a high estimate. Thus, it is possible to say that the time resolu- 
tion of this thermocouple is not worse than i00 nsec, i.e., a thermocouple of the suggested 
construction after i00 nsec after passage of the SW front through the metal interface mea- 
sures the temperature in the central part in spite of the fact that t << ~2 and the diffusion 
process for the magnetic field is still not yet established. This is due to the fact that 
the conductivity of copper is greater by a factor of thirty than that of constantan, as a 
result of which almost all of the magnetic field which is generated at the interface diffuses 
through the constantan and emerges into the gap filled with insulator 3 (see Fig. 2). Only 
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a small part of the magnetic flux emerges into the copper, and with t ~ ~i an almost steady 
distribution of fluxes and fields is established in the constantan. 

Given in Fig. 4b for comparison is the relationship 1 - n(t)/n 0 for a thermocouple com- 
posed of constantan and copper disks each 25 mm in diameter and 2.5 mm thick. Even after 1 
~sec in this metal geometry about 1% of the particles emerge in all, screening is very strong, 
and voltage in the thermocouple in fact is independent of the temperature in the central re- 
gion T M. In fact, with n(t) << no from (14) it follows that 

TN 

= j (s~ -- s2) V dT. 
T O 

The dependence of the increase in temperature AT(p) behind the SW front on pressure ob- 
tained from experimental measurement of voltage in a thermocouple of the construction sug- 
gested is given in Fig. 5. Temperature was determined by the procedure developed in [4]. 
The temperature range obtained from calculation by the procedure in [3] is bounded by solid 
lines in Fig. 5. 

Thus, in the present work the effect is studied of nonstationary electromagnetic effects 
on the possibility and reliability of measuring temperature by a thermocouple method under 
pulsed deformation conditions; a screening effect is established for the central region of 
the thermocouple by the edge zone; the temperature in copper with pressures from 15 to 39 
GPa is measured. 

The authors are sincerely grateful to V. M. Titov for useful discussion and they thank 
V. N. Zelenyi and M. A. Fedotenko for help in the experiments. 
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