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SECTION I

INTRODUCTION

• High intensity , pulsed electron beams are widely used to study the

dynamic response of materials and structures subjected to rapid , in—depth

heating. When performed effectively , such experiments can be of considerable

value in studies relating to the nuclear hardness assessments of reentry

vehicle systems.

The manner in which the beam energy is distributed throughout the

depth of a sample target is dependent upon the electron beam current and the

voltage which accelerates the electrons. In general, the energy deposition

• is nonuniform, decreasing with depth into the sample. The time required

for this deposition to occur is variable, but is nominally 50—200 nanoseconds .

For any electron beam experiment to produce meaningful results, it is

necessary to know the thermal loading conditions of the sample. These

loading conditions have traditionally been determined through calorimetric

measurements made on separate beam “diagnostic” shots. On such a shot,

a calorimeter block, or an array of such blocks, is used to measure the

total energy in the beam at the sample location.

A typical calorimeter block is shown in Figure 1. The block is

~~~~~:‘ generally constructed of graphite because of the high vaporization energy

of that material. The energy deposited in the calorimeter is deduced from

a measurement of the block temperature. This temperature is generally

• .
~~~ .Y~ measured by means of a thermocouple attached to the rear surface of the

- 41-i
block , or placed inside of the block by means of a hollow screw.
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Initial Energy Profile

, , . Thertno couple in Screw

Thermocouple on
Backf ace

w

Figure 1. Simplified Model of Calorimeter

Linear Extrapolation
“Cooling Curve ”
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- Ambient

:1 T , 
___________________________________________________

Time ~~~~ ‘

Figure 2. Typical Temperature History Given by Thermocouple Attached
- 

‘- “ to Rear Surface of Calorimeter
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Shown in Figure 2 is a typical temperature history as given by a

thermocouple attached to the rear surface of a calorimeter block. Because

the beam energy is initially deposited in a nonuniform manner, some time

must elapse before it is uniformly distributed throughout the block by

4 means of thermal conduction. As shown in Figure 2, the back surface

• temperature rapidly rises with time until the energy is uniformly distributed ,

and then slowly decreases as energy is lost from the calorimeter block to

the surroundings.

Because the thermocouple measures the temperature at a given point

in the depth of the block, there is considerable uncertainty involved in

detecting the total energy deposited unless the block is at a uniform

temperature. For the case presented in Figure 2, it is generally assumed

that the block is at a uniform temperature when the maximum back surface

temperature is achieved. The total energy in the block at that time is

then obtained using the specific heat of graphite at that temperature.

To obtain the energy initially deposited in the calorimeter block, various

extrapolations of the “cooling curve” are employed. The most common

extrapolation, a linear one, is shown in Figure 2. This extrapolation

assumes that the block cools at a constant rate and that the initial
It

energy in the block can be given by the initial temperature obtained from

such an extrapolation.

It is the purpose of this study to analytically model the thermal

behavior of a graphite calorimeter block subjected to an initially non—

uniform temperature profile. This model will allow prediction of the amount

•
1 
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of energy lost from the block by the time a uniform temperature profile

is achieved. In addition, it will determine the validity of the assumption

that the block is at a uniform temperature when the maximum back surface

temperature is reached. Then, through parametric variations , the model

will be used to determine in what electron beam environments graphite

calorimetry can be used with confidence.

• For this study , the simplified calorimeter model of Figure 1 is

employed. It is assumed that the only means of energy loss to the sur-

roundings is that of thermal radiation ; the effects of convection and thermal

conduction to the surroundings are neglected. In addition, it is assumed

that the calorimeter is exposed to a uniform beam with an area equal to

that of the calorimeter face. Thus, conduction in the lateral directions

is neglected . Finally, it is assumed that the beam energy is deposited

instantaneously, with the resultant temperature profile being taken as an

initial condition.

In Section II, a mathematical model is developed for a calorimeter

block subjected to these conditions and constraints. In Section III, the

model is applied to a graphite block through specification of the thermal

properties of that material. Section IV describes the manner in which

a computer model is developed to determine the effectiveness of graphite

calorimetry . Section V presents the results of a parametric study in which

the radiation losses are quantified for a variety of electron beam environ—

ments. In addition, Section V presents an evaluation of the manner in

~ii r which calorimetry data are presently reduced to yield information about

the loading environment. Finally, Section VI presents conclusions and

recommendations arising from this study.
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SECTION II

DEVELOPMENT OF MATHEMATICAL MODEL

1. INTRODUCTION

For the problem of one—dimensional heat conduction into a graphi te

calorimeter block, proper account should be taken of the variation of

thermal conductivity and specific heat with temperature. For this

reason, the one—dimensional heat conduction equation cannot be reduced

to the common Laplace equation. Rather , it must be written in its most

general form:

•~I= L 1—~~k-~-~) (1
~t PC 3x ‘

For the problem being addressed , the initial and boundary conditions

imposed upon equation (1) prevent it from being solved through analytical

methods. The radiation heat transfer at the free surfaces provides a

nonlinear boundary condition, while the initial temperature profile is

generally nonuniform. For these reasons, the problem being considered is

best analyzed through the use of finite difference techniques.

• 2. DEVELOPMENT OF FINITE DIFFERENCE EQUATIONS

Rather than apply finite difference approximations to equation (1),

these approximations should be applied to the First Law of Thermodynamics

for the calorimeter block. This approach allows consideration of radiative

losses from the sides of the block without resorting to a two—dimensional

formulation.

• • •.• . ••. • -
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Consider the calorimeter block shown in Figure 3. If this block

is divided into M differential elements, each ~tX thick , an energy balance

• 4 can be developed for each element . By choosing L\x to be small , the ith

element can be considered to be at a uniform temperature T.. Because of

geometrical similarity , the development will be identical for each internal

element. To account for the front and rear free surfaces, however, a

separate development is necessary for the 1st and Mth elements.

a. Internal Elements

Figure 4 illustrates the various mechan isms by which energy is

transferred into and out of the ith internal element. Since this element

is at a unifo rm temperature T1, conduction terms for the y and z directions

can be neglected. The conduction into the left face of the ith element,

given by results f rom a temperature difference between element i l

• and element i. Similarly , represents conduction out of the right

face of the ith element. The energy loss to the surroundings, assumed to

occur through thermal radiation only, is given by Q~.

The First Law of Thermodynamics, as written for the ith internal

• element, is

H ~E . ~,

— ~r ( • ) )
~t 

‘
~i(x) i(x+i~x) ‘(~~

- .j With I denoting position and n denoting time, the left hand side of

equation (2) is approximated with the following fully implicit finite

difference scheme:

~~~~~~~~ ~_t~
_.___ 
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• •:~~~
i:• = pc

i~
x ~~ ~~~~~~~~~ ~~~~~~ YZ [ ~~~~~ _ ~~~ ] (3)

Note that the subscript a denotes a known quantity , while the subsc ript

n+1 denotes an unknown quantity at the next time step . Using the same

difference scheme, the energy conduction terms are approximated by

k — f -k3T \
~i(x) 

— k, 3x )(x)

yz [ k11~ 
2 ] [ A; 

T
~~~÷i ] (4)

k 
— f-k 3T\

~I(x+i~xx) 
— 

~~

[ k
~~~~ ± k

i+in][Ti n+l 
_ T

1+l~~+l] (5)

For the sake of simplicity , without any loss of accuracy, the thermal con-

ductivity of the ith element is calculated using the known temperature,

~~~~ The radiation loss from the sides of the element is given by

Q~ = GE 2t~x(Y+Z) [ T~4~~~ — T
4 ] (6)

Putting equations (3) through (6) into equation (2) and rearranging

yields the following implicit finite difference equation :

•
~~ • “ .~~~~!

9
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Ti,n+l 
— T1~~

(k~~~ 
+ k

~~1~~)~ 2PC~ Ax2

÷ 2k1~~ + k1l~~
) 2pC . Ax

2 T
1~~÷1

• +(k1~~ 
+ k

~÷l~~) ~ 2pC . Ax
2
~ 

T1+i,~+i
1 ,n

— 

~~~~~~~~ 

~ (4
Ax~~Y+Z)) 

[
T
~,~÷l

4 
— 
T
a4] ~7)

-
• Equation (7) is a nonlinear difference equation because of the radiation

term involving Ti~~÷1
4. By using the common radiation approximation [1],

vS 4 3 4= 4T i,~ Tj~~÷i 
— 3Tin  

(8)

equation (7) can be linearized*.

1. Gaumer, G. R . ,  “Stabil i ty of Three Fin ite Di f f e rence Methods of

~~ Solving Transient Temperatures ,” ARS Journal , Vol. 32, No. 10, October 1962,
pp 1595—1597. .1

*T~e radiation approximation is obtained by taking the time derivative
of T .

10
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Equations (7) and (8) can be combined in a considerably simplified

form if the following terms ar e defined :

- • = 4Ax
2
(Y+Z) (9)

1 YZ

S . = 4cc T. (10)
2i i,n

53j = Gc [_3T~~~ — Ta4] 
(11)

• S4~~
= At 

2 
(12)

— 2~C~~~Ax

P S~~ = ~~~~ + ki+i n 
(13)

~6i 
= ki_i,n 

+ 2ki n  + kj÷i~~ 
(14)

2 S = k . + k  (15)
• • 7i 1,fl i—l ,n

Each of these quantities are known , being labeled with the subscript n.

• 
These definitions allow equations (7) and (8) to be combined in the

- 
f ollowing f orm:

I —

—
-

I
11

-
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T
~_1,~+1 

(S4~
.S
71)

÷ Ti~~+1 (—1 
— S

4~~S6~ 
— S4~

.S
i
.S
2i)

+ T
1+i~~+1 

(S
4~

.S
51
)

= _Ti,~ 
+ (S

4
~~~~~~ S

1
S

3
~~~ ) (16)

Th is equation is the final form of the finite difference approximation

to the First Law of Thermodynamics for the ith element. It can be used

to describe each of the internal elements depicted in Figure 3. To

completely describe the calorimeter block, additional equations must be

developed for the first and Mth elements. These developments are presented

in the following subsection .

b. Elements at Front and Rear Free Surfaces

Figure 5 illustrates the mechanisms by which energy is transferred

into and out of the first element. This element, at a uniform temperature

T1, experiences conduction through the right face only. Energy transfer

by radiation occurs at the front surface as well as from the free side

surfaces of the element.

The First Law of Thermodynamics, as written for the first element,

is

- •
- S

• _s~~~~~
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1 — 
k 

Q
r (17)

~l(x Ax) 1

Using the same finite difference approximations employed for the internal

elements, the components of equation (17) are given by

= PC1AXYZ (~~~) 
PC1 

A YZ [Ti~n÷i
_ T

1,~~

] 

(18)

= 

~~~~~~ 
[kin  

÷ k
2n] [ Ti~~+1 — T2 n+l

] 
(19)

Q~ = cc 2Ax(Y+Z) + YZ [Tl~~+l
4 

— Ta4] 
(20)

Pu t t ing equations (18) through (20) into equation (17) yields a relation

which is similar to equation (7)

T — T  =
— 

l,n+l l,n

- 
(k1n 

+ k2~~) ~ ~~c 

At
2 Ti~~÷i

l,n

+ (kin  + k2~~) 2pC
1 

Ax2

- At cc (4 Ax
2(Y+Z) + 2YZ Ax ’

~[T - T 4] 
(21)

2pC . ~Ax
2 

~ 
1,n+l a ]
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F
After introducing the radiation approximation of equation (8), the

following definitions are introduced to simplify equation (21):

S21 4~cT1~~
3 (22)

• r 41
S cc I —3T — T  I (23)
31 L 1,n a j

— 
At (24)

— 

2pC Ax2
1,n

S51 
= k

i,n + k2,n 
(25)

Note the similarity between these definitions and those employed for the

internal elements. Putting equations (22) through (25) into equation (21)

yields the following final form of the finite difference equation for

the first element:

Ti,~+i
(-l - S41~S51 

- s41~~(S
1 + 2Ax)~ S21)

+T2
~~
÷1

(S41 S51)

14 

- 

(2 6)
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Using a development which parallels that for the first element, the

difference equation for the last element (i = M) can be written as

TM lfl+l
(S4M~S7N)

+TM,n+l
(_i - 54M~

57M 
— S4M~(Sl 

+ 2Ax)
~
S2M)

= _T
M,fl 

+ 
~4M~~~1 

+ 2Ax) S
3M 

(27)

where

S2M = 4GETM n
3 (28)

S3M 
= cc [_3~~,

~ 4 - Ta4] (29)

At

2p C. Ax
M , fl

S7M = 
~~,n 

+ 

~ f-l,n 
(31)

5 3. SOLUTION OF FINITE DIFFERENCE EQUATIONS

5 Equations (16), (26), and (27) constitute a set of M equations whichr —

~~~ can be used to describe the thermal behavior of the calorimeter block
- •

.
-

5-
-
-
~- -

• 
‘cl i

~~~~~~~~~~~~~~ 

• depicted in Figure 3. Note that each of the equations is of the form

~j~’: ~~~~~
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~1~~ r —

+ BiTi n+l + C1Ti+i ,~ +i 
= D1 

(32)

• where

I
for i 1:

A1
O (33)

B1 = -l — S41~ S51 
- S41~

(S1 
+ 2Ax)’S21 

(34)

C1 
= ~41’Ss1 

(35)

D1 
= —T1~~ + ~~~~~~ 

+ 2Ax)~ S31 
(36)

fo r l<i<M:

A . S ..S. (37)
2, 4i 7i

B. = —1 — s .~~s — .
~~ 

.
~~ 

(38)
5 i 4i 6i 4i 1 2i

= S4i
.S
5i 

(39)

- 
- 

D
i 

= _T
i,~ 

+ S4~
.S
i
.S
3i 

(40)

- .5~4

~. . ~~~~~~~~~~~~~~

I
’ 

••
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for i = M:

A
M 

= S4M~S7M (41)

= —l — 54M~
57M 

- S4M~(Sl + 2Ax) S
2M 

(4 2)

CM
O (4 3)

DM 
= _T

M,n 
+ S4M~

(Sl 
+ 2Ax)

~
S
3M 

(44)

Because equations (16), (26), and (27) can be written in the form of

equation (32), with coefficients described by equations (33) through (44) ,

they constitute a tridiagonal matrix. Use of these equations to predict

the temperature profile history for the calorimeter block requires that

this matrix be solved at each new time step . The matrix is easily solved

through use of the Thomas Algorithm [2].

For each new time step , solution for T
~~~+i 

is performed as follows:

I
= B. — ~~ i i  

, where 1~ = B (45)
1 1 ~ . 1 1

i—i

1
D. — ~~~~~ D

1
= , where -~~ — (46)

1 1

2. Von Rosenburg, D. U., Methods for the Numerical Solution of
Partial Differential Equations, pp 113, American Elsevier Publishing
Company , Inc., New York , 1969.
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After computing 
~~
. and fo r all i (called the First Half of the Thomas

Algorithm), one then computes the new temperatures by

TM,n+1 
= 1M 

(47)

C .T.
1 i+l,n+1T~~~÷1 

= — (48)

(called the Back Half of the Thomas Algorithm) .

4. SUMMARY

In this section, the First Law of Thermodynamics has been applied

to each of the M difference elements represented in Figures (3) through

(5). This has resulted in a mathematical model which is to be used to

predict the thermal behavior of graphite calorimetry under a variety of

conditions. Before such use can be made of this model, information is

- 
, 

required regarding the material properties of graphite. This information

is given in the following section.
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SECTION III

MATERIAL PROPERTIES OF GRAPHITE

Befo re the mathematical model developed in Section II can be app lied

to the specific case of a graphite calorimeter , values must be assigned

• to certain material properties. These properties are the density , p,

the emissivity , c, the thermal conductivity , k, and the specific heat, C .

Graphite is produced in different forms through various means.

For this r eason , d i f ferent values of density are quoted in the l i terature .

The value used in this study is 1.8 g/cm 3.

The total hemispherical emissivity for graphite is nominally 0.70

to 0.95. For this study , a value of 0.85 was chosen .

As mentioned in Section II , the thermal conductivity of graphite

is a function of temperature . For the range of temperatures encountered

by graphite calorimeters, the variation of the thermal conductivity can

be quite significant. Reference 3 gives values of k versus T fo r va r ious

forms of graphite ; for each case, k was measured in the direction of the

grain axis. A bilinear relationship was found to well describe the

behavoir of k, which varies from 0.40 cal/cm sec °K at O°K to 0.05 cal/cm

• sec °K at 4000°K. This relationship is shown in Figure 6 and is represented

mathematically as

O°K <  T <  1000°K k = 0.400 — 2.5OxlO 4 T (cal/cm sec °K) (49)

3. Goldsmith , A., Waterman , T. E., Hirschnorn, H. J., Handbook of
Thermophysical Properties of Solid Materials, Vol I, pp 115—121, The
MacMillan Company , New York, 1961.
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l000° K < T < 4000° K k = 0.183 - 3.33xl0 T (cal/cm sec°K) (50)

The specif ic heat of grap hite is also a funct ion of temperature ,

primarily in the range of 0° K < T < l000° K. Reference 4 presents a specific

heat versus temperature relat ionship fo r  grap hi te .  Again , a bilinear

• rela tionsh ip was found to well describe th e thermal behavior. Shown

in Figure 6, this rela tionship is

0° K < T < l000° K C = 5.OxlO T (cal/g °K) (51)

l000° K < T < 4000° K C = 0.50 (cai/g °K) (52)

Using the def in i t ion  of specif ic heat , the internal energy of graphi te

can be expressed as a function of temperature also :

T
u(T)  I C dT (53)

T
0

where u (T)  is calculated relative to some a r b i t r a r y  temperature  T .

Taking T0 
to be the ambient temperature , T , equations ( 5 1 )— ( 5 3 )  y ield

the following relationships fo r  u(T) :

S 

0° K < T < 1000° K u = 2.5xl0 4 (T 2 
- T

2
) (cal/g) (54)

4. Hult gren , R . ,  Se lected Values of the Thermodynamic Properties
of the Elements , American Society for  Metals , Metals  Park , OH , p 91 , 1973.
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l000° K < T < 4000°K u = 0.50T  - 250(1.0 + l.Ox1O 6 T 2 ) (ca l/ g)  (55)

• These equations can be written in terms of T versus u:

o cal/g < u < 228.5 cal/g T = (4.OxlO3 u + T 2
)~~~

2 
~~~ 

(56)

228.5 cal/g < u T = 2u + 500 (1 + lxlO 6
T
2) (°

~~ 
(57)

When these material property relationships are combined with the

mathematical model of Section II, the result is a calculational tool for

predicting the thermal behavior of a graphite calorimeter . How this

caicula tional tool is incorpora ted into a compu ter model for  per form ing

such predictions is the subject of the following section .

I~
.

.~
5 j
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SECTION IV

COMPUTER MODEL

As stated earlier, combining the mathematical model developed in

Section II with the material property relationships defined in Section III

results in a calculational tool for predicting the thermal behavior of a

graphite calorimeter. This calculational tool has been incorporated into

a computer model to allow for rapid solution of a large number of problems .

The computer model used for this study is presented in the following

pages. The model is fairly straightforward and should be self—explanatory .

For convenience, all symbols employed in the model are defined . In addition ,

various sections of the model have been identified with regard to their

function .

The following section presents the results of utilizing this model

for a variety of system dimensions and initial thermal loading conditions .

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -
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SECTION V

RESULTS

It was desired to investigate the thermal behavior of graphite

calorimetry for the range of electron beam environments encountered in material

• and structural response testing. To accomplish this, the calorimeter system

dimensions were fixed and the developed computer model was exercised for

a ~~riety of initial thermal loading conditions. The calorimeter block

was taken to be square, 2 cm x 2 cm, and 1 cm in depth. These dimensions

were later varied over a small range to study the effect of such variation.

As stated in the Introduction , the initial energy deposition profile

is dependent upon the electron beam current and the voltage which accelerates

the electrons. Frequently, however, the thermal loading conditions are

described in terms of mean electron beam voltage and front surface specific

energy (cal/g). For this study , linear energy deposition profiles were

chosen to represent a range of electron beam environments. A total of

twelve profiles were used; these profiles are shown in Figure 7.

Given the system dimensions and an initial energy deposition profile ,

the computer model provides calculation of the temperature profile history.

An example of such a profile history is shown in Figure 8. The calculations

are based upon a “1 MeV” electron beam with a front surface specific

energy of 1200 cal/g. Through thermal conduction into the graphite block ,

the energy which was initially deposited in a non—uniform manner quickly
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becomes more uniformly distributed . During this equilibration period , S

the front surface temperature is rapidly decreasing while that of the rear

surface is rapidly increasing. Soon the energy becomes uniformly distributed,

and the block then cools slowly through radiative losses to the surroundings.

For the example of Figure 8, the back sur face temperature reaches a

maximum value at a time of 3.07 seconds. This point in time corresponds

to the peak in the cooling curve of Figure 2. As discussed in Section I,

experimenters generally assume that the calorimeter block is at a uniform

temperature when this maximum back surface value is attained . For the

case presented in Figure 8 , this is seen to be true . This trend was

observed for all calculations performed under this study; at the time of

maximum back surface temperature, the maximum and minimum tempe ratures within

the block always differed by less than 0.5 percent. Thus, for the range of

electron beam environments presented in Figure 7, the assumption of a

uniform block temperature at the time of maximum back surface temperature

is shown to be valid . This is considered a significant finding.

Shown in Figure 9 are continuous temperature histories for the back

surface of a calorimeter block subjected to a “500 key” beam. For front

surface specific energies of 600, 1200, and 1800 cal/g, the peak back

surface temperature occurs at 2.08 , 2.19 , and 2.56 seconds, respectively .

Note that the temperature increases at the same rate for each case, but

that the “cooling curve” becomes steeper as the front surface specific

energy is increased . Thus , for a given mean electron energy , one would

expect that as the front surface specific energy is increased , the total

_ _ _ _ _
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radiative losses at the t u n e  of maximum back surface temperature also

increases.

In determining the total energy initially deposi ted in the calorimeter

block, various extrapolations of the cooling curve are employed by

experimenters. Given a back surface thermocouple measurement as shown in

Figure 9 , the most common correction involves a linear extrapolation of

the cooling curve to time equal zero. The temperature obtained by this

ext rapolation is taken to be that which would result if the calorimeter

block thermally equilibrated without any radiative losses to the surroundings.

To obtain the total energy deposited in the block , this tempera tur e is

multip lied by the mass of the block and the specific heat of graphite at

that temperature. The linear extrapolation is based upon the assumption

that the calorimeter block cools at a constant rate. Much of the block,

especially the front sur fa ce , actua1l~, radiates at a decreasing rate since

the temperature is decreasing with time. For this reason, the linear

extrapolation should underestimate the amount of initially deposited

energy .

To quantify the error involved in such an extrapolation, the amount
I

of energy actually lost through radiation at the time of maximum back surface

temperature was investigated . These results are shown in Figure 10 for

each of the environments of Figure 7. It is seen that the worst case for

this energy loss is the “1 MeV,” 1800 cal/g electron beam; at the time of

peak back surface temperature , 9.5 percent of the initially deposited

energy is lost.  
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Shown in Figure 11 is the back surface temperature history fo r the

“1 Hey,” 1800 cal/g electron beam. The ‘~ount of energy in the calorimeter

block at the time of peak back surface temperature is given by that tempera-

ture to be 522 cal. Adjusting this value for the amount of energy lost

through radiation, the energy initially deposited is calculated to be

577 cal. If a linear extrapolation of the cooling curve is employed , the

temperature obtained yields an initially deposited energy of 546 cal.

This amount is 5.4 percent below the correct value. Thus, although the

linear extrapolation provides a partial correction for the radiative losses,

it does indeed underestimate the initial energy in the block. Shown in

Figure 11 is the extrapolation required to give the correct value for

the initial energy .

It is seen that for the cases presented in Figure 10, the error

involved in using the maximum back surface temperature to calculate the

initially deposited energy is never more than ten percent. Furthermore,

a linear extrapolation of the cooling curve reduces this error to a maximum

of around five percent. Based upon these results, it is concluded that for

~J. 
-
~ a calorimeter of dimensions 2 cm x 2 cm x 1 cm, energy lost through

radiation is not a significant problem, and a linear extrapolation of the

cooling curve is an adequate means of accounting for such energy losses.

To investigate the effect of calorimeter dimensions on the amount of

2 2
encrgy lost, the calorimeter area was varied from 1 cm to 25 cm . It

should be noted that to maintain conditions for one—dimensional heat

conduction the size of the beam was always taken to be equal to the area

• of the calorimeter. Shown in Figure 12 are the results of this parametric
- II I
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variation. It is seen that as the calorimeter area is increased above

the 4 cia
2 used for the previous calculations, the effect of radiative

losses becomes even less significant.

L.
-

~ I

F
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SECTION VI

CONCLUSION S AND RECOMMENDATIONS

A computer model has been developed which provides calculation of the

temperature profile and total energy within a graphite calorimeter block

subjected to rapid energy deposition by an electron beam. The model is

based upon an assumption of one—dimensional heat conduction with radiative

energy transfer occurring at all free surfaces of the calorimeter block.

Through a series of parametric variations, the effectiveness of

conventional graphite calorimetry has been investigated. Results indicate

that for the range of electron beam environments typically employed in

materials and structural response experiments, the problem of thermal

radiation is not significant. For the worst case investigated , only ten

percent of the initially deposited energy is lost before the calorimeter

block reaches a uniform temperature. By means of a linear extrapolation

of the cooling curve, the initially deposited energy can be computed to

within five percent of the actual value.

The developed computer model can be used to further reduce the error

involved in estimating the total deposited energy. Given information

regarding the diode voltage and current histories, the peak back surface

temperature measurement can be utilized to yield an initial energy

deposition profile which does not provide any correction for radiative

energy losses. Using this deposition profile in the developed computer

code, the amount of energy lost through radiation at the time of maximum

39
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back surface temperature can be calculated. Because the percent energy

lost for the actual deposition profile and that obtained by the means

described above will not differ considerably, the deposited energy given

by the peak back surface temperature need only be adjusted by that amount.

These conclusions may contradict the actual experiences of some

experimenters . It should be noted that the developed model assumes that

the only mechanism for energy loss is through radiation to the surroundings.

In real experimental configurations, there are always some paths for

energy to leave the calorimeter through thermal conduction. An effort

should be made towards more adequately thermally isolating t~te calorimeter

system from its surroundings. If this could be done, then radiation would

be the only energy loss mechanism. This study has shown that for such

conditions, the problem of thermal radiation can be adequately accounted

for.

40 
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LIST OF SYMBOLS

C Specific heat, cal/g°K
E Energy , cal

- 1 k Thermal conductivity, cal/cm sec°K
M Total number of differential elements

Time, sec
T Temperature, °K 2Q Energy flux, cal/cm sec
W Thickness of calorimeter block, cm
x Location in calorimeter thickness, cm
Y Height of calorimeter block, cm

S 
Z Width of calorimeter block, cm

Ax Thickness of differential element, cm
At Duration of calculational time step, sec
c Total hemispherical emissivity 

2 4
0 Stefan Boltzm~nn cor.stan t, cal/cm sec°K
p Density, g/cm

Factors for solution of simultaneous equations

Subscripts

i Evaluated for i th differential element
n Evaluated at n th time step
x At the location x=x
x+Ax At the location x=x+-lx
a Evaluated at ambient conditions
o Evaluated at some arbitrary value

Superscripts

k Conduction
r Radiation

~~~~~
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