AD-A035 613

UNCLASSIFIED

| OF |
D-A
03561

IOWA INST OF HYDRAULIC RESEARCH IOWA CITY F/6 20/4

HEAT TRANSFER ANALYSIS FOR UNSTEADY HIGH VELOCITY PIPE FLOW. PA==ETC(U)

OCT 76 C J CHENe J S CHIOU» P LI» H Y LEE DAAG29=76=G-0123
I1IHR=195 NL




- 2

U.S. DEPARTMENT OF COMMERCE
National Technical Information Service

AD-A035 613

HEAT TRANSFER ANALYSIS FOR UNSTEADY HIGH VELOCITY
PIPE FLOW

PART I. ON MINIMIZATION OF TEMPERATURE DISTORTION
IN THE THERMOCOUPLE CAVITY. PART II. IMPROVED
ACCURACY IN THE PREDICTION OF SURFACE HEAT FLUX AND
TEMPERATURE BY INTRINSIC THERMOCOUPLE. PART III,
PREDICTION OF TRANSIENT SURFACE HEAT FLUX AND
TEMPERATURE ON A HOLLOW CYLINDER

[owAa INSTITUTE oF HYDRAULIC RESEARCH
Iowa CiTy, Iowa

OcTtoBeER 1976

. | =

e R T T W P VYT Y, VT AT TS




80 HEAT TRANSFER ANALYSIS FOR UNSTEADY HIGH
VELOCITY PIPE FLOW

Part I On Minimization of Temperature Distortion in the Thermocouple Cavity

Part II Improved Accuracy in the Prediction of Surface Heat Flux and
Temperature by Intrinsic Thermocouple

Part III Prediction of Transient Surface Heat Flux and Temperature on a Hollow
Cylinder
by

Ching Jen Chen, Jenq Shing Chiou, Peter Li
and Hsai Yin Lee

Sponsored by

U.S. Army Research Office
Grant Number DAA-G29-76-G-0123

ITHR Report No. 185

Iowa Institute of Hydraulic Research
The University of Iowa
Iowa City, Iowa

October 1976

Approved for public releass;

REPRODUCED BY Distibution Unlimited
NATIONAL TECHNICAL
INFORMATION SERVICE

U.S. DEPARTMENT OF COMMERCE
SPRINGFIELD, VA. 22161

; DISTRINUTION m’smwﬁ&]

S




e ———— S——

BIBLIOGRAPHIC DATA 1. Report No. 4 X 2. 3. Recipient’s Accession No.
SHEET IIHR Report No 195 .
4. Ticle and Subtitle 5. Report Date 1
Heat Transfer Analysis for Unsteady High Velocity Pipe Flow October 1976
6.
7. Author(s) 7 ; 8. Performing Organization Rept.
C.J. Chen, J.S. Chiou, P. Li, H.Y. Lee No.
9. Performing Organization Name and Address 10. Project/Task/Work Unit No.

Institute of Hydraulic Research
University of Iowa
Iowa City, Iowa 52242

12. Sponsoring Organization Name and Address 13. Type of Report & Period
; Covered
U.S. Army Research Office

11. Contract/Grant No.

DAA-G29-76-G-0123

14,

15. Supplementary Notes

16. Abstracts

The work done for the project is reported here in three parts. The first is the
analysis for minimization of the temperature distortion due to the thermocouple
cavity. The error is minimized or reduced to zero by optimizing a combination
of cavity diameter and depth and the thermocouple material and size. The second is
the refinement of the presently available computer programs for prediction of the
surface temperature and heat flux at the inner surface of the pipe by inverting the
temperature measured by an interior probe close to the heated surface. The refinement
is achieved by using the double precision format in the program and adapting the
@imensionless formulation. The third is to study the inversion solution for a large
time duration of a time dependent surface heat flux. The solution is obtained by
the method of Laplace transform and the convolution integral. Each of the above
three subjects is reported as a part of the present report.

17. Key Words and Document Analysis. 17a. Descriptors

Analysis, transfer, high, pipe, flow

17b. Identifiers/Open-Ended Terms -

17¢c. COSATI Field 'Group

18. Availability Statement 19. Security Class (This 21. No. of Pages
Report) 7g

Unlimited distribution

. Security Class (This 22. Price
Page
UNCLASSIFIED

FORM NTIS-38 (REV. 10-73)  ENDORSED BY ANSI AND UNESCO. ! THIS FORM MAY BE REPRODUCED USCOMM-DC 8265-P74




HEAT TRANSFER ANALYSIS FOR UNSTEADY HIGH

VELOCITY PIPE FLOW

I On Minimization of Temperature Distortion in the Thermocouple Cavity

Part II Improved Accuracy in the Prediction of Surface Heat Flux and

Temperature by Intrinsic Thermocouple

Part III Prediction of Transient Surface Heat Flux and Temperature on a Hollow

Cylinder
by

Ching Jen Chen, Jenq Shing Chiou, Peter Li
and Hsai Yin Lee

Sponsored by

U.S. Army Research Office
Grant Number DAA-G29-76-G-0123 !

M?ﬂﬂﬂfﬂm

A FEB 15 1977 i”
lisesasigmis UJ

ITHR Report No. 195 i

Iowa Institute of Hydraulic Research
The University of Iowa
Iowa City, Iowa

October 1976

pc;mllUﬂON STATEMENT A
Taoproved for public releass
"Avpl;mﬂbuﬁm Unlimited

| ()




ABSTRACT

The work done for the project is reported here in three parts. The
first is the analysis for minimization of the temperature distortion due to
the thermocouple cavity. The error is minimized or reduced to zero by opti-
mizing a combination ot cavity diameter and depth and the thermocouple
material and size. The second is the refinement of the presently available
computer programs for prediction of the surface temperature and heat flux
at the inner surface of the pipe by inverting the temperature measured by
an interior probe close to the heated surface. The refinement is achieved
by using the double precision format in the program and adapting the dimen-
sionless formulation. The third is to study the inversion solution for a
large time duration of a time dependent surface heat flux. The solution is
obtained by the method of Laplace transform and the convolution integral.

Each of the above three subjects is reported as a part of the present report.

ACKNOWLEDGEMENTS

The investigators would like to thank Mr. D.M. Thomsen of General
Rodman Laboratory, Rock Island Arsenal, Rock Island, Illinois for his constant

participation in the course of the research.

-

~ s M‘ ;
*,Ni“"'.'!.._._
3L Wy fetics

1 e utt Seclish
e 20 70WCCP :
831w BATIN. g s i

RTRIBETION /ATATLARLITY D6RER |
< oa T AR ﬂa”ﬁx’g{_¢




TABLE OF CONTENTS |

PART 1. ON THE MINIMIZATION OF TEMPERATURE DISTORTION IN THE THERMAL-
COUPLE CAVITY
I. INTRODUCTION 1
II. FORMULATION OF PROBLEM 2 }
III. ANALYSIS 4
IV. RESULTS AND DISCUSSIONS 6
V. CONCLUSION 11
REFERENCES 13
PART 2. IMPROVED ACCURACY IN THE PREDICTION OF SURFACE HEAT FLUX AND
TEMPERATURE {BY AN INTRINSIC THERMOCOUPLE
I. INTRODUCTION 30
II. RESULTS OF THE IMPROVED COMPUTER PROGRAM 33
III. VERIFICATION OF OSCILLATORY SOLUTION 35
IV. APPLICATION OF THE INVERSION FROGRAM 38
V. CONCLUSION AND SUGGESTION 46 v
REFERENCES 47 *
APPENDIX I ANALYSIS OF THE INVERSION PROBLEM 49
APPENDIX II IMPROVED COMPUTER PROGRAM 54
APPENDIX III M60 DATA 64
APPENDIX IV THE CASE OF OSCILLATORY SURFACE TEMPERATURES 66 1
PART 3. PREDICTION OF TRANSIENT SURFACE HEAT FLUX AND TEMPERATURE ON
A HOLLOW CYLINDER
I. INTRODUCTION 67
II. ANALYSIS 68

REFERENCES 73

i1




PART T ON MINIMIZATION OF TEMPERATURE DISTORTION
IN THE THERMOCQUPLE CAVITY

I. INTRODUCTION

A direct measurement of transient surface temperature and heat flux
is often difficult. For example, a surface involves two modes of heat
transfer, say, radiative and convective heat transfer. In this case if
the measuring probe has a different radiative property than that of the
surface, erroneous measurements will result. A piston or projectile

sliding over the cylindrical surface is another case where the direct

measurement at the surface is difficult. A surface involving melting or
ablation is also difficult to make direct measurement. Therefore, in-
direct estimation by inverting the temperature history inside the heat
conducting solid és measured by a thermocouple is often used for pre-
diction of the surface temperature and heat flux. Beck (1], Hernning

and Parker [2], Frank [3], Imber and Khan [4], Stolz [5], Chen and
Thomsen [6] have developed different inversion solutions for this pur-
pose. All of these solutions assumed that the cavity drilled into the
'solid does not distort the true temperature distribution. Thus, it 1is
important that the temperature measurement by an interior probe is
accurate and involves least dicstortion or error. Theoretically Beck [7],
Masters and Stein [8], Burnett [9], and Chen and Li [10] studied the distor-
tion of the temperature field in the present of thermocouple and its
cavity. Experimentally Chen and Danh [11] showed that appreciable dis-
tortion, say 10%, of temperature field may exist for a normal implant

of the thermocouple into a solid body. From studies of Chen and Li [10]

and Beck [7] they found that with a proper combination of the thermocouple

cavity diameter, its depth, and the thermocouple material and its diameter
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the distortion of temperature field with respect to space or time can
be minimized if not eliminated. 1In this report we study the optimum
combination of these parameters such that at a given situation one
knows what is the best combination to use and what is the magnitude of

the temperature distortion.
II. FORMULATION OF PROBLEM

In the present study we consider a disk depicted in Figure 1 which
has a thickness D and 1is drilled a cavity of a diameter to a depth
of € distance from the heating surface. The heat flux Q is assumed to
be constant and the upper surface of the disk is assumed to be insulated.
A thermocouple of a diameter dt is then welded on the cavity base.
Furthermore, the disk may be thought to approximate a cut out from a

hollow cylinder if the radius of the disk is small compared with the radius

of the cylinder. The diameter of the disk is choosen to be 20 outside which the

temperature distortion due to the thermocouple cavity becomes negligiable.
For this to be true one needs to restrict the ratio of cavity diameter

to the disk diameter d/2D be small. The unfilled cavity can be air or
insulating material.

The basic idea to minimize or to eliminate the temperature distortion
is based on a proper choice of the thermocouple size and the material
which has a higher thermal conductivity than that of the disk so as to
conduct more heat away at the cavity base balancing the insulation effect
of the insulator in the cavity.

Let X and Y be respectively the coordinate along and normal to the

heated disk surface and the Y axis coincide with the axis of the cavity.

Py Rre—
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The thermal conductivity is assumed to be constant and the temperature
distribution is axisymmetrical. The governing equations for the tran-
sient heat conduction in dimensionless form are:

for the disk (subscript "1", see Figure 2)

20 _ 26,1 20,20
T 2 X O0X 2 1)

for the insulating material in the cavity (subscript '"2'")

2

a 2
96 2 <3 6 1 96 J 9)
— O —— —_—t = — 4 — (2)
T ay axz X 9X ayz

for the thermocouple (subscript '3")
2 2
0 _ %3 (3 1298 , 38
3T« ( 2t % g 2) (3)

where T = alt/D2 is the dimensioaless time, x = X/D the dimensionless
radial coordinate, y = Y/D, the dimensionless distance normal to the
heated surface.

, and &, are respectively the thermal diffusivity

1 3
o1 the disk, insulating material, and the thermocouple. The dimension-
less temperature 8 1is defined as TKllQD where T 1s the temperature above

the initial, uniform temperature.

The intial temperature of the disk is then

6 (x, y, 0) =0 (4)

The boundary conditions, see Figure 2, are:




el

a constant heat flux at the lower surface,

=1 (5)

y=0 —~' =0 (6) ]

the zero temperature distortion at the edge of the disk,

38

x =1 3;

=0 )]

x=1

and the axisymmetric condition at the cavity axis

x=0 L

% =0 (8)

x=0

The condition (7) of the zero temperature distortion was verified by
Chen and Li [10] in their early calculation when the cavity diameter is
one tenth of the disk diameter. In addition to the above boundary
condition the temperature and heat flux at the interface of the disk,

thermocouple, and insulating material are taken to be continuous.
III ANALYSIS

There are five parameters that can be varied for the present anal-
ysis. They are (a) the dimensionless distance from the base of the
cavity to the heated surface e¢/D, (b) the size of the cavity d/D,

(c) the ratio of the thermocouple diameter to that of the cavi.y, dt/d.




s s

——

O NS 5 BT

(d) the thermal conductivity ratio K2/Kl, and K3/K1 which comes from the
continuity of heat flux at interfaces. (e) the ratio of the product of
density an! specific heat p3c3/plcl (or equivalently to the ratio of

of thermal diffisivity a3/a2 or az/al). The subscripts 1, 2 and 3 denote
the disk, insulation and thermocouple materials.

Because of the complexity of the geometry and the multicity of
material the method of finite element technique as discusced by Wilson
and Nikel [12] is adapted with the aid of a computer program developed
by Wilson [13]. The present problem is subdivided intc finite element
as required by the method, see Figure 2. The dimensionless pie section k.
is subdivided into 121 finite elements with 12 dividing lines on both
coordinates. Each element is defined by four nodal points where nodal
points are denoted by intersections of the dividing lines and numbered
as shown in Figure 2. The material property corresponding to each

element is then assigned to the program developed by Wilson [13]

The solution at each nodal with respect to time is then obtained.

For numerical calculation three typical values of the distance
from heated surface to the base of the cavity e/D are chosen to be 0.04,
0.1 and 0.2. The cavity diameter is fixed at one tenth of the disk
diameter. The thermocouple to cavity diameter ratio dt/d is made to
vary 0, 0.2, 0.4, 0.6, 0.8 and 1.0. Regarding the range of the ratio
of the thermal conductivity and the ratio of the product of density and

specific heat we surveyed these ratios for the commonly used thermocouples

in Table 1 [14] and plotted in Figure 3. Figure 3b shows the ratio of
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thermocouple conductivity to that of the disk K3/Kl versus the ratio of
density - specific heat product p3c3/plc1 where the value of the conduc-
tivity is taken to be the average value between 200 and 800°K. One sces
that for most practical situations the ratio of density - specific heat

product p3c3/plc is approximatcly constant at 0.7 except when the con-

1

ductivity ratio K3/K1 is small. Thus the value of p3c3/p1cl and K3/Kl
for calculation are chosen, as shown in triangular symbols of Figure 3b,
to cover the practical range. The corresponding value for p2c2/plcland

;:Z/K1 for the insulation material are chosen to be fixed at 0.5 and 0.005
which is a typical value for Teflon insulating material and is also ap-

proximately the order of magnitude for air.
IV. RESULTS AND DISCUSSIONS

Numerical results of the calculations are presented in Tables 2 to
4 and Figures 4 to 9. The percentage error of temperature is defined
as the distorted temperature divided by a reference temperature defined
by QD/Kl. Tables 2 to 4 give the percentage error of temperature dis-—
tortion) as a function of time for different values of the parameters
dt/d (0 to 1.0), KB/Kl (0.5 to 10), p3c3/olc1 (0.5 to 1.8) and €/D
(0.02 to 0.1).

Figures 4, 5 and 6 show the three typical temperature distributions
in the steel disk near the thermocouple junction for the case e/D = 0.06

d/2D = 0.1 at the time 7 = 0.08. Figure 4 is the temperature distribu-

tion when the cavity is filled entirely with the insulation material

(Teflon '"2" Kz//] = (),0053, nzcz/p]cl = 0.5). ‘The dimensionless isotherms




TKIIQD shows the distortion of temperature distribution. One sees that
the insulation effect on the heat transfer near the cavity base not only
creates a much higher junction temperature of TK1/QD = 0.342 than the
undistorted one of 0.255 at the edge of the disk giving an error of 8.77%
but also causes a hot spot at the heating surface with a higher cempera-
ture of TK1/QD = 0.374 over the undistorted one of 0.311. On the other
hand the temperature distribution in the insulation material is much
lower than the true temperature creating a large temperature gradient

at the base of the cavity. Figure 5, contrary to Figure 4, is the tem~
perature distribution when the cavity is completely filled with thermo-~
couple material whose thermal conductivity is ten times larger than the
disk material e.g., copper versus steel. Now over-conduction of heat
by the thermocouple has created a cold spot at the base of the cavity
giving, TKl/QD of 0.17 versus the undistorted one of 0.255 with an
error of 8.5% as well as at the heating surface with TKl/QD of 0.236
versus 0.311. The temperature distribution in the thermocouple now
becomes higher than the undistorted one in the disk. By properly
choosing the ratio of thermocouple diameter to that of the cavity one
may minimize these distortions of the temperature response at the base
of the cavity. This is shown in Figure 6 where the thermocouple
diameter dt is choosen to be 0.4 of the cavity diameter d with K3/K1 = 10,

e.g. copper-steel combination. Figure 6 shows that distortions at the

base of the cavity and at the heating surface are almost eliminated giving

the temperature TKIIQD of 0.245 and 0.320 with respectively the error of

1% and 0.9%.
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In order to examine the details of the distorted temperature response
at the base of the cavity we tabulated the results in Tables 2, 3 and 4
and plotted the error percentage as function of the ratio of the thermo-
couple diameter to that of the cavity for different cavity depth, time,
and thermal conductivity in Figures 7, 8 and 9. 1In these Figures the pc
ratio ranges from 0.7 to 1.3 which covers most of the practical applica-
tion.

In the case when the pc ratio is equal to or less than one the error
in temperature response at the base of the cavity in these figures are
all positive or overheat for K3/r<1 < 1, This is because the thermal
conductivity of the thermocouple is less than that of the disk and the

heat capacity pc of the thermocouple is also small. Therefore, no extra

conduction of heat can be achieved by the thermocouple to compensate for
the blocking of the heat transfer by the insulation material in the
cavity. On the other hand, if K3/Kl > 1 the error of temperature varies
from positive value for dt/d = 0 to some negative value as dt/d approaches
1. Thus for K3/Kl > 1 a properly chosen combination of thermocouple

and insulation material can minimize the error. For example, in Figure 7
a combination of K3/Kl = 10, p3c3/plc1 = 0.75, /D = 0.1 and dt/d =N0"5
produces almost negligible error. This combination shown to be optimum

at 7= 1.0 in Figure 7 is also optimum for other time periods (see Table
2). Therefore once an optimum combination of parameters is chosen it is

valid throughout the entire transient period of an experiment. From

Figures 7, 8 and 9 one can also see that the optimum ratio of dL/d which

gives zero temperature error decreases as the K3/K1 ratio increases.
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This implies that for the thermocouple with a larger thermal conductivity
a smaller diameter is sufficient to eliminate the temperature distertion.
The result shown in Figures 7, 8 and 9 can in general be adapted for use
in practical application to chocse the size of thermocouple and cavity,
the thermocouple material and the depth of the cavity to be drilled.

As mentioned earlier that when K3/K1 < 1 and p3c3/plc1 < 1 the error

of the temperature response at the base of the cavity are all positive.

? However we found (see Tables 2.2, 3.2 and 4.2) that if p3c3/plc1 ratio
is made large enough during the transient period the error of temperature
response at the base of the cavity may indeed become negative even when
K3/K1 < 1. Physically although the thermal conductivity of the thermo-
couple g, is smaller than that of the disk material, but with a larger

3

heat capicitance p > 1 the thermocouple is still capable of

c. /
353151
absorbing extra heat flux and hence eliminates the temperature distor-
tion at the cavity base during the transient period. To illustrate this

fact we examine Figure 7 (or see Table 4.2) for the data of K3/K1 =1

and P4 = 1.3. One sees that when dt/d = 1 the temperature dis-

3/P1%
tortion can indeed be negative. Therefore, if dt/d are choosen between
0.8 and 1 the error can be minimized. However one must keep in mind

that the elimination of error by heat capacitance can work during the

transient period only for once a steady state conduction is established

é the heat capacity pc will no longer have any effect and over heating

at the cavity base eventually will develop. This can be seen best from
the governing equation (1) that at steady state the unsteady term which
contains pc product is zero and is not a parameter affecting the dis-

tortion.
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Another important fact that should be mentioned is that in general

the optimum choice of dt/d ratio for given K3/Kl and pc ratio does not
vary very much with the variation of e/D ratio. The insensitivity of
the optimum dt/d ratio to the e/D ratio ranging from 0.02 to 0.1 means
that the distortion of the temperature is insensitive to the cavity depth

or the thickness of the disk. This fact was already pointed out by Chen

and Danh [11] in their experiment that the temperature distortion at the
base of the cavity is more sensitive to the variation of the cavity
diameter than the depth of the cavity drilled.

As an example of a practical applicacion, let us consider a measure-
ment of the transient temperature response of an engine block made of
aluminum. From Figure 3b we know that aluminum has high thermal conduc-
tivity. Therefore copper-constantan thermalcouple whicﬁ has a higher
thermal conductivity than aluminum should be chosen. For this material
combination we have K3/K1 = 1.69 p3c3/plc1 =1.3. Now if the thermocouple
cavity is drilled such that /D = 0.1 then from Figure 7 interpolating
between K3/K1 = 2 and 1 for p3c3/plcl = 1.3 we find that the optimum
dt/d for KB/Kl = 1.69 is approximately 0.7

One disadvantage of invoking finite element analysis is that the
result does not give a clear functional relation among the parameters
involved. 1In an attempt to obtain a simple and useful relation to
relate the various parameters we note the following fact and result:

(a) the optimum dt/d ratio for zero temperature distortion is a strong

F function of K3/Kl and pc ratio but is relatively insensitive to the ¢/D

ratio, (b) from the theoretical reasoning the dt/d ratio is independent

10)




of pc ratio if the problem is steady state. A simple steady one dimen-
sional analysis in which the thermocouple and the insulati n wmaterial in
the cavity is made to conduct the same amount of heat that would be

transferred without the cavity gives the relation

dt/d = /(Kl - KZ)/(K3 - Kz) 9)

Using the above equation as a base we find that for the transient heat
conduction as calculated by the finite element method the following

equation (10) correlates very well with the optimum dt/d ratio.

b 0.3 o
dt/d = (p3c3/plcl) /(Kl = Kz)/(K3 &2) (10)

Equation (10) gives an error or distortion of no more than two per-
centage 1 ints. In practice equation (10) may be ured as a rule of

thumb.
V. CONCLUSION

An analysis of the temperature distortion caused by the cavity
drilled into a disk to accommodate the thermocouple has been studied.
The calculation is carried out for the case of constant heat flux. It
is shown that the temperature at the base of the cavity distorted from
that without a cavity can be eliminated by a properly chosen combina-
tion of the ratio of the thermocouple diameter to the cavity diameter,
dt/d and the thermocouple material K3/Kl. The optimum ratio of dt/d

can be found from Figures 7, 8 and 9 or Tables 2, 3 and 4, or approxi-

mately from equation (10). As a rule the thermocouple must be chosen




to have a higher thermal conductivity than that of the heat conducting
j solid. The cavity diameter should be as small as practically possible.
For the case of time dependent surface heat flux the present result may

be alsc used as a general guide.
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Figure 7

Percentage Error vs, dt/d Ratio for Various va/rl, and

Ratios ¢/D = 0.1

pc
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Table 1la

Commonly Used Thermocouples

Types of Thermocouples

Copper/Constantan

Iron/Constantan

Chromel/Alumel

Chromel/Constantan

Platinum 10% Rhodium/Platinum

Platinum 13% Rhodium/Platinum 6% Rh
Platinel 1813 Platinel 1503
Iridium/Iridium 60% Rhodium

Tungsten 3% Rhenium/Tungsten 25% Rhenium

Tungsten/Tungsten 26% Rhenium

Tungsten 5% Rhenium/Tungsten 26% Rhenium

Temperature Ranges

°F

-300/750
-300/1600
-300/2300
32/1800
32/2800
100/3270
32/2372
2552/3326
50/4000
60/5072

32/5000

2C
-148/398
-148/871
-148/1260
0/982
0/1537
37/1798
0/1300
1400/183C
10/2204
15/2800

0/2760

2L 1
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Table 1b

Thermal Properties of Thermalcouple Materials

= cal 53 “3 o, cal 8353 P1%3 |
Metal, Insulator 3 sec. cmk ksteel kaluminum "373 cm pc steel pc aluminum ;
(subscript 3) |
ﬁ Aluminum 0.554 4.66 1.00 0.65 0.60 1.0 , ?
; Copper 0.935 7.87 1.69 0.84 0.78 1.30
; Chromium 0.201 1.70 0.36 0.84 0.78 1.30
Nickel 0.160 1.35 0.29 1.20 1519 1.86
é Platinum 0.174 1.46 0.31 0.74 0.69 1.14
Steel 0.119 1.0 0.21 1.08 1.00 1.66
Tungsten 0.373 3.14 0.67 0.59 0.55 0.92
Iridium 0.345 2.91 0.62 0.66 0.61 1.01
Rhodium 0.360 3.03 0.65 0.72 0.67 1.12
Rhenium 0.111 0.94 0.20 0.73 0.68 1.14
Nickel-Chromium 0.040 0.34 0.07 1.01 0.94 1.56
Copper-Nickel 0.059 0.50 0.11 0.99 0.92 1.52
Teflon 6x10" 0.005  0.001 0.54 0.5 0.83
Alr 1.26 x 107 0.001 0.0002 0.53 0.49 0.82

Note: The value quoted is the averaged value over 200 to 800 °k whenever data
are available.
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Table 3

Percentage Error of Temperature at Cavity ( /D = 0.04)
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PART IT IMPROVED ACCURACY IN THE PREDICTION OF SURFACE HEAT FLUX

AND TEMPERATURE BY AN INTRINSIC THERMCCOUPLE

1. INTRODUCTION

In the study of transient heat transfer, many experimental difficultfes
may arise if heat flux sensors or thermocouples are installed direct at the
surface of a body. For example, a probe may be damaged by a piston or a
projectile sliding over a cylinder or barrel. A probe on a melting and
ablative surface of heat shield can be easily destroyed because of high
temperature. Furthermore a surface probe exposed to both radiative and
convective environment may measure an erroneous surface heat flux and
temperature if the probe has a different radiative property from that of
the measured surface. In these circumstances, calculation of the transient
surface heat flux and the surface temperature can be achieved by inverting
a temperature history measured at some location inside the body.

In general, the prediction of a surface heat fluxz and temperature by
the measured data at some location interior to a body is known as the
"inverse problem'". Many configurations, such as spheres, cylinders, and
slabs, had been studied by many workers and many methods such as numerical,
graphical, series, convolution integral, and Laplace transforms were used.
Stolz [1], Beck [2] and Williams and Curry [3], considered the numerical
inversion of the integral solution for semi-infinite and other bodies.

In this method, care is required in selecting a time interval in order

to achieve a stable solution. Carslaw and Jaeger [4], Burggraf [5],
Koveryanov [6], and Shumakov (7], respectively considered different series
approaches in which generally the local heat flux at an interior location

and their higher derivaties are required. However, it is difficult to

measure experimentally or to process the measured data for the derivative
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of the temperature. Sparrow, Haji~Sheikh, and Lundgren [8], Imber and
Kahn [9], Imber [10], Sabherwal [11], Masket and Vastano [12], Deverall and
Channapragada [13] and Chen and Thomsen [14] applied the transform method.
In these works, the solution is represented in either an integral form
after some manipulation of the contour integral from the inverse trans-
form, or in a series form after an expansion of the solution for small and
large times. Using Laplace transformation Chen and Thomsen [14] introduced
a polynomial in terms of an error function to represent the response of
thermocouple measurement and the inversion is accomplished for any transient
surface heat flux at the inner surface of a cylindrical tube. In thier
study, the cylindrical thickness was assumed to be relatively thick such
that the temperature at a large distance from the heating surface remains
constant. Therefore, only one interior temperature response near the sur-
face was needed in the experimental measurement. Their inversion solution
however was validonly for a short duration due to the asymptotic expansion
of the modified Bessel function in the inverse Laplace transform. Chen and
Chiou [15] studied the inversion problem for the case of a semi-infinite
slab or a thick slab using a Laplace transformation. The exact solution
was obtained from the inverse Laplace transform for any time interval. It
was then shown that their analysis may be approximately applied to the case
of the hollow cylinder if the interior temperature response is measured at
a location clese to the inner wall.

This report presents (a) the improved numerical solution of the in-
version solution reported by Chen and Chiou [15] and (b) a further demon-

stration of the capability of the solution.
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The theoretical analysis of Chen and Chiou [15] is recapitulated in
Appendix I in which the surface heat flux and temperature is predicted by
inverting a temperature history measured at some location inside the solid
body. The inversion solution is obtained by invoking Laplace transformation.
Both the surface heat flux and temperature are given by Eqs. (19) and (20)
in Appendix I.

It was thought that the accuracy of the computer program generated
for the solution in the previous report by Chen and Chiou [15] can be im-
proved further for the following reasons. First, the coefficients bn
(see Appendix Eq. (11)) in the previous formulation has a dimension of
temperature. Therefore the determination of the coefficients depends on
the temperature range of each particular experiment. It was found that the
absolute value of the coefficients bn in some cases can become as large as
an order of 1044. Therefore during the subsequently numerical manipulation
in the computer program error due to round off and the standard fixed up
when an underflow occurred may become appreciable. To remedy this diffi-
culty the dimensionless formulation is introduced in the analysis (Appendix
I) in which the coeffticient bn is also made dimensionless. As a result
the magnitude of the coefficient bn can be greatly reduced. Secondly,
the double precision format was not used throughout the previous computer
program. It is felt that further accurate results may be obtained if the
double precision format is adopted in the program.

In Section II the new computer solution is shown to be indeed more
accurate. Also in Sectiun III the solution is shown to 'be capable of pre-

dictinz a case involving a periodic surface heat flux or periodic tempera-

ture variation.




II. RESULTS OF THE IMPROVED COMPUTER PROGRAM

The previous computer program of Chen and Chiou [15] was recasted in
dimensionless form and written in the double precision format. The new
computer program is listed in Appendix II. The results predicted by the
new and previous computer program are given in Appendix III and shown in
Figure 1 for the case of the constant surfacc heat flux. This is the case
in which a steel slab initially at a uniform temperature is suddenly sub-
jected to a constant heat flux Q at one of the surfaces and kept at the
initial temperature on the other surface. Figure 1 shows the solution
predicted by inverting the temperature response at an interior of the slab
from the new and previous computer program. This solution predicted by
the new and previous programs used the ten term representation for the
thermocouple response. The comparison clearly shows the improvement of
the new solution over the previous one. Except for the short time duration
the solution with the new program reduces the error to only one half of
the error of the previous program i.e., an error of less than one percent.
In the short time period the solution exhibits a Gibbs phenomenon* because
of the discontinukty of the surface temperature gradient occurred at initial
condition. The solution shows a 17% of initial overshot of heat flux and
then a 7.8% of undershot before the solution approaches the constant heat

flux. It should be remarked that Gibbs phenomenan is artificially
*

Gibbs phenomena [3]: for a sequence of transformation Tn(t), n =1, 2,...

1 inf
; of a function q(t) (here q(t) = constant) if the interval tiz n200'I‘n(t),
3 o
| lim sup : lim
£>t_ 000 Tn(t)] contains points outside the interval [t_)Lo inf q(t),
lim

t+t° sup q(t)] then the sequence is said to exhibit a Gibbs phenomena.
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introduced due to the idealization of the initial condition. In most
practical situations the surface heat flux will be continuous. Therefore,
Gibbs phenomenon will not appear.

Figure 2 (see Table 1 also) shows the comparison between the solutions
for the constant heat flux case with 10 and 20 term representation for the
thermocouple response. One sees that the solution with 20 term representa-
tion after the initial Gibbs phenomenon quickly approaches the expected
constant heat flux solution with a negligible error of less than 0.14 per-
cent. This shows the accuracy of the new computer program. From Figure 2
one also observes that both overshoot and undershoot of Gibbs phenomenon
are smaller for the 20 term representation. Additionally the points of the
overshoot and the -‘ndershoot has moved to near the zero time which agrees
with the characteristic of Gibbs phenomenon. According to Gibbs phenomenon
the point of overshoot shoot should approach the initial zero if the number
of term of the series which represent the thermocouple response is increased

to infinite.

VII. VERIFICATION OF OSCILLATOKY SOLUTION

As a measure of applicability of the present inversion solution, a
test problem was solved for the case of a slab subjected to a preiodic
surface temperature variation on one surface and held to the initial
temperature on the other. The analytic solution for the problem is given
in Appendix IV where a more suitable form of the solution than the one
given by Carslaw and Jaeger [4] is derived and tabulated for the thermo-

couple response at one tenth of the slab thickness from the surface. The
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TABLE 1

Comparision of Inversion Prediction and Exact Solution
N t £(t) | 6(0,t) 8(0,t) ERROR™ [ 38 (0,t) | 36 (0,t) | ERROR
B(1,t) || EXACT PREDICTED % * aEXACT gﬁEDICTED Zw
0.1 0.0624 || 0.3758 : 0.3773 +0.399{ 1.0000 0.9873 —1.27
0.2'0.1628 || 0.5315 0.5314 +0.019 ) 1.0000 1.0014 +0.14
0.4 |0.3395| 0.7516 0.7516 0.00 |f 1.0000 1.0001 +0.01
- 0.6 | 0.4882 || 0.9205 0.9205 0.00 || 1.0000 1.0000 0.00
0.8 0.6183 | 1.0629 1.0628 ~0.009( 1.0000 0.9996 -0.04
4 1.0 0.7353} 1.1884 1.1878 -0.05 (| 1.0000 1.9986 -0.14
. ; 0.1 0.0624 ( 0.3758 0.4048 +7.71 || 1.0000 1.0796 +7.96
f 0.2 | 0.1628 || 0.5315 0.5284 -0.58 | 1.0000 0.9391 -6.09
ié 0.4 ] 0.3395) 0.7516 0.7516 0.00 | 1.0000 1.0179 +1.79
:g = 0.6 | 0.4882 || 0.9205 0.9205 0.00 || 1.0000 0.9923 -0.77
0.8 0.6183 | 1.0629 1.0626 -0.028( 1.0000 1.0043 +0.43
1.0 0.7353 1.1884 1.1887 +0.025( 1.0000 0.9963 -0.37

#FRROR % = ((PREDICTED)-(EXACT))/(EXACT)

|
{
|
{
{
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surface is subjected to a periodic temperature variation with a period of
8 milliseceonds. Fifteen data points of the temperature response at the
thermocouple location are then input to the inversion program for prediction
of the surface temperature and heat flux. The result is shown in Figure 3
and Appendix III where the data symbol '"2'" denotes the thermocouple re-
sponse and "1" the surface temperature. The accuracy of the inversion pro-
gram is shown in Table 2. Except for the extremely short time period of
0.4 milliseconds the prediction by the inversion program with 15 term repre-
sentation is within 2 percent of error.

The accuracy can be improved more if more data points are used.
Figure 4 shows the predicted surface heat flux which we were unable to
compute from the series solution (Eq. (5) of Appendix IV). This demonstrates

the versatility of the inversion solution.
IV. APPLICATION OF THE INVERSION PROGRAM

Three sets of data (see Appendix III) provided by Rock Island
Arsenal for the temperature response of a thermocouple embedded in a M60
gun barrel were utilized to evaluate the inversion solution. The inversion
prediction for the surface heat flux from all three sets of data were ex-
tremely high when compared with other known data calculated by Chen and
Chiou [15]. Since the program correctly predicted the surface heaf flux
for other sets of experimental data it was judged that the three sets of
data may contain inaccurate initial time. For most experimentations the
recording instrument is likely to experience some delay in responding to
the extremely fast transient heat flux typical in gun bores. Therefore

an advanced shift of time of 2 millisecondc in the data was tested. The
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Time
(sec.)

0.0002
0.0004
0.0006
0.0008
0.0010
0.0012
0.0014
0.0016
0.0018
0.0020
0.0022
0.0024
0.0026
0.0028
0.0c30
0.0032
0.0034
0.0036
0.0038

*Error

Surface

Temperature
(theoretical)

189.5041
296.3119
397.7934
491.4497
574.9747
646.3119
703.7046
745.7396
771.3818
780.0000
771.3818
745.7396
703.7046
646.3119
574.9747
491.6697
397.7934
296.3119
189.5041

Surface

Temperature
(predicted)

193.4060
301.4311
403.8998
498.3988
582.5683
654.3358
711.9396
753.9650
779.3802
787.5615
778.3093
751.8527
408.8443
650.3441
577.7933
492.9790
397.9893
295.2761
188.8522

Comparison of Inversion Prediction and Exact Solution

Error
yal

+3.563
+2.367
+1.921
+1.689
+1.534
+1.417
+1.. 321
+1.236
+1.157
+1.08
+1.00
+0.918
+0.874
+0.712
+0.569
+0.372
+0.0616
-0.679
-0.595

((Predicted - (Exact))/(Exact))x 100
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result is shown in Appendix III-3. Figures 5, 6 and 7 respectively show
the predicted maximum heat flux of 1650, 1235 and 2695 Btu/ft2 sec. approx-

imately at 2 milliseconds after the firing, while Figures 8, 9 and 10 show

that the surface temperature are 273, 234 and 396 degree F. approximately

at 6 milliseconds after the firing.
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V. CONCLUSION AND SUGGESTION

The new inversion computer program was thoroughly tested for its
applicability and accuracy. The program can invert an intrinsic tem-
perature response to predict the case of a constant surface heat flux
or the case of a periodic surface temperature within 2% of deviation
except at the extremely short time period. This was achieved with the
maximum number of 20 input data points.

It is expected that the accuracy of the prediction will increase
if the number of data input is increased.

Based on the experience gained in working with the program the

following suggestions are thought relevant.

(1) In conducting an experiment it is vital that both tempera-
ture and the time in the intrinsic measurement of surface
heat flux and temperature must be much more accurate than
the direct measurement. This is because the inversion
problem always involves predicting a large heat flux or
temperature variation from the data with small variation.

Therefore a slight error in the time or temperature measure-

ment a large error will result in the prediction of the
surface heat flux or temperature. For example, in the pre-
diction of gun barrel heat flux considered in Section III
an error of two milliseconds in time will lead to 100 per-

E cent error in prediction of the surface heat flux.

T
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(2) In selecting the data points for input to the computer program

bl oo arciias ol a st e 2 DlShaad Bl aEb b o

care must be excericised not to create a-locally abrupt jump in the data.
An abrupt change in data points will often introduce an abnormal fitting
of a curve in its neighborhood and hence resulting in an incorrect pre-
diction of the surface heat flux and temperature. If indeed the abrupt
jump of the data must be used, then more data points in its neighborhood

must also be chosen.
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APPENDIX I. ANALYSIS OF THE INVERSION PROBLEM

Consider a slab, having a sufficient wall thickness, L, such that the
outer surface temperature has a negligible response when the inner surface
is exposed to a transient heat flux. A probe, for example a thermocouple,
is located at X = Xl and it is normally desirable, as reported by Chen and
Li [16], to be close to the heating surface since a better transient
response and more accurate experimental measurements can be obtained
to reduce errcr amplification in the mathematical inversion program.
Under these circumstances we thus assume in the analysis L/x1 >> 1. The
governing equation for the transient heat conduction may be written in a

dimensionless form as

2
8 _3686 (1)
3t sz

with the initial and boundary conditions

8(x, 0) = 0 (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>