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ABSTIACT

The Feasibility of using a miniature heater for a zinc oxide

thin film oxygen partial pressure sensor was investigated. A silicon

heater 0.010 inch square by 1/2 inch long was used to obtain a 400 0 C

surface temperature. The temperature of the heater can be measured by

the change in resistance of the heater at its operating temperature.

Experimental data are presented for the resistance-temperature charac-

teristics, the temperature distribution, and power requirements of the

heater. This work has shown that this heater concept is feasible, but

more effort will be required to deposit the zinc oxide film on the

heater surface.
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INTRODUCTION

11 of our past space flights have been flown with a nearl-y

100 per cent oxygen atmosphere. This atmosphere was selected for the

Mercury flights because it allowed the atmospheric supply and control

system to have the lowest possible weight. The small thrust capabilities

of the first manned launch vehicles made this a very important decision.

I. The Need for Oxygen Sensing

As the length of the space mission is extended., physiological and

fire hazard considerations become more important than the weight savings

of a nearly 100 per cent oxygen atmosphere. There are a number of con-

flicting problems in selecting a cabin atmosphere. The cabin pressure

^r	 should be an absolute minimum to reduce the pressure diffe-i--Pnce across

the pressure hull. This would allow the pressure hull to have the mini-

mum possible weight. For the health of the astronauts in a long-term

mission, the total pressure and oxygen partial pressure must be within

certain limits. Also, the fire hazard is increased as the oxygen partial

pressure is increased.

The atmosphere selected for the Advanced Apollo Applications and

Manned Orbiting Laboratory programs consists of a 5 psia total pressure

with about 65 per cent oxygen. AAP uses a nitrogen diluent and MOL uses

a helium diluent.

Current extravehicular activity and lunar excursion space suits

use a pure oxygen environment at 3 Asia. This atmosphere was selected

1
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mainly because mobility of current suias is greatly reduced at higher

pressures. Once this problem is eliminated, all current indications

point toward the use of a reduced oxygen atmosphere for this application

also.

Any atmosphere other than 100 per cent oxygen requires an oxygen

sensor in order to measure and control the required level of oxygen.

II. Problems -in Sensing Oxygen

When the requirements of space flight are applied to the possible

methods of accurately sensing oxygen partial pressure, a very limited

number of currently known methods remain feasible. The sensing and con-

trol system must have low weight, small size, and small power consumption

plus the ability to operate in a zero gravity condition and withstand the

vibration and acceleration loads of flight. In addition, the sensor must

have an electrical signal output that is specific only to oxygen with at

least a 2 to 5 per cent accuracy and stability over a 100-day period.

These requirements rule out most of the standard ' ehemical analysis

techniques that might at first be considered and leave techniques based

more on the physical and electrical properties of oxygen.

III. Available Sensing Techniques
.

The best commercially available laboratory standard oxygen sensor

makes use of the paramagnetic properties of oxygen. Not only is oxygen

strongly paramagnetic, but also, no other gas with paramagnetic or dia-

magnetic properties is present in sufficient quantities to influence the

sensor output. This technique would be perfect for spacecraft applica-

tions except that the magnetic forces involved are so small that a
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delicate measuring setup is required to detect them. A delicate instru-

ment cannot pass the vibration and acceleration specifications for launch.

The polarographic oxygen sensor makes use of an electrochemical

reaction to produce an output proportional to the oxygen partial pressure.

While this sensor meets most of the flight requirements, it is subject to

considerable output drift over long time periods.

Oxygen has a usable abso ption frequency in 'the ultraviolet range.

A considerable amount of effort has been expended to design a flight

sensor using this technique, but no workable device has been produced.

Another sensor, termed a solid electrolyte sensor, makes use of

a technique involving the conduction of ionic oxygen through a ceramic

crystal. lattice. A differential voltage is produced that is proportional

to the ratio of the oxygen partial pressures on the two sides of the

ceramic. In order to achieve reasonable stability and freedom from

poisoning, this sensor must be operated at 8500 Centigrade. Although a

commercial sensor using this technique is available, efforts to minia-

turize the sensor and reduce its electrical power requirements have led

to many problems achieving hermetic sealm, at the 850° operating

temperature.

A very successful sensor, which is capable of being flight quali-

fied, has been developed using a magnetic sector mass'spectroscopy tech-

nique. This sensor measures oxygen, nitrogen, carbon dioxide, and water

vapor partial pressures. It weighs approximately 5 pounds and requires

about 5 watts of power. This sensor is very well suited for sensing a

spacecraft atmosphere, but other applications, such as future lunar

,t
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excursion and extravehicular activity apace suits, will require an oxygen

sensor that is considerably lighter and less demanding of power.

The sensor which seems to have the greatest promise in being able

to successfully meet all requirements is the zinc oxide thin film oxygen

sensor.

IV. Zinc Oxide Thin Film Oxygen Partial Pressure Sensor

Zinc oxide has been used for many years as a pigment for paint,

as an activator for the vulcanization of rubber, and as a catalyst and

photocatalyst for chemical reactions (Ref. 1, p. 193). A considerable

amount of research has been done on this material in the last 30 years.

in 1950, Bevan and Anderson (Ref. 2) reported data on the variation of

electrical conductance of zinc oxide with oxygen pressure at different

temperatures. Kefeli in 1957 (Ref. 3) proposed using this effect to

measure oxygen.

Under Contract NAS1 -7087, Research Triangle Institute conducted

an investigation of zinc oxide thin film for sensing oxygen and con-

strutted a laboratory model using this technique (Ref. 4). Their working

model consisted of a nichrome wire heating element surrounded by a hollow

cylindrical substrate on ich a zinc film was deposited and then oxidized

at 6000 C. This whole unit was then enclosed in an insulating housing

similar to a miniature thermos bottle. This arrangement resulted in a

sensor weighing about 30 grams, occupying approximately 30 cubic centi-

meters of volume and requiring 5 to 6 watts of power for operation at

4000 c.
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In general, the zinc oxide operates as a doped semiconductor. A

number of different models can each be used to describe the properties

of zinc oxide under different conditions. If the oxygen is considered

to diffuse into the bulk material or be adsorbed on the surface, the end

result is to form new acceptor sites and thus reduce the density of

conduction electrons in the n-type film. Since the conductivity is pro-

portional to the electron density, the conductivity is inversely propor-

tional to the oxygen partial pressure. A much more detailed treatment

of the theoretical operation of zinc oxide thin films is given by Royal,

Wortman, and Monteith (Ref. 4, pp. 17-30) .

The electrical conductivity and the time required to respond to

a change in oxygen partial pressure are both temperature dependent. The

response time decreases with increasing temperature. The temperature

dependence of the electrical conductivity is shown in Figure 1. The

minimum in the curve at 4000 C is the best operating point for this tech-

nique for two reasons. First, the time required for the sensor output to

respond to 50 per cent of its final value for a change from pure oxygen

to pure nitrogen atmosphere varies from 30 seconds to 6 minutes at this

temperature, depending on the direction of the change. Secondly, the

slope of the conductance versus temperature curve at this point is small.

As can be seen in Figure 1, 600 and 1000 temperature changes result in

only 1 and 3 per cent changes, respectively, in electrical conductance.

This relatively weak dependence upon temperature at this point minimizes

the required temperature control accuracy and the effect of a temperature

gradient along the required heater (Ref. 4, pp. 43-44).

V
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V. Concept of Miniaturized Heater for

Thin Film Sensor

In any design of a high-temperature heater, the required heater

input power is inversely proportional to the amount of insulation present

and proportional to the surface area of the heater. Minimizing the

surface area will minimize the convective and radiant heat losses.

The convective heat lose is given by

q  = Ashc (T - To )	 (1)

where

As = surface area

he = film coefficient

T = surface temperature in 0 
To = surrounding air temperature in 0 

The radiant heat loss is given by

qr = A 8 
h 

r (T - To )	 (2)

where

hr = aFt

L--00)
 T--

4 
- TO 14

_ 	 00/ Jyt	 T - To

m = emissivity (Ref. 5j, pp. 331,202-211)
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In decreasing the cross-sectional dimensions of the heater in order

to decrease the surface area, two problems become evident. The heater

material will have to be selected so that it will not require excessive

driving voltage or current. High voltages or large currents could only

be provided by a special converter whose weight and volume would be charged

to the sensor. Alsop 
small 

size aggravates the problems of electrical

connections and heater temperature sensing.

The objectives of this work were as follows:

1. Minimize heater power by making dimensions as

small as practical.

2. Select a heater material with proper resistivity.

3. Develop reliable electrical connections to the heater.

4. Develop a method of measuring the heater temperature.

f

i.

Ti
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CHAPTER II
4
Z

SELECTION OF HEATER MATERIAL

I. Approximate Range of Resistivity

The following parameters were chosen as the initial design criteria

for a heater consisting of a single short length of conductors (1) volt-

age less than 100 volts, (2) current between l and 100 milliamperes,

(3) resistance between 500 and 5,000 ohms, (4) length of the heater

between 1/4 and 1/2 inch, and (5) heater diameter between 0.001 and 0.050

of an inch.

Using these values, the maximum acceptable resistivity is 100 ohm-

centimeters and the minimum is 0.002 okra-centimeters at 400 0 C, a range

falling within the properties of semiconducting materials. Since silicon

is probably the most readily available and most highly documented semi-

conducting material, it was selected for the heater.

11. Silicon Heater

Since the resistivity of any semiconductor is a function of its

doping level in the extrinsic region, the resistivity can be adjusted to

achieve the desired miniature sized heater.

The effect of temperature on the resistivity of silicon for various

doping levels is shown in Figure 2. Silicon has a positive temperature

coefficient of resistivity in its extrinsic range. In the intrinsic

region the temperature coefficient of resistivity is negative and the

logarithm of the resistivity is directly proportional to the reciprocal

of the temperature.

7
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The room temperature resistivity of silicon can be selected so

that at 4000 C the silicon bar is operating in its intrinsic region. A

cross -sectional dimension of 0.010 inch was selected to simplify fabrica-

tion problems.

In order to make use of the constant temperature coefficient of

log resistance for the intrinsic region to sense the temperature, as

discussed in Chapter N, a room temperature resistivity of approximately

1 ohm-centimeter was chosen. With a heater ,length of 1/2 inch, and

assuming the whole bar to be at 4000 C, the heater resistance should be

approximately 2,500 ohms.

A silicon bar with a room temperature resistivity of 0.8 ohm-

centimeter and the following dimensions was procured.

o.Olp Q0/`^

L-7	 u

-r
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CHAPTER III

HEATER ELECTRICAL CONTACTS

I. Achieving Electrical. Content

Gold wires 0.001 inch in diameter were first used in an attempt to

make electrical connections to the bar. They were thermocompression

bonded to an aluminum pad deposited on the bar ends. This is a standard

technique used in microelectronic circuitry, and the contacts were

expected to be capable of carrying the necessary current. However, the

wires melted just before the thermocompression bond bead at a current of

11 milliamperes. An attempt to parallel three 0.001-inch gold wires was

also unsuccessful; all three melted at a current of 18.7 milliamperes.

Liquid bright gold paste leads fired on the bar proved to be a

successful method of achieving electrical contacts. The gold paste was

painted on the ends of the bars down the ceramic supports, and on to

conducting pads on the base.

Liquid bright gold contacts have been known to degrade in a few

days when operated at elevated temperatures (Ref. 4, p. 3). In this

particular application no degradation has been noticed over periods as

long as 6 months. The ends of the bar where the contacts are located

are not at a temperature anywhere near 4000 C. This is the most likely

reason for the stability.

Although the electrical contact problem was solved, the bar resis-

tance was found to be a function of the gent for currents small enough

to cause no measurable temperature rise.

12
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II. Ohmic Contact Problems

When a junction is formed between a metal and a semiconductor,

either one of two types of contacts are formed.

If the work function of the metal is greater than the work function

of the n-type semiconductor, electrons flow from the semiconductor to the

metal when contact is made. This flow continues until a negative charge

is built up and the Fermi levels are continuous across the junction. This

forms a potential barrier at the junction which can be increased or

decreased by applying an external potential of the proper polarity. The

magnitude of the net current flow is inversely proportional to the barrier

potential which is influenced by the polarity of the applied voltage.

Thus a rectifying junction is formed.

If the work function of the metal is less than the work function

of the n-type semiconductor, electrons flow from the metal to the semi-

conductor. This results in the lack of any potential barrier at the

junction. 'The magnitude of the net current flow is independent of the

polarity of the applied voltage. This is characteristic of an ohmic con-

tact between the metal and semiconductor.

t'

	

	 In actual practice the height of the potential barrier is more

dependent on the surface states of the semiconductor than on the metal

work function. If the surface state density is large enough, contact

	

with the metal causes electron flow between the metal and the surface 	 I

states instead of the bulk material. If i t, s surface states are not

removed, a rectifying contact will be formed (Ref. 7, pp. 227-233).
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When electrical contact is made to each end of a semiconducting

material with rectifying contactsp one or the other of the two rectifying

contacts will be reverse biased for either polarity of applied voltage.

The current flowing in each direction across a metal semiconductor
	 4n

junction is dependent on the thermionic emission of electrons across a

potential barrier. This current is given by the Richardson-Dushman

equation

J AoT2 a-Ew/kT
	

(3)

where

J = current density

Ao = 1.2 X 106 amp s/m2-oK

T = temperature

Ew = height of potential barrier

k = Boltzmann's constant (Ref. 71 PP • 232313)

When an electric field is applied, the thermionic emission is

influenced by the space charge of the emitted electrons. This is called

Schottky effect and is given by

J = A T2 e
-CEw-c(cE/ 1+n e )1/2j/kT

0

where

c = electron charge

a electric field

e = peraittivity
	

(Ref. 71 P • 317)

(4)

-
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In a rectifying contact, the current from the metal has to over-

come a potentie, barrier equal to the difference between the metal and

the semiconductor wore functions. This current is then

BA T2 e - &m-E s -K EJ.^j/ kT
I	 Im->s	 o	 J	 ^ 5 )

where

B = area of the contact

Em = metal work function

Es = semiconductor work function
x

1^2

K = c(-c
^}nE

The current from the semiconductor has to overcome the barrier

equal to Em - Es - cV, where V is the applied voltage. V is positive

for forward bias and negative for reverse bias. This current is then

l/2- ^ kT	 ^6)Is-m► = BAoT2 e-Pm-Es -K C	 cV

t
The net current is then

I = Is-)m - Il"s

Since one of the contacts will always be reverse biased, it will

limit the current for the whole bar. For this situation, the forward

current Is->m will be negligible compared to the reverse current. The

net current will be

_;r

`•fig

--I
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I = FA.oT2 e -[Em-Es-K el/g/kT

E	 1/2
In I = In [BAoT -	 T s) + T

.Assume

C = In F oBATq - Em T—

K' = K
kT

Then

to I = K' E 1/2 + C	 (7 )

The characteristics of the contacts for the 0.01-inch silicon bar

with fired-on liquid bright gold contacts is shown in Figure 3. This is

a plot of the bar current as a function of the square root of the voltage

applied to the bar for currents sufficiently small so as not to cause any

measurable rise in the bar temperature. For these low currents, the

voltage drop across the bar can be neglected compared to the drop across

the reverse biased rectifying contact. If it is assumed that £ = V/x,

where x is the width of the space charge region, equation (7) would

then become

-1^2 1/2inI=K'x	 V	 +C

AlthowSh both curves in Figure 3 have straight line segments, the

slope of the lines increases at 1.5 to 2.0 volts' /2. This could be

(8)



1.0
.9
.8

.7

.6

.5

.4

.3

.2

.1
w	 .09

.08
.07

M

.06.nl
.05

.04

v	 .03

.02

.01
.009
.008
,007

.006

.0'05

.004

.003

.002

.001

4

r

17

Square Root of Voltage

Figure 3-- Current as a function of square root of applied voltp..ge
for both polarities.

. r.



18

accounted for by a decrease in the space charge width as the voltage

is increased.

These data are sufficiently close to the characteristics of a

rectifying contact to verify that the contacts are responsible for this

effect.

As the current and therefore the bar temperature increase, the

rectifying contact will break down to the point where it has a negligible

effect on the bar resistance. At the 400 0 operating temperature, the

resistance characteristics will be due to the silicon bar alone.
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CHAPTER 1V

MEASUREMENT OF HEATER TEMPERATURE

The temperature of a heater as small as 0.01 inch is very hard

to measure by conventional means without establishing an undesirably

large heat drain.

M	 I. Change in Resistance of Heater to Sense

Neater Temperature

As shown in Figure 1, page 6, the logarithm of the resistivity of

silicon is a linear function of inverse temperature for the intrinsic

region. Figure 4 shows the resistivity of silicon plotted against

temperature instead of Jzverse temperature. The change in the slope of

the intrinsic curve from about 350 to 4500 C is small. Thus, over this

limited range the logarithm of the resistivity can be assumed to be

linearly dependent on temperature and the logarithm of the conductivity

will be directly proportional to temperature.

Thus a signal proportional to the temperature of the heater in

the intrinsic region can be obtained by dividing a signal proportional

to the heater current by a signal proportional to the heater voltage.

A standard analog computational device is commercially available whose

output is proportional to the logarithm of the ratio between two input

signals.

Once the resistance-temperature characteristics of the heater are

known, this latter method would allow the heater temperature to be meas-

ured completely external to the heater. Although there will be a

19
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temperature gradient along the heater, the relative insensitivity of

the zinc oxide film to temperature variations at 400 0 C would minimize

this problem. The actual temperature distribution for the heater is

discussed in Chapter VI.

II. Practical. Experimental Temperature Measurement

,Although the heater terature will be measured in use by the

foregoing resistance change method, this method requires a calibration

technique for determining the bar resistance-temperature characteristics.

One of the first methods considered for measuring the temperature

was the use of an infrared spectrophotometer. A survey of commercially

available instruments was made. Although it was possible to focus such

an instrument down to 0:010 inch, a temperature of 400 0 C was below its

accurate usable range.

An attempt was made to heat the bar in a furnace and measure its

resistance as a function of the furnace air temperature. Due to the

rectifying contacts which caused the measured resistance to be a function

of the measuring current, this method was discarded as being unreliable.

Also, since in operation the whole bar would not be at the ser!-- tempera-

ture, this method would not give directly applicable results.

The method finally selected consisted of using a commercially

available microminiature capper constantan thermocouple junction. This

thermocouple consisted of 0.001-inch-diameter wires sheathed in a

0.030-inch-diameter stainless steel tube. The wires protrude beyond

the tube and are formed into a junction of 0.010 inch diameter. The

f
	

thermocouple was rigidly mounted, and the heater bar with its ceramic

Y'
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holder was mounted on the table of a three -axis micropositioner. With

the aid of a 120 power stereo zoom microscope, the thermocouple was

placed sgainst the surface of the heater. This was measuring the sur-

face temperature which is the temperature of interest for the zinc oxide

film.

This is not an ideal wear of measuring the temperature, since the

thermocouple is about the same size as the heater. The positioning of

the thermocouple was critical since any surface irregularities would

influence its readings.
Placing the thermocouple on the bar surface would also conduct

a certain amount of heat away from the bar and, thus, lower the surface

temperature. This heat conduction appeared to be small enough not to

influence the data since no change in the heater voltage or current was

noted when the thermocouple was placed on the surface.

22
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CHAPTER V

TF RRATURE CHARACTERISTICS OF SILICON

The conductivity of a semiconductor is given by

a = ncµe + pcµh	 (9)

where

c = conductivity

n = electron density

c _ electronic charge

Ae = electron mobility

p = hole density

µh = hole mobility (Ref- 7^ p. 203)

I. Theoretical Discussion of Conductivity

Versus Temperature

The n-type silicon bar used for the heater had a room temperature

resistivity of approximately 0.8 ohm-centimeter. This requires a doping

level of about 7.0 X 1015 I.mpurities/cm3 (Ref. 6, g. 19).

In the extrinsic region, the electron mobility is an extremely

complex fkmction of the impurity concentration and temperature for

impurity concentrations as large as 10 15 impurities/cm3- Theory cannot

satisfactorily predict this dependence (Ref. 6, p. 16). The most

reliable source f.).r data in this region is experimental data such as is

given in Figure 2, page 10, but actually this consideration is only of

23
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limited importance for the operation of the heater since it will not be

used in this region.

In the intrinsic region the electron and hole densities are equal

and the Fermi level lies midways between the valence and conduction bands.

The electron and hole concentrations are given by

n = N. e-(Ec-Ef)/kT	 (19)

p 
= NV 

e-(Ef-Ev)/kT	 (11)

where

NC

NV

Ec

Ev

R	

Ef

Assume

effective density of states in conduction band

effective density of states in valence band

energy of conduction band edge

energy of valence band edge

Fermi. energy	 (Ref. 7, FF • 1990200)
I

Eg =Ec -Ev

where

Eg = width of the forbidden energy gap

Since

E f W (EC 2 Ev )
Then

Ec -Ef =Ef - Ev = ;f
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1
P =

Q

P =1
	

)]
e

In	

N^; e ( ge + 1h)

Zn P = - tn[Nc a (µe + µh )] + ",71.	 (12)
2kT

The change in the first term with temperature is small compared

to the second term, so that a plot of to P versus l/T will be a

straight line of slope Eg/2k.

II. Resistance Versus Temperature

Experimental Data

Figure 5 shows the experimentally measured dependence of the 	 }

logarithm of the resistance of the silicon bar heater on temperature.

The 0.010-inch-square by 1/2-inch-long bar was mounted in an alumina

frame with fired-on liquid bright gold electrical contacts. A variable

constant current power supply was used to supply power to the heater.

The temperature was measured by a microminiature copper constantan

thermocouple as described in Chapter IV. Two separate units were tested

under the same conditions.

The initial sharp decrease in resistance in Figure 5 at room

temperature is due to the rectifying contacts on the silicon heater as

discussed in Chapter III. Once the rectifying contact breaks down, the

extrinsic curve for both heaters takes on the shape comparable to the

extrinsic region in Figure 4, page 20.
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F,

The transfer from extrinsic conduction occurs at approximately

2000 CO which is the theoretical value for silicon (Ref. 7, p. 209).

The intrinsic curve for both heaters is a straight line with a

negative slope., This is comparable to the similar region of Figure 4)

page 20. The slopes of the two curves are approximately 'the same, but

one heater bar has a higher resistance than the other. This is most

likely due to physical differences between the two heaters. The silicon

bars were cut from a 0.016-inch-thick wafer and then chemically etched

down to a nominal 0.010-inch-square cross section. A 20 per cent

difference in the cross-sectional dimension would be sufficient to cause

this difference in resistance. When the possible variation in length

and cross-sectional dimensions are considered, these differences are

reasonable.

Equation (12) shows that the slope of a curve of in p versus

1/T	 in the intrinsic region should be equal to	 Eg/2k. The dashed line

in Figure 6 is a representative slope that a sample of silicon with an

energy gap equal to 1.1 electron volts should exhibit. The two plotted

curves are the experimental data from Figure 5, page 26, plotted against

reciprocal temperature. The theoretical slope is

1.1	 _	 3
Slope theoretical-

(2)(8.617 X 10-5) 6
' 38 X 10

The slope of the experimental data is

Slope	 = (In 10" - In 1.2 X 103) = 3.11 X 103experimental (2.1.8 X 10-3 - 1.5 X 10-3)

27
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-al-0. Experimental Data
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Figure 6.- Comparison of the slopes of the log resistance vs
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This difference in slope is due to the fact that in the experi-

mental case the heater bar is not all at the same temperature. The

experimental curve is for the average resistance for the whole heater

plotted against the maximum temperature.

The mathematical model developed in Chapter VI was used to

calculate the temperature distribution along the heater for three

different maximum temperatures. Using the theoretical variation of

resistivity with temperature for the intrinsic region and two straight

line approximations of the data in Figure 2, page 10, for the extrinsic

region, the average resistivity of the bar was calculated. The slope

of the mathematical model data plotted in Figure 6, page 28, is slightly

smaller than that of the experimental data. The mathematical model

slope is

Slopemodel ° 3.0 x 103

This is only 3.6 per cent smaller than the experimental slope. This is

sufficiently close to verify that the.slope of the experimental data is

due to the temperature distribution along the heater.
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CHAPTER VI

TEMPERATURE DISTRIBUTION ON THE HEATER

As discussed in the last chapters the temperature distribution

on the heater bar has a significant effect on its operation. The temp-
4

erature distribution will be discussed on the basis of a mathematic

model and experimental data.

The following assumptions have been made for this model:

1. No temperature variation through heater

cross section.

2. Heater is symmetrical about its center.

3. Maxim mi temperature exists at the center.

4. To avoid trial and error solution, the

boundary conditions will be taken from the

experimental data.

5. Heat flow into a volume element is positive.

The heat balance equation for any volume element in the heater

consists of

ql+q2+qg+qr+qc=0	 (13)

where

ql = rate of conductive heat flow into the volume element
in Btu/hr

q2 = rate of conductive heat flow out of the volume element
in Btu/hr

qg = rate of heat generation inside the volume element in Btu/hr

30
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qr = rate of radiant heat loss from the surface in Btu/hr

qc = rate of free convective heat loss from the surface
in Btu/hr

q	 -kA dT l
1	 dxx

q2 = +kA dT	 = kA dT
I
 + kA d2Tdx)	 dx	 dxx+L1x	 x	 Ix

qg = 3.4112R = 3.411 P

(l4)

(l5)

From equation (2),

q  = 4Dhr (T - To)dx

From equation (1),	 a

qc = -4Dhc (T - To )dx

Combining equations (13 ), (14),s (15 ), (16 ), and (17) gives

kA d2T +
	

-3.41I2P 4D(hr + hc)(T - To) = 0
axe — 

A -^— 

(16)

(17)

(18)

The quantities k, P, hr, and he are all temperature dependent so

equation (18) is a nonlinear differential equation. The most practical

solution for this equation is a numerical solution with the following

approximations for the temperature dependent factors:



For T > 3000 C

pohm-ft = 2.49 X l0'6 e6.38X103/(T+273)

For 2000 C < T < 3000 C

Pohm-ft = 
0.383 e-2.60X10"3T

For T < 2000 C

pohm-ft -
-x.0754 e5' 58X10-3T

The approximation for T > 3000 C is from the intrinsic curve of

Figure 2 t page 10, and the other two are from the extrinsic curve in

Figure 4, page 20.

kBtu/hr-ft-OF = 3-38 X 103 T"0.57

(Ref. 8, p. 99)

From equation (2)

hr = aFt

32

A.where

m = 0.72

(T - To) 1/4
he = 0.234 ----

D

(Ref. 9 ) p. 70)

(Ref. 5j, A• 314)
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1

The computer program and the data readout for the numerical

solution for the mathematical model are given in the appendix.	 Figure 7

is a plot of the mathematical model and experimental temperature distri-

bution. The experimental distribution agrees reasonably well with the

model distribution for the middle region of the bar. The end region

temperatures are of little importance for the operation of the sensor

since in order to keep the temperature variation along the zinc oxide

film within approximately 50
0
 Cp the film would be deposited only within

0.050 inch of the center. Within this region the model is sufficiently

accurate to predict the temperature distribution.

33
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CHAPTER VII

POWER RE 1QUIR04ENTS OF HEATER

Because of its small sizep the heater car» be operated in a com-

pletely uninsulated condition. Since silicon has a negative temperature

coefficient of resistance in the intrinsic statep the heater must be

operated from a constant current power supply. If operated from a

constant voltage supply, a completely unstable condition will result

at temperatures about 2000 C and the temperature will increase quickly

to the melting point for silicon.

Figure 8 shows the current and corresponding voltage required
as a function of the maximum heater temperature for a typical heater.

A 50-milliamp constant current power supply capable of putting out

100 volts would be required to power the heater with no forced convection

and no insulation.

Figure 9 shows the power required to heat the heater in the
uninsulated condition as a function of maximum temperature. The heater

required approximately 2.5 watts of power to reach a maximum temperature

of X000 C.

In a final configuration this power requirement should be able

to be reduced through the use of a reflecting radiation shield around

the heater.
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CHAPTER 'VIII

CONCLUSIONS

This work has shown that the uae of a small-diameter heater for

a zinc oxide oxygen sensor is feasVole and will result in a considerable

reduction in size and power requirements.

The temperature of the heater can be sensed by measuring its

average resistance. A significant variation in the resistance charac-

teristics for different elements has been noted, but the slope of the

log resistance versus temperature curve for the operating temperature

region is repeatable between different heaters. Also, the maxim=

voltage occurs at approximately the start of the intrinsic region at

2000 C. Thus, if the current is increased from the point of maximum

voltage until the logarithm of the resistance has decreased by the slope

of the experimental data divided by the temperature change, an approxi-

mate operating point can be determined.

Thus, from the data of Figure 5, page 26,

InR=K - 8.12X10 -3 T (0C)
^i

A in R = A(-8.12 X 10 -3 T)

R
2 

=- R1
 e-8.12xlO-3(T2-Tl)

so that

R^+0U0 C - 
0.197 R

2000 C
	

(19)r

r
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Using the two values of RMo C from Figure 5 1 page 26, of 5.7 K

and 4.1 K, R4000 C calculated from equation (19) is 1.12 K and 0.81 K,

respectively. These values would give a temperature error of about

loo C.

This effort has shown mainly that this type of heater is feasible,

but considerably more work needs to be accomplished before a prototype

sensor can be built. The techniques of electrically isolating the zinc

oxide film from the heater and depositing the film on the surface still

have to be worked out.
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JOB N0, 1302 ASSIGNE0 TO J0 4',1,100,40000.	 A1165	 2,11,ARL R PEARSO".!	 T

START OF OUTPUT FOR JOB NO. 1302.
TER1302.
Jn'i,1,100, 40Onn.	 A1965	 2,CARL R	 P P 4PSM'	 T';C175,12n?

PROIRAM TF.'1P(1"P'UT,C')TPUT)
0041003 0I11FtISIOM	 Y(2n9),T(?0^),X(2'%n)
000003 TA'.11 =75.
000004 T(1)=743.
000006 OX=4t.lSF-n4
000007 AR=5.05F-07
000011 n=8.34T -not

000012 CI-.045
000014 103(101=1,3
000016 R!1nT=0.
000017 Y(1)=n.
00n017 X(1) =n.
000020 TC=(7(1)-32.)*5./9.
n00024 P'21MT2,TA'i';,T(1),TC,Y(1)
000040 2 F0R°i.AT(//13X,12''TF' -. 	 nF-.	 F,6X,12'!TF`1^.	 nF^..	 C, 5X,a5t4^nslTln"'	 I^'n

141FS,5X,41iTA'1'OIF NIT=Fi n .3 /t ot'?.F1^.3,8?(,Fin.3, )X,Rln.3)
0 ,01104n 111=411
000041 nn100"I=2,Ml
000043 X(^l)-X(N-1)+nX*12.
000046 A-T(1I-1)
Onn047 R=A-TA'111
000051 !iR=.72*.17?. *C((11 +450.)/100•)**4-"14. ?.5)/h

000060 HC-.27*0/0)**.25
00nn65 TIC=3.38Fn3/A**.57
000071 IF(A-572.)10,10,3n
on0074 10 IF(A-34?..)11,11,12
000077 11 R'-In=.0754*EXP(5.58F-03*5.*(A-32.)/4.)
000107 10 TO 40
000107 12 RHC1=.3S3*+XP(-2.rOF-n3*5.*(A-3?.)/?.)
000117 rO Tn 4O
010117 30 R14nj2.4t9F- nr *VXP (6.38En3 /((A- 31.) *5./4,+273.))
000130 Ito R'!OT=R'lf)T+Rut)
000132 5LY =(4t. *n*(HR+40)*R-3.41*CI**2*R'!n /Arz 	(TIC*AR)
1100141; Y ( NJ ) = YV-1)+SLY *n X
r,nn152 T( 'i) -T(" I - 1)+Y("!) *nx
000155 1 F (T (N ). LF.. TA'1^ )t'1=M
0nn161 TC=(T0)-32.)*5./4.
000165 100 PRINTI,T0),TC,X(M),'I'MT
00020It 1 F0R'IAT(1ItX, F1n.3, 11,X,-10.3,4X,710.3,OX,F14.3)
000204 200 T(1)=T(1)-5n.
000206 300 CI=CI-.008
000212 STOP
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9nnn77
It ^
	 nr.n13n	 n.np	 -	 11'1^7^,ft

4 -	 1011t77 n) -	 011It7n
11C -	 ^ n 15^1 11Z -	 on15^n
p fI -	 n^IIt7 It 2111 -	 nn15n^

T -	 0 n 06l , t , TA-19 -	 nnlltfh

X -	 ^11511 Y -	 nn0331t

n00214	 EN19

PRO ;RA'1 LF'=0T 1 1 I NCLU'WJr 1/0 IIJFFF'I
005551.
FUNCTION ASS1 11 1," 7NTS
STATN NT ASS I nNNEN'TS
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1	 - (1n039n ? -	 00023r
12	 - 000107 3n -	 0100117
BLOCK NA 1FS AY)	 LF'}OTIIS
VAR I AR LF. ASS I G 'IGNTS
A	 - 0014761 Al -	 ,10110,1
n	 - 001467 n; -	 nOi465
I	 - 001471 01 -	 001475
RNOT	 - Onl47?. SI.Y -	 nn1504
TC	 - 001473 Tt, -	 011502
START OF CO':STANTS
Onn2l6
START OF TEIPOR.ARIFS
000 311
START OF I NWIFCTS
00(1325
UNUSFn	 CO 1t'I LF.R	 SPACE,
002100

TEMP. OF D;. F
7.43nF+012
7.42OE.+92
7.399F+012
7.36RF+n?.
7.326Fc02
7.273r+n2
7.2n8E+02
7.137.'' +n?.
7. O tt 2F+02
6.931E +92
9.8137+012
6.612E+02
6.527E+02
6.3497_+012
6.1477.+012
5.914E+02
5.643E+02
5.324E+02
1t.155F+02
4.540E+02
4. 074E+02
3.558E+02
3.000F+012
2.4ngF+n?
1.794E+012

TFMP. nFr,. C
3.950F+n2
3.941;9+012
3.933E+02
3.916E+92
3.8977 +n2.

3.163E+92
7.127E+012
',7847+0?.
`^^ 3ltr+0?

°197+92
x.53417+02
3.ItIt3F+012
3,35')r-+n2
3.237F.+92
3.108E+02
2.957F+I?
2.7 8 ^ E +'12
2.576F+012
2.341;"+92
2.n8;r+n;
1.799E+n2
1.481F+n2
1.161E+n2
8.189E+n1

POS IT 10'1 I'^I C f' F Sn•

It. 992F•.-03
9.984E-n3
1.1;9 ^.r-02
1.197E-02
2.49mr-012
2.1157-02
3,. It 9'tr- n?.
3.A9 1; 7 -n2

4.It93F-^.2

5.I 91F-0?
5.910r-n?
5.It9nr.-n2
5.9P.9F.-n2
7. ItQ87-02
7.917F.-n2
R.486F-012
^.986F-n?
3.485E-!'i2
9.18ItC -n7

1 014 0 -nl
1.nnOF-11
1.14c'F-91

TA" IENT- 7.SnnF+O]

3.5n•9F- 0?
7.929E-n?

i.sinF-ni
2.?07^-011
2. ",?.^°-nl
3.07?F-nl
3.554''-nl
►t. ngnr-nl
ft.654F-nl
5.321sF-01
^,^^ ?tt^ -nl
,.1113E-01
".'1785-01
n, ►t67c-91
1.1241:+00
1.31nF+0(1
1.50rr+Oq
1.711tr+nn
1.93717+01
2.11t3r+On
7.316F+001
2.45nF+On
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1.162E+02 4.679 F +n1 1.249F-01 ?.5799+On
5.198E + n1 i.110F + nl 1.29P P -nl 2.6 77F+o

TF IIP.	 nF ,.	 F TF^1IP.	 IFr.	 r 10S I T I n"	 I A'CH O S TAMR I FMT- 7.5nnF+01
6.930E+02 3.6729+07 0.
6.920E+02 3.967E+n2 tt.99?F-03 5.?07F-02
6.1199E+02 3.655E+02 9.984E-03 1.064F.-01
6.868F +02 3.636E+02 1,4n8F-n? 1.6086:-ni
6.827F+02 3.6159+n2 1.9979-02 2.167F-01
6.774E+02 3.585E+92 2.119sr:-n?. 2.747e-ni
6.700E+02 3.55nF.+02 2.1195E-O2 3.35ttF-nl
r,.632F'+02 3.5n7F+02 3.h9hF-02 3.998c-nl
6.542E+02 3.tt57E+02 3.994E-n2 4.68PE-01

:. 6.438F+02 3.399E+02 4.493E-02 5.437 ►:-nl,
6.318E+02 3.332E+n2 4.1192E - 02 61MF - 01

4. 6.180E+02 3.255E+02 5.491 -02 7.19nF-ol
` 6.023E+02 3.168E+n2 5.19mr -n2 R.2It99 -nl

5.842F+02 3.060x"+n2 G.h9r,F-n2 9.tt0i9-01
5.634E+02 2.952E+02 5.089E-02 1.nn99+On
5.394E+02 2.419E+C2 7.488F-02 1.276F+On
5.122E+02 2.66P,F +02 7.187F-02 1.461E+0n
4.816E+02 2.10 3 r:+n2 P.NRSF-02 1,6519+nn
4.4M+02 2.310F+n2 %	 F-02 1.R52r+rn
4.1	 6G+02 2.103F-+n2 4.1t859-0? 2.n52^+On
3.700F+02 1.87Rc+n2 n,r2849-0l 2.2809 +t)n
3.2644.+n2
2.802E+02

1,635E+02
1.3799+n2

1. nttoc - ol
1.nn aF-nl

2.499E+On
?.6R7F+on

2.321F.+02 1.1119 +nl 1.14P9-nl 2.4499+O n
1.824E+02 8.355E+01 1.19^f-01 2.9899+9n
1.316 9~+n2 5.531E+n1 1.?4zo-ni 3.lin•E+On
7.9 q nF+O1 2.661E+"1 1.7917-01 3.712E+nn_
2.7721=+01 -2.3.7GE+00 1.3118F-01 3.309E +On

TEMP.	 OFr.	 F TEIP.	 I)Er:.	 C POS2TIO"I"tr,qt•s T'► "1lIF^IT-	 7.5nOF+01
6. 430F+02 3.39nF+02 n.
6.421E+n2 3.389F4•02 4.011? F -n3 P.325E-02
6.401E+02 3.379E+02 9.QS4F-03 1.r;7ir-ni
6.373E+02 3.363F+02 1.49,,E- n,, 9.52Qa-01
6.334E+92 3.341E+02 1.997E-C2 3.407°-nl
6.28.5,E+02 3.31ttF +n% ?.a9cF-n2 4.3197- 01.
6.225E+02 3.180E+07. 2.959-n2 5.?7!^9-ni
6.153E+02 3.741F+0? 3.4949-n? 6.^?1E-01
6.060 9 +02 .3.19?4r+02 3.994E-O2 7.37nF-01
5.972E+02 3.140E+n? 4.tt9'r-n2 8.561tF-01
5.P.6OF+02 3.078E+02 4.9925 -n? 0,4729-n1
5.751F.+n2 3.r„16F+n? 5.1101C-02 1.13ttF+00
5.584E+02 2.n25F+n2 5.99nr-'r2 1.303F+On
5.418E+02 2.P32F+nl F.tt9P,r-n2 1.41?9+nn
5.231E+02 2.729E+02 G.n8qc-02 1.565c+nn
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5.0?.5F.+07 2.F14F+n?. 7.4FRF-n? 1. 532 +On
It.7O9E +n? 7.1tR87+01 7.n87r-n? IonItsc +nn
4.552E+02 2.3517+02 2.')l0r +nn
4.215 c +02 2.103r+n2 tt, ^^ tr-(t 1) 2. It5 CF+nn
3.997E+02 2,n1;3r•+n2 q	 It1re_ 2.R72F +nn
3.681 17 +02 1.8721:+n2 ^' nr	 _,,, I, Rn7e+nn
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