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(ABSTRACT)

A fast response thin-film heat flux sensor was used to measure the time-resolved
surface heat flux and temperature from a turbulent combustion flame impinging on a
surface. Using the analytical semi-infinite conduction model, the unsteady surface heat
flux was calculated from the transient temperature measurements and the surface
temperature was calculated from the unsteady surface heat flux measurements.

Methods of comparing time-resolved heat flux and temperature data were
presented and discussed. The standard analytical method for converting surface
temperature to heat flux was used. Two new analytical methods were developed for
convérting heat flux to surface temperature.

The study is the first demonstration of time-resolved temperature signals generated
from time-resolved heat flux measurements. The results graphically illustrate the effects
of data processing on electrical noise present in the actual signal. The effect of flame
unsteadiness is also shown, especially in the time-resolved heat flux measurements, which
gives insight into the behavior of a propane torch. One application is for development

of feed-forward control systems in industrial processes with fast transients.
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Nomenclature

amplitude

specific heat, J/kg-K

Heat flux sensor output, V
Temperature sensor output, V
pulsation frequency, Hz

Green’s function

heat transfer coefficient

corrected heat transfer coefficient
indicated heat transfer coefficient
summation counter

thermal conductivity, W/m-K
number of equal divisions of time interval
heat flux, W/cm?

initial surface heat flux, W/cm?
radiation heat flux, W/cm?
surface heat flux, W/cm?

sensitivity



Sq sensitivity of the Heat Flux Microsensor, uV/(W/cm?)
t time, s

At time interval (t/n), s

T temperature, °C

T, air temperature, °C

T, initial substrate temperature, °C

T, surface temperature, °C

Ty, initial surface temperature, °C

u,du,v,dv integration by parts variables

U velocity, m/s

U, mean stream velocity, m/s

X space coordinate into the substrate, m
z integration substitution

p thermal diffusivity, m?/s

o thickness, m

€g gage emissivity

6, (T, - Ty, °C

£ nondimensionalized space variable
P density, kg/m3

o Stefan-Boltzmann constant

T time variable



Chapter 1.0

Introduction and Objective

1.1 Introduction

One method of measuring heat flux to a surface is to measure the rate of change
of temperature of the material. With appropriate transient conduction modeling and
material properties, the heat flux that caused the measured temperature history can be
determined.

Due to the increased interest in the details of time-resolved heat flux
measurements in transient facilities, techniques have been developed for fast-response
instrumentation. Several groups have refined these techniques using thin-film resistance
gages for measuring the surface temperatures. Although there are various types of heat
transfer gages, the analysis required for these gages is approached from a single
theoretical model of one-dimensional transient heat conduction [1].

The basic time-dependent problem of thin-film gages consists of conduction into
a slab of material mounted onto a semi-infinite extent of another material [1]. The Heat
Flux Microsensor is an example of such a thin-film gage. From the theoretical

derivation of the temperature at any point within a layered medium comprising two
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separate substances in thermal contact, the solution of such a problem enables the
temperature to be determined as a function of time for prescribed heat transfer rates [1].
The analysis for each type of gage depends upon the application of the appropriate
boundary conditions [1]. Analog electrical circuits composed of resistors and capacitors
have been the most popular method for the conversion of the temperature signal to heat
flux to avoid problems with the data processing. The equations for the circuit can be
made to match exactly the model expressed by the heat transfer equations [1].

Because of the limitations of the one-dimensional, semi-infinite models used, the
transient temperature techniques are usually limited to short duration tests. A group
working at NASA Lewis injected a preheated cylinder into a steady low speed flow [2]
to measure the time-resolved heat flux resulting from rotor wake passage [3] and grid
turbulence [4]. A group at Calspan has measured heat flux to gas turbine blades (e.g.,
[S1). A shock tube was used to provide the flow conditions for 20 to 25 msec to entire
gas turbine stages. A group at Oxford University has been instrumental in developing
the thin-film techniques for many years [6]. Their application has been turbine blades,
which were tested in an isentropic light piston tunnel (e.g., [7]). Their results include
extensive testing of the effects of rotor wakes and shock waves passing on the time-
resolved turbine blade heat transfer (e.g., [8]). The time-resolved heat flux
measurements made by this group created important advances in the understanding of
unsteady effects in heat transfer analysis.

Just as surface temperature measurements can be used to calculate the heat flux,



heat flux measurements can be used to calculate the temperature. However, examples
of using experimental heat flux measurements to predict the surface temperature of a
material are not common in the literature. The required analytical methods are certainly
no more difficult, but the experimental capability of making the required time-resolved

heat flux measurements has not been previously available.

1.2  Objective

The data processing problems that have arisen from converting measured surface
temperatures to heat flux will be illustrated in this study. Comparisons of both data
reduction processes (temperature to heat flux and heat flux to temperature) will be made
using a new gage, the Heat Flux Microsensor. This gage has the unique capability of
measuring surface temperature and heat flux simultaneously. Because the frequency
response of both sensors is better than 50 kHz, the time-resolution of the signals is not
compromised by the sensor response. The surface temperature and heat flux signals are
compared using the same analytical conduction model in the substrate with three data-
reduction schemes. The temperature signal from the sensor is used to generate time-
resolved heat flux measurements. This is achieved using the analytical methods discussed
in Chapter 2.0. The heat flux signal from the sensor is used to generate surface

temperature measurements using the integration methods of Duhamel’s method and



Green’s Function detailed in Chapter 3.0. One application for obtaining surface
temperature traces from time-resolved heat flux measurements is improved temperature

control systems for gas turbines and other industrial processes with fast transients.



Chapter 2.0

Literature Review

There are three major topics of this review to address: the different types of heat
flux measurement devices, the Heat Flux Microsensor, and the analytical methods used
to process the data acquired in the experiment. In the first section, the various
techniques for heat flux measurement in unsteady flow will be investigated. Second, the
fabrication, operational techniques and the advantages of the Heat Flux Microsensor will
be addressed. Lastly, the analytical methods previously used to process the experimental

data will be discussed.

2.1 Heat Flux Measurement Devices

The majority of heat flux gages that measure heat transfer between a flowing fluid
and a solid surface are categorized into three groups: (1) those that measure the
electrical power dissipated in a heater at steady state, (2) those that measure the rate of
change of thermal energy of the surface, and (3) those that measure the temperature

difference across a known thermal resistance in the surface [9]. All three categories of
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gages have been used in measuring time-resolved heat transfer at the solid surface [10].

Figure 1 illustrates an example of a category (1) gage. This gage monitors the
electric power necessary to maintain a heated surface temperature. Although this type
of gage provides accurate results for large surface areas, it does not perform well for
smaller surface areas where fine spatial resolution is needed [11]. The largest errors for
this gage arise from either heat losses at the edges of the measurement region or power
measurements made before thermal equilibrium [10]. In addition, when these gages are
made using thin-film resistance layers, a feedback control system must be used to control
surface temperature [12]. This method is not passive and can only be used to measure
heat flux from the surface. Because of the spatial constraints of this type of gage and the
inability for it to measure heat flux to the surface, this category of gages was
inappropriate for use in this experimental study.

Category (2) gages utilize the thermal capacitance of the gage and/or model
material in conjunction with surface temperature measurements to infer the heat transfer
from the time-temperature history [10]. This method has been used with slug
calorimeters in the past, but more recent usage has been with thin-film resistance
elements to measure time-dependent surface temperature [10]. Although these gages
have a fast time response and are useful in short duration flows, they must be driven by
a small current to measure resistance. Examples of experiments using this method can
be found in [3,5,13,14,15]. Heat transfer is inferred from the temperature measurements

by analytically determining the heat transfer coefficient history required to produce the
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observed temperature history [10]. In effect, the solution is that of an inverse heat
transfer problem for a semi-infinite model. Solutions differ according to the gage used
and assumptions about the substrate material properties. Because the heat transfer is
inferred from temperature measurements, the solution is similar to the differentiation
method that will be discussed later. However, as in the present experiment, this type of
data processing amplifies any distortions of the temperature signal when calculating the
heat flux [16,17].

The final category of gages include gages that measure a temperature difference
across a known thermal resistance. A thermopile is usually formed to multiply the output
signals by placing thermocouples in series across the thermal resistance layer to measure
the temperature difference [10]. Then, the gage output voltage is approximately
proportional to the temperature difference across the gage. From heat transfer analysis,
it is seen that the output voltage is also approximately proportional to the heat flux. This
method is totally passive since the gage measures the self-generated voltage output.
Another advantage is that these gages are capable of measuring heat flux in either
direction. For small gages, there is a physical limitation on where to place the
thermocouple junctions. This limitation creates a potential physical and thermal
disruption of the flow field caused by the measuring device itself. Using a layered heat
flux gage as the one shown in Fig. 2, the gage’s surface disruption is minimized. The
Heat Flux Microsensor, used in the present study, is one of the layered heat flux gages

that exemplify this category of heat flux measurement devices.
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2.2 The Heat Flux Microsensor

The direct comparison of experimental surface temperature and heat flux is
possible using a Heat Flux Microsensor. Using microfabrication techniques, this new
heat flux gage system possesses favorable attributes for measuring unsteady heat flux.
The gages are small, have a high frequency response, are able to measure very high heat
flux, and output voltages that are directly proportional to the heat flux and surface
temperature [18,19].

As illustrated in Fig. 3, the heat flux sensor consists of a thin thermal resistance
layer sandwiched between temperature sensors. To amplify the output signal on the
gage, many thermocouple pairs are fabricated across the thermal resistance layer to form
a differential thermopile [20]. The thermocouple is formed by narrow metal strips of
platinum and platinum-rhodium overlapping above and below the silicon monoxide
thermal resistance layer and forming several thermocouple junctions. This is illustrated
in Fig. 4. The metal strips are connected outside of the layer to complete the thermopile
circuit that wraps around the thermal resistance layer. This requires precise placement
of these five layers to properly make all of the interconnections. The voltages from each
pair then add in series in proportion to the temperature difference across the thermal
resistance layer [20].

Since the sensors are fabricated directly onto the measurement surface and the

total thickness of the sensors is less than 2 um, the presence of the gage contributes
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negligible flow and thermal disruption. Because the Heat Flux Microsensor requires no
adhesive, it is thinner than other gages and has a more accurate heat flux reading. The
thinness of the sensor also contributes to its high frequency response. Feed-through leads
are used to bring the signals out through the back of the substrate. In addition, its fast
time response, approximately 20 usec [21], and continuous output allow the Heat Flux
Microsensor to be used in both steady and transient facilities. The calibration method
and results for the Heat Flux Microsensor are discussed in Appendix A.

The temperature sensor is a patterned metal layer used as a resistance temperature
device. Itis driven with a small current (0.2 mA). This is the same as category (2) heat
flux gages. As the temperature of the sensor increases, the resistance increases, thereby
increasing the output voltage. The calibration of the temperature sensor (RTS) is detailed
in Appendix B.

An enlargement of a complete sensor is shown in Fig. 5. The heat flux sensor
was sputtered on an aluminum nitride substrate. The thermal resistance layer consists
of a sputtered silicon monoxide thermal resistance layer approximately 1 um thick. As
mentioned previously, the thermopile consists of sputtered layers of platinum and
platinum/rhodium. An over-coat of aluminum oxide was used to physically protect the
sensor. The temperature sensor (RTS) is a single layer of sputtered platinum.

The Heat Flux Microsensor has proven to be a useful tool in measuring time-
resolved heat transfer and surface temperature. It has been successfully used in a variety

of test facilities. For example, to observe the effects of unsteady flow time-resolved heat

13
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flux measurements to a surface in the wake region of a cylinder were made using the
Heat Flux Microsensor [22]. Measurements of unsteady heat flux and local air velocity
were recorded using the sensor and a hot-wire anemometer, respectively. Coherence
functions were calculated for the two signals which established a causative relationship
between the velocity and heat flux signals [22]. Another application is in the biomedical
arena. The sensor has been used to non-invasively measure blood perfusion in animal
limbs [23]. The current study uses the sensor to measure surface temperature and heat
flux in a turbulent combustion flame. Analytical techniques are then used to investigate
how well surface temperature correlates to heat flux and how accurately heat flux

correlates to surface temperature.

2.3  Analytical Methods for Heat Flux Measurements

Before discussing the different numerical techniques used in this study, it is
beneficial to look at the basis for these techniques. The governing equations used in
processing transient heat transfer measurements made with the aforementioned heat flux
measurement devises are primarily from one-dimensional heat conduction analysis [17].
From the first law of thermodynamics, the temperature change of a system is
proportional to the rate of energy transfer across the system control volume. When only

considering heat transfer, the general form for this equation is
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aT
7 x 1)
For a one-dimensional semi-infinite model with constant properties Eq. 1 becomes

9T _ 8T @

at ox2
The geometry is illustrated in Fig. 6. Closed-form solutions to Eq. 2 have been obtained
for two types of surface boundary conditions of particular interest for this study: constant
surface temperature and constant surface heat flux [24]. These solutions assume constant
thermal properties. The initial condition is T = T, at t = 0 and the two boundary
conditions are temperature T = T, at x = oo and a prescribed temperature or heat flux
at the surface, x = 0.

The inverse of Eq. 1 is often desired; that is, the heat flux corresponding to a
known (measured) surface temperature. This is commonly referred to as an inverse heat
conduction problem. A detailed analysis of such problems is given in [25]. For a one-
dimensional semi-infinite model with constant properties, Eq. 2 is solved subject to the
conditions for a prescribed surface temperature. The initial conditionis T = T, att =
0 and the two boundary conditions are temperature T = T, at x = oo and a prescribed

surface temperature T = T at x = 0. The solution for this problem is given by [24] for

the special case, T, = constant

16



Thin Film )
Temperature 1
Sensor\

4 x [7////// / ///Zﬁ?ﬂ&?&

Figure 6. One-dimensional Semi-infinite Geometry

17



o G xf—

From this special case, the foundation for forming the numerical techniques

exists. By generalizing Eq. 3, q, at time t, can be determined by

q,(t,) = Vk"c 2% @

‘/_

where AT; is the change in surface temperature for the jth of n time intervals and t; is

the time at the end of the jth of n time intervals. Taking limits as At - dr,

AT,

| ——J- A ®
vkpC lim
qs(ty) = At—~>dr E
yx T 1 -t
the equation can be expressed in terms of an integral
dT,
‘ ©
k
q,(t,) = VkoC J‘ dr dr

th—T

However, this solution assumes that the prescribed (or measured) surface temperature is
a continuous function of time, 7 [1]. The fundamental problem in using digitized data
points as the input of surface temperature is that the prescribed surface temperature is not

a continuous function of time. Rather, the data points are considered as stepwise
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variations of surface temperature in time. In addition, any noise in the signal will make
data reduction difficult because the differential of surface temperature is involved [1].
The expression in Eq. 6 can be integrated by parts to obtain a more convenient form
[26].

First, let z = T(t) - T(r) [1]. Then the derivative of z with respect to 7 is

dz __dT(0 @)
dr dr

Rewriting Eq. 6 in terms of z,

dz

VkoC f dr dr ®)

qs = -
’ o (t-n1?

V= | A

Next, integrate Eq. 8 by parts. Let

u=(t-n"12  dv=94, o)
dr
Then,
du = —.21-(t—-r)'3/2d1 , V=2 (10)
The equation after integration becomes

t

e A P . v
e I R Y (R e

Substituting for z and rewriting yields

19



vkoC | T(n)-T()t 1 t T(t) -T(7) dr (12)
1 (12 'O 72 j — 32
\/_‘llT (t-7) 0 (t-7)

At r = 0, let T(r) = 0 [1]. Evaluating the integrand at the limits yields

qs =

¢ - Y&oC | TO-TO) , TO | I‘ TM-TO 4, 13)
R R N

The first term, where the integrand is evaluated at time t, is an indeterminate
form of the type 0/0. Applying L’Hopital’s Rule, the first term goes to 0. The result

is written in final form as

qs =

/o€ | T@ | 1 I‘ T(1)-T() 4, (14)
Y= N e

which has a singularity in the integral term at t = 7 [1]. Because of this singularity,
additional numerical techniques are required to solve Eq. 14 [26]. Several papers concur
with the final form given in Eq. 14 [17,27]. However, an error was detected for the
same solution in Eq. 20 of [1]. The factor of 1/2 was not carried in front of the integral.

Cook and Felderman [27] developed a numerical approximation for heat flux at
time steps At using a piecewise linear signal on the temperature trace [17]. For their
approximation, it was assumed that the surface temperature at each step At occurred at
the midpoint of the time interval. Cook and Felderman’s linear spline fits based on the

temperature history can be taken into account by rewriting Eq. 14. For the nth value of

20



surface heat flux, this equation then becomes

: 1 T. - T.
qt,) = 2/keC v i_ il (15)

EE E Y T

where t; is the time at the end of the jth of n time intervals. By comparison, Eq. 15 is

similar to the solution obtained in Eq. 4. The only difference is that the time interval
in Eq. 15 is averaged, which accounts for the factor of 2 in the numerator. This solution
has an advantage over a finite-difference solution because it is easier to program [17].
It should be noted that a sign error was discovered in [28]. The denominator in Eq. 1
of [28] should be a sum of the time interval functions, as written in Eq. 15, and not a
difference.

Because the solution is akin to differentiating the surface temperature with respect
to time to yield heat flux, this method is termed the differentiation method. The
FORTRAN program written to perform this algorithm is shown in Section D.1 of
Appendix D. There has been no establishment of how accurately this algorithm

reproduces fluctuations in the unsteady heat flux [17].
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Chapter 3.0

Integration Methods to Obtain Surface Temperature

Since the Heat Flux Microsensor is capable of measuring surface temperature and
heat flux simultaneously, the converse method of integrating the unsteady heat flux signal
over time to yield the time-resolved surface temperature was developed. Two different
numerical techniques were tested and evaluated. The first was Duhamel’s method, or
the method of superposition, and the second was Green’s function. It was later shown
that the expressions were identical and produced the same numerical results.

For each technique, the numerical expressions developed below were first tested
to match the exact solution of the semi-infinite step change in surface temperature. First,
the surface heat flux, q , was calculated for a constant step change in temperature of 10
°C at time intervals of 2 msec for a total time length of 10 msec using Eq. 3. Then,
these calculated values of heat flux were used in an expanded form of Eq. 17 to calculate
surface temperature. The techniques were determined to work if the calculated surface
temperature approached the initial constant value of 10 °C.

Considering a one-dimensional semi-infinite model with constant properties, Eq.
2 is solved subject to the conditions for a prescribed surface heat flux. The initial

condition is T = T, at t = 0 and the two boundary conditions are temperature T = T,
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at x - oo and a prescribed surface heat flux at x = 0. The solution to this problem is

given by [29]

6

s

11 [ a4 (16)

= l dr
V* VkoC v V(t-7)

The function q () gives the time variation of the heat flux at the boundary, with 7

representing time at which the heat flux occurs for the integration. If the surface heat

flux is given as a step change from zero to a constant value g, at time t = 0, the solution

reduces to [1]

g, - 20t a”
Vr/koC

The surface temperature increases proportional to the square root of time and, thus, is
parabolic in nature. The material properties of the substrate enter as the square root of

the product of koC.

3.1 Duhamel’s Method

Duhamel’s method, or the method of superposition, is commonly used in
boundary layer theory to determine heat flux to a plate with an arbitrarily varying wall

temperature along the length of the plate [30]. This method can be extended for transient
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heat conduction problems with time-dependent boundary conditions by using the solution
to the corresponding fundamental problem with steady boundary conditions [31]. The
fundamental problem of calculating surface temperature for a one-dimensional semi-
infinite model with arbitrarily varying heat flux is addressed here using the superposition
method. Duhamel’s method treats the time-dependent boundary condition as a sum of
step changes.

As Myers states [31], the continuous portions of the function (for this study the
function is heat flux) are represented as a series of very small steps occurring at At time
intervals. Since the problem is homogeneous and linear, the response at any time t is the
sum of the effects of each small step prior to time t. Thus, each step that occurs affects
the system independent of other step changes.

For the first individual time step, the solution is identical to the one obtained in
Eq. 17. This equation can be generalized to calculate the surface temperature at the nth

time interval by

1

2 n
6,(t) = —=—— Y Aqyt,-t. (18)
\/;\/kpC j2=:1 ! !

where Ag; is the change in heat flux for the jth time interval.
Figure 7a illustrates the method described above. The digitized unsteady heat flux
values are treated as a series of step functions. The following numerical expression sums

the effect of a series of heat flux values assuming constant At
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Figure 7. Integration Processes

a) Duhamel’s Method - Step Function
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Figure 7. Integration Processes

b) Green’s Function - Impulse Function
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\/_ (kpC)

where n is the number of time intervals. The digitized values of unsteady heat flux were

S e

evaluated at half spacing; i.e., each digital data point was considered as occurring at the
midpoint of the time interval. The FORTRAN program written to perform this

numerical expression is detailed in Section D.2 of Appendix D.

3.2 Green’s Function

The basic idea of Green’s function is to build solutions by adding together
(integrating) several instantaneous concentrated heat sources which are equivalent to the
original continuous heat source. The heat sources are due to some combination of
volumetric sources, surface sources, or an imposed initial condition. Figure 7b illustrates
the integration process for a series of impulse functions. There are several papers that
document the use of Green’s function in solving transient heat conduction problems
[32,33]. In addition, Ozisik’s Heat Conduction devotes an entire chapter to the use of
Green’s function [34].

Green’s function is a method that is capable of solving a time-dependent heat

conduction equation with heat generation, subject to nonhomogeneous boundary
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conditions and an initial condition [34]. This method provides a general solution for all
nonhomogeneous problems in a compact manner [34].

The difficulty of using the Green’s function method arises in the determination
of the appropriate Green’s function for a given problem. This is due to the dependency
of the function on the coordinate system used, boundary conditions, and the type of
region of the fundamental problem [34]. Ozisik illustrates how to construct a Green’s
function for a particular problem and how this is related to the solution of the
homogeneous part of that problem [34].

The Green’s function method was used to determine the general temperature
distribution for a semi-infinite region with no volumetric heat generation, g(¢,7), and an
initial condition of T = T, att = 0. The two boundary conditions are that the surface
at x = 0 is subjected to a specified heat flux, q (t), and that T = T, at x - o. The

general solution for this problem is

t oo

0(x,t)=§ j [ G- g(t,ndtdr +
7=0 £=0

(G)g-g * (1) dr 20)
0

[} C—

il
k
,

where

G=——1— [exp[-.iﬂ)z_ + exp —_(X+_£)2 ]} (21)
Véra(t-7) 4a(t-7) 4a(t-7)

Taking into account that there is no volumetric heat source, g(¢,7) = 0, and that

only the surface temperature is desired, 6(0,t), the above equations become
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t

00.9-2 | 2

r=oVé4ma(t-7)

q (ndr 22)

Rearranging,

t

1 I 1
\/‘—l'-\/kpc 7=0 \[t"’

8(0,1) = q,()dr (23)

For a constant heat flux applied at t = 0, the above equation reduces to

t
) = —2— | 1 4 24)
\/;\/kpC 7=0 \/t""

This can be integrated directly to yield the solution for the above condition by treating

the constant heat flux applied at t = O as an arbitrary impulse

2q
0.t = —=3__y/at 25)
JxkpC

which is the same solution as obtained in Eq. 17.
The individual heat flux impulse solution of Eq. 25 can be expanded to include
an arbitrarily varying heat flux over time by representing the integration in Eq. 24 as a

series summation by

) n
0y(t) = ——= Y q;|{ta-t1 -t 26)
t ‘/; (kpC)EqJ[‘/ t.ll ‘/ J]

For this method it was also assumed that each digitized data point occurred at the
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midpoint of the time interval for consistency. The FORTRAN code for this method is
illustrated in Section D.3 of Appendix D.

When the summations in Green’s function (Eq. 26) and Duhamel’s method (Eq.
19) are expanded and simplified, it can be shown that the two expressions are actually
the same. Both expressions were used separately in the data processing for each test and
compared. The numerical results from the two expressions were identical to within

roundoff error.
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Chapter 4.0

Experimental Apparatus and Procedure

This experimental apparatus provides a means to measure surface heat flux and
temperature in a turbulent combustion flame using a Heat Flux Microsensor. In addition,
the same apparatus is currently used in a senior design laboratory experiment. The
design and set-up of the apparatus is discussed in the following two sections. The third
section details the experimental procedure. The measurements taken during the
experiments are then processed using the data reduction methods of Chapters 2.0 and

3.0.

4.1 Experimental Design

The design of the laboratory apparatus was broken into several parts. The main
requirement was the need for a block to house the Heat Flux Microsensor and hold it
firmly in place. The block material was selected to be aluminum to provide a close
match to the sensor’s material. This was done to reduce the conduction effects from the

sensor to the housing block. A detailed design of the aluminum sensor support is shown
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in Fig. 8. This block had to be suspended using wall and base supports. Because they
were not in direct thermal contact with the Heat Flux Microsensor, stainless steel was
used as the material for both the wall and base supports. In addition, this material was
chosen due to its high temperature capability so it would not soften due to the propane
flame. Figure 9 shows the detailed designs of the two wall supports and the base
supports. One of the wall supports has been altered so a countersunk allen key bolt
could be used to adjust the diameter of the hole holding the Heat Flux Microsensor,
allowing it to be held securely in place. The wall supports were mounted to the base of
the apparatus using the base supports.

Since the experiment is also utilized as a laboratory procedure, it was crucial to
protect the leads coming off of the Heat Flux Microsensor and going to the amplifier.
Thus, a sensor box constructed out of sheet metal was designed to cover the wire leads.
Figure 10 shows a detailed drawing of the sensor box. A panel mount was placed on top
of the sheet metal sensor box so a cable could be used to transmit the signal from the
Heat Flux Microsensor to the amplifier box.

In addition, a shutter mechanism was developed to step on and off the
impingement of the propane flame. The shutter mechanism was located 2.54 cm (1 in.)
from the sensor surface. This mechanism with its slide supports is illustrated in Fig. 11.
A total of four slide supports were used to hold the shutter in place, two on the top
surface and two on the bottom surface. The slide supports were bolted onto the wall

supports as shown in the detailed illustration of Fig. 11.
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The entire apparatus was mounted onto a rolling cart to facilitate in relocation.
The overall view of the apparatus is shown in Fig. 12. In the next section, the

experimental set-up of the apparatus is discussed.

4.2 Experimental Apparatus

The Heat Flux Microsensor was placed in an aluminum block and mounted a
fixed distance of 11.59 cm (4.56 in.) from a propane torch as illustrated in Fig. 13. The
Heat Flux Microsensor was painted using Krylon ultra-flat black spray to increase the
gage’s radiation absorptivity. This paint has a reported absorptivity of 0.97 [35].

A Trigger Start 2000 Bernz-O-Matic propane torch was used to produce a
turbulent combustion flame. The torch has a release valve that rotates to emit the
propane gas. Once the valve is fully opened, there is a trigger button that is pressed to
ignite the propane gas. The advantage of this torch is that the fuel/oxygen ratio is
already pre-set, requiring no additional adjustments.

Between the torch tip and the sensor surface, a shutter mechanism was placed to
step on and off the exposure of the combustion flame to the sensor. This shutter
mechanism was detailed in Fig. 11. The shutter was originally designed to operate either
manually or by using two springs with an equal spring constant. However; when using

the springs there is a tremendous jarring reaction on the device when the shutter is
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Figure 13. Photograph of Combustion Flame Experimental Set-Up
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closed. This type of jarring vibration was not wanted in the apparatus. Thus, the shutter
was operated manually, even though this created a lower shutter speed.

The output from the heat flux sensor was amplified 1000 times and the output
from the RTS was amplified 200 times using an amplifier built by Vatell Corporation.
The heat flux signal was used as the input to Channel 1 and the RTS signal was used as
the input to Channel 2 of a Hewlett Packard 3562A dynamic signal analyzer. To reduce
the effect of 60 Hz noise, one pin on the panel mount was used as a ground and the lead
on that pin was grounded to the sensor box. A ground cable was also attached from the
sensor box to the dynamic signal analyzer for the same purpose. Time-resolved heat flux
measurements have previously been made with this system by [36,37].

A Type K thermocouple was positioned just below the shutter and in alignment
with the sensor and the propane torch tip to monitor flame temperature. The
thermocouple was read using a Tegam, Inc. Model 878 Type K thermocouple digital

readout meter.

4.3 Experimental Procedure

After the Heat Flux Microsensor was positioned inside the aluminum housing
block and all the leads and cables were connected, the amplifier built by Vatell

Corporation was turned on and the switch denoting a test or calibration was pressed to
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the calibration side. Using the dynamic signal analyzer and the amplifier, the output
from both the Heat Flux Microsensor and the RTS was zeroed. Then, the switch was
pressed to the test side in order to enable the amplifier for measurement.

With the shutter closed, the torch was ignited and adjusted to the desired flame
height. This flame height corresponded to a flame temperature of approximately 1120
°C, which through trial and error was determined to be the flame temperature for
maximum flame stability. The shutter was then manually opened to allow flame
impingement onto the surface of the sensor for a predetermined time length. When the
sensor had been exposed the desired length of time, the shutter was manually closed and
the propane torch was turned off.

Tests were run for total times of 20 sec and 0.800 sec. The latter time length was
run using the trigger mechanism on the Hewlett Packard dynamic signal analyzer. The
trigger was set for a voltage output from the heat flux signal of -50 mV and a delay of
0.10 sec in order to capture a portion of the signal prior to the shutter opening. From
the 0.800 sec heat flux traces it was determined that the shutter was fully opened in
approximately 20 msec.

A convection calibration was performed to determine the sensitivity of the Heat
Flux Microsensor. The sensitivity was used to calculate heat flux from the voltage
output of the sensor. Details of the calibration procedure are given in Appendix A. The

sensitivity defined by
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s - Ea 27

was S, = 23.2 uV/ (W/cm?). The 95% confidence interval for the sensitivity calculation
had an error of + 8 percent compared with an estimated error of + 10 percent.
Calibration of the temperature response was also performed. The procedure for

the RTS calibration is discussed in Appendix B. A linear regression was used to obtain
T =330.83 [7(3] Er - 291.06°C (28)

This curve was used to calculate temperature from the RTS voltage output.
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Chapter 5.0

Results

Time-resolved heat flux and RTS measurements were taken for two different time
duration tests. Samples of the time-resolved heat flux and RTS measurements for the
longer time duration test, 20 sec, and the shorter time duration tests, 0.800 sec are
shown in Figs. 14, 15, and 16. An example of the time-resolved heat flux and surface
temperature measurements for the 20 sec test is shown in Fig. 14. For the shorter time
duration, two separate tests were run. The first short duration test was conducted with
the flame adjusted for a medium flame height and maximum flame stability. The flame
temperature for this test was approximately 1120 °C. Time-resolved signals from the
Heat Flux Microsensor and RTS were measured and recorded. These are shown in Fig.
15. The second short time duration test was also conducted with the flame adjusted for
a medium flame height. However, it was purposely operated in an unstable mode.
There was considerable audible noise associated with the combustion instabilities that
were not present for the other tests. The time-resolved measurements of heat flux and
RTS signals were recorded for this test and are illustrated in Fig. 16.

In order to compare the actual heat flux signal recorded from the Heat Flux

Microsensor with the signal analytically calculated using the method detailed in Chapter
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2.0 and to compare the actual surface temperature signal recorded by the RTS with the
signal analytically determined using the methods detailed in Chapter 3.0, the properties
of the sensor substrate were needed. Based on information given by the manufacturer,

the following properties of aluminum nitride were used:

k = 170 W/m-K
C = 670 J/kg-K
p = 3260 kg/m3

a = 7.78 x 10 m?/s

For each test, the surface temperature signal measured by the RTS was digitized
into 2048 singular data points by the HP dynamic signal analyzer. A Hewlett Packard
program, LIF, converts Hewlett Packard files into ASCII files so that the data can be
used in numerical programs and in spreadsheets. Similarly, the heat flux signal measured
by the Heat Flux Microsensor was converted into an ASCII file.

For the 20 sec duration test, the HP dynamic signal analyzer filtered out
frequencies greater than 40 Hz using an internal low-pass filter. The center of the
frequency span was 20 Hz and the band width was 75 mHz. Figure 17 graphically
represents the results of using the digitized surface temperature signal to calculate heat

flux by the analytical methods detailed in Chapter 2.0. The FORTRAN program written
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to perform this method is listed in Appendix D. Conversely, Fig. 18 graphically
illustrates the results of using the digitized heat flux signal to calculate surface
temperature by the methods described in Chapter 3.0 for the same test. The FORTRAN
programs written to perform both methods are also listed in Appendix D. It should be
noted that since both integration methods yield the same result, they appear as a single
line in the graph.

The same procedure was used for the two short duration time tests. For the 0.800
‘sec tests, the low-pass filter on the HP dynamic signal analyzer filtered out frequencies
higher than 1 kHz. The center of the frequency span was 500 Hz and the band width
was 1.87 Hz. The results using of converting surface temperature measurements to heat
flux values for the two short duration time tests are shown in Figs. 19 and 21. The
results of the converse process of converting heat flux measurements to surface
temperature values are illustrated in Figs. 20 and 22.

The frequency spectra was also investigated for each of the tests. However, there
were no sharp spikes discernable. Only broad band noise was present in the frequency

spectra of each test.
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Chapter 6.0

Discussion of Results

Measurements were conducted in a turbulent combustion flame to simulate a
useful industrial application. Both heat flux and surface temperature measurements were
made so a comparison between the actual unsteady heat flux signal and the heat flux trace
obtained from the RTS temperature signal using the numerical expression of Eq. 15 could
be made. In addition, the actual unsteady surface temperature signal and the surface
temperature trace obtained from the Heat Flux Microsensor were compared using the
numerical expressions of Eq. 19 and Eq. 26. The tests were conducted for different time

intervals in order to evaluate how the length of test time affected the results.

6.1 Time-Resolved Measurements

The time-resolved signals are shown in Figs. 14, 15, and 16. The top graph in
each figure is the unsteady heat flux signal as recorded by the Heat Flux Microsensor.
As illustrated, each time-resolved heat flux trace demonstrates that the heat flux caused

from impingement of the propane flame onto the sensor is relatively constant with the
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exception of Fig. 16. In this case, the measured heat flux signal is not constant due to
the presence of combustion instabilities in the flame. The bottom graph in each figure
is the transient surface temperature signal as recorded by the RTS. These graphs
illustrate that surface temperature increases proportional to the square root of time.

In the 20 sec duration time test shown in Fig. 14, the transient temperature curve
is smooth. Since the time length is longer, the 60 Hz noise is filtered by the signal
analyzer. However, for the 0.800 sec duration time test, this noise is no longer filtered
out. Thus, the transient temperature signals shown in Figs. 15 and 16 are much noisier.
Also, the unsteady heat flux signal for the 20 sec test in Fig. 14 has more noise than the
shorter duration tests. However, there is a noticeable unsteadiness in the 0.800 sec

duration tests of Figs. 15 and 16.

6.2 Results for Cook and Felderman’s Method

Cook and Felderman’s method described in Chapter 2.0 takes the actual transient
temperature signal and differentiates it with respect to time using the numerical
expression of Eq. 15 to yield heat flux. The results of this method are compared with
the actual heat flux signal for all three tests.

The correlation between the actual unsteady heat flux signal and the heat flux

trace obtained from the temperature signal for the 20 sec duration test is illustrated in
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Fig. 17. Two important observations can be made. First, it is obvious that the signal
calculated through the use of the transient temperature measurements is noisier than the
actual recorded heat flux trace. Second, the calculated curve does not accurately predict
the actual unsteady heat flux. The calculated heat flux trace over-predicts the actual
signal by approximately 20 W/cm? by the end of the test. Since the sensor is modeled
as a semi-infinite material, the conduction solution for this type of material is only valid

for the time interval

2
t = L 29

16a
This is the amount of time prior to the thermally affected zone (1% temperature change)
reaching the back surface of the substrate [26]. The corresponding time for the 6.3 mm
thick aluminum nitride substrate is only 32 msec. As a result, the high heat flux
predicted from the temperature signal is explainable because of the finite thickness of the
substrate. This illustrates one of the main limitations of using these methods to calculate
heat flux.

Figures 19 and 21 illustrate the correlation between the actual unsteady heat flux
signal and that calculated using the temperature trace in the differentiation method
expressed in Eq. 15 for the 0.800 sec tests. Both figures are broken into two plots
because of the noise generated from the temperature signal masks the actual heat flux
measurement. As discussed earlier in this chapter, the 60 Hz noise is no longer filtered

by the signal analyzer. The small amount of electrical noise evident in the temperature
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signals of Figs. 15 and 16 is amplified by the signal processing of Eq. 15. Many points
of negative heat flux are even indicated. For the first 0.800 sec test when the flame was
adjusted for medium flame height and maximum flame stability, the heat flux from the
flame was nearly constant throughout the duration of the test. This is illustrated in Fig.
19. However, for the second 0.800 sec test when the flame was adjusted to operate in

an unstable mode, the heat flux shown in Fig. 21 is clearly unsteady.

6.3  Results for Integration Methods

The integration methods, Duhamel’s method and Green’s function, take the
unsteady heat flux signal measured by the Heat Flux Microsensor and integrate it with
respect to time to yield a transient temperature trace. The FORTRAN programs of
Appendix D are used to perform the required summation for Duhamel’s method and
Green’s function shown in Eqgs. 19 and 26, respectively.

Figure 18 shows these methods of integrating the unsteady heat flux measurements
to obtain a transient temperature signal for the 20 sec duration test. The actual transient
temperature signal and the one obtained using the unsteady heat flux trace are both clean
signals. In addition, the calculated transient temperature trace under-predicts the actual
signal over most of the test. This is attributed to the limitations of approximating the

sensor’s substrate as a semi-infinite material when it actually has a finite thickness.
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Much more heat flux is assumed to enter the semi-infinite substrate than is possible with
the finite thickness. For the first fraction of a second, however, the two signals appear
to correlate well. This observatioh led to performing tests that were less than one second
in duration to illustrate the effect of test time length on the results. As mentioned on
page 49 of Chapter 5.0, Duhamel’s method and Green’s function yield the same result.
Thus, the two methods appear as a single line and the resulting values of the 2048 time
steps for each method only differ from roundoff error from the computer processing.
For the 20 sec test, the roundoff error for the two methods was within + 0.00015 °C.

The first 0.800 sec test results for the integration methods are shown in Fig. 20.
This figure demonstrates the correlation between the actual temperature signal and the
one calculated through integration of the unsteady heat flux trace. As shown, the
calculated trace predicts quite accurately the actual transient temperature distribution.
Using Duhamel’s method and Green’s function, the resulting values for the 2048 time
steps for this test had a roundoff error within + 0.00002 °C. Toward the end of the
trace the integration from the heat flux measurement is beginning to under-predict the
temperature measurement because of the aforementioned substrate finite thickness effect.
Even though the semi-infinite conduction model is not valid after a time of 32 msec, the
heat flux is accurate to within 1% for times to 0.3 L2/a:, which corresponds to 155 msec.
Thus, for this time duration, the models using Duhamel’s method and Green’s function
are accurate in predicting transient temperature responses.

Another 0.800 sec test was run with the combustion flame adjusted to operate in
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an unstable mode to observe results with greater unsteadiness in the signals. The results
using the integration methods are shown in Fig. 22. It is interesting to note how well
the temperature prediction from the unsteady heat flux signal follows the actual changes
in the temperature curve. Using the integration methods, the resulting values for each
time step agreed to within + 0.00001 °C for this test. Also, the temperature signal even
experiences temporary decreases in temperature corresponding to the times of very low
heat flux associated with the combustion instabilities. As in Fig. 20, the heat flux signal
gives a temperature signal with even less noise than the original signal from the

temperature sensor.

62



Chapter 7.0

Conclusions and Recommendations

7.1 Conclusions

The Heat Flux Microsensor has the capability of measuring surface temperature
and heat flux simultaneously. This ability allowed for comparisons of experimental
surface temperature and heat flux. Using the Heat Flux Microsensor in a turbulent
combustion flame, the temperature signal was used to calculate heat flux and the heat
flux signal was used to calculate temperature, assuming a one-dimensional semi-infinite
model of the gage’s substrate.

Two numerical procedures were developed for using unsteady heat flux
measurements to predict the corresponding surface temperature as a function of time for
a semi-infinite substrate. In addition, a standard method was used for converting
transient temperature measurements to the corresponding unsteady heat flux for a semi-
infinite substrate. These methods were successfully used on simultaneous measurements
of heat flux and surface temperature during transient exposure to a propane flame.

Although the signals were shown to match well going from either temperature to

heat flux or from heat flux to temperature, the electrical noise inherent in the signals was
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reduced when converting from heat flux to temperature, but was amplified when the
conversion was from temperature to heat flux. The difference in integration of the
signals versus differentiation was clear, even when the actual signal processing did not
directly involve these operations.

These results are useful for understanding the relationships between heat flux and
temperature measurements. It was shown that the time-resolved heat flux is a good
signal for predicting temperature. Therefore, it may be useful in temperature control

systems, such as a feed-forward temperature controller.

7.2 Recommendations

The following recommendations are suggested for future work in the study of the

Heat Flux Microsensor for use as a temperature regulator:

1. Determine a more consistent method of convection calibration for
calculating the sensitivity of the Heat Flux Microsensor. By developing
a better procedure for calibrating the sensor, the reliability of the

sensitivity used in experimentation would be enhanced.



Develop numerical procedures using the same methods presented for a
a one-dimensional finite thickness substrate. This would help improve the
capability of the Heat Flux Microsensor in predicting surface temperature

from the heat flux signal over a longer time span.

Develop a simple but accurate method for measuring substrate thermal

properties.
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Appendix A

Heat Flux Microsensor Calibration

To determine the sensitivity of the Heat Flux Microsensor, convection calibration
tests were performed. Tests were run in a boundary layer tunnel and in an unheated free
jet. Three gages were used: the Gardon gage, the Schmidt-Boelter gage, and the Heat
Flux Microsensor. Two different Heat Flux Microsensors were tested. One Heat Flux
Microsensor was calibrated in both the boundary layer tunnel and the free jet. The Heat
Flux Microsensor used in the current study was only calibrated in the free jet. The free
jet configuration had a higher heat transfer coefficient than the boundary layer tunnel and

its procedure was similar to the actual test situation.

A.1 Boundary Layer Tunnel Calibration

Each gage was mounted in a 3.49 cm (1.38 in.) diameter aluminum cylinder and
placed inside a 13.18 cm x 11.59 cm (5.19 in. x 4.75 in.) wooden block. The wooden
block was used to support the cylinder in a thin-walled aluminum block with a 15.24 cm

x 15.875 cm (6.00 in. x 6.25 in.) face and an open back. The aluminum block was
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mounted onto a 5.08 cm x 60.96 cm (2.00 in. x 24.00 in.) stainless steel strip. The strip
was used to position the block in the center of the boundary layer tunnel at the leading
edge of a plate in the tunnel floor where an slot opening was created to suction out the
boundary layer. At this position, the gage was subjected to a uniform air flow.

Silicon wire resistance heaters were wrapped around the cylinder holding the gage
and secured with electrical ties. A grounding cable was placed on top of the heaters and
aluminum foil was wrapped around the gage. The aluminum foil was used to reduce the
amount of electrical noise present in the signal. Electrical tape was wrapped over the
aluminum foil to hold it firmly in place.

The cylinder was positioned in the wooden block using wood shims so that the
surface of the gage was flush with the outer front surface of the aluminum block. The
spacing between the sensor and the face of the aluminum block was filled with putty.
With the gage in place, the entire apparatus was carefully positioned inside the tunnel and
secured using four C-clamps located at equal distances from the center of the block.

The leads from the gage were connected to an amplifier box built by Vatell
Corporation. The output from the amplifier was monitored with the HP signal analyzer.
The heater wires were hooked up to a Variac power supply. The thermocouples in the
probe holder were connected to a Doric Trendicator Model 410A thermocouple readout
meter. A pitot static probe was inserted upstream to measure the tunnel air speed. The
estimated air velocity was 31.9 m/s.

After the temperature and heat flux signals were zeroed, the gage was heated to
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approximately 45 °C prior to turning on the tunnel. With the tunnel providing a uniform
air flow field, the gage temperature was allowed to reach thermal equilibrium. At steady
state data was taken for a particular power setting on the Variac. The gage and air
temperatures were recorded for the specified Variac setting. Then, the Variac setting
was increased. When thermal equilibrium occurred for this Variac setting, another
measurement was taken. This procedure was repeated for several Variac settings
between 40 W and 100 W.

Using the Gardon gage as a standard, the heat transfer coefficient was calculated
for the air blowing through the boundary layer tunnel. From [38], the sensitivity of the
Gardon gage was S = 2.41 x 10° mV/(W/cm?). The indicated heat transfer coefficient
is given by
o1, T (30)

heo= S
i T,-T,

where ¢, = 0.97 and g, the Stefan-Boltzmann Constant, is 5.67 x 10 W/(m*K*). The

corrected value for the heat transfer coefficient is given by

h=[_1
7| s | (31)

K,

where K, = 0.042 mV/°C. Figure 23 illustrates the values of the heat transfer
coefficient, h;, versus the change in temperature, (T, - T,) for the Gardon gage. The

average heat transfer coefficient was h = 52.8 + 2.5 W/(m?°C) for a 95% confidence
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interval. The standard deviation was 5.89 W/(m2°C).

After the heat transfer coefficient for the air flowing through the boundary layer
tunnel was determined, the other two gages were calibrated to determine the sensitivity
of each gage. Figure 24 shows the output for the Schmidt-Boelter (SB) gage versus heat
flux. The heat flux, q, was calculated using the measured surface and air temperatures

and the heat transfer coefficient determined by the Gardon gage

q-= h(Ts -Ty) +Graq 32)
where q,.4 is given by
Qpag = gga(Ts4 —Ta4) 33)
The sensitivity, defined by
s-a (34)
q

is the slope of the calibration curve in Fig. 24. The sensitivity for each data point was
calculated and graphed versus gage temperature. Figure 25 illustrates the results. From
Fig. 25, the sensitivity of the Schmidt-Boelter gage was estimated as S = 3.66
mV/(W/cm?).

The same procedure was performed for the Heat Flux Microsensor. The
calibration curve illustrated in Fig. 26 shows the output from the Heat Flux Microsensor
versus heat flux, q, as defined in Eq. 32. For the Heat Flux Microsensor, the heat flux

was calculated with and without radiation. When radiation was considered, the
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emissivity was taken as e, = 0.69. A sensitivity versus gage temperature plot for the

g
sensor is shown in Fig. 27. The sensitivity of the Heat Flux Microsensor was estimated
as S = 58.65 uV/(W/cm?) considering the radiation effects and S = 64.17 pV/(W/cm?)

neglecting radiation.

A.2 Jet Calibration

The above three gages were then tested in an unheated free jet. Each gage was
prepared as detailed above and placed in the aluminum block. The stainless steel strip
was not used since the block did not need to be clamped onto a plate. The configuration
for the jet is shown in Fig. 28. The jet was created by a 3.81 ¢cm (1.50 in.) diameter
orifice. The block was positioned three jet diameters, 11.43 cm (4.50 in.), away from
the jet.

The leads were connected to a Dynamics Differential DC Model 7526A amplifier
which was then connected to the HP dynamic signal analyzer. The heaters were
connected to a Variac and each gage’s internal thermocouple was connected to a Doric
Trendicator Model 410A thermocouple readout meter. A thermocouple was positioned
upstream to monitor the temperature of the free stream air. A U-tube manometer was
used to measure the static pressure.

After the gage was heated to approximately 45 °C, the jet was turned on. When

the surface temperature reached thermal equilibrium for a particular Variac setting, a data
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measurement was taken. Several measurements were taken over a range of Variac
settings. When each gage had been tested, it was removed from the aluminum block.
After all the gages had been tested, each was placed back into the aluminum block and
retested. This was done to determine repeatability of the calibration experiments.

Using a Gardon gage mounted at the stagnation point, the heat transfer coefficient
was calculated for the air blowing out of the unheated free jet for several gage
temperatures. Figure 29 graphically illustrates the results. The Ap measured for this
type of calibration was 13 in. H,O. The heat transfer coefficient was h = 205 + 2.3
W/m?K at 95% confidence with a standard deviation of 4.4 W/m?K.

The Schmidt-Boelter gage was mounted in the same position as the Gardon gage.
Again, tests were run over a range of gage temperatures. The gage’s output versus heat
flux is shown in Fig. 30. The two curves represent the first and second tests of the gage.
There is a discrepancy in the curves because the gage was not positioned in exactly the
same place for both tests. The sensitivity for each data point was calculated and plotted
versus gage temperature in Fig. 31. The average sensitivity was S = 3.90 + 0.2
mV/(W/cm?). In determining the sensitivity, the data acquired from both tests were
combined.

As with the first two gages, the Heat Flux Microsensor was mounted at the
stagnation point. The gage was tested twice in the unheated free jet. Because the results
for each test matched well, the data was combined. The output of the Heat Flux

Microsensor versus heat flux is shown in Fig. 32. As illustrated, most of the data points
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fall on or near the calibration curve. When plotting the sensitivity calculated at each data
point versus gage temperature, Fig. 33 illustrates that the sensitivity increases slightly
with increasing gage temperature. Otherwise the scatter is small. As in the boundary
layer calibration procedure, the radiative effects were both considered and neglected. An
emissivity of e, = 0.69 was used when radiation was considered. The sensitivity of the
Heat Flux Microsensor was S = 66.69 + 1.1 uV/(W/cm?) with radiation effects and S
= 68.23 + 1.0 pV/(W/cm?) without radiation effects.

The Heat Flux Microsensor used in this study was calibrated in the unheated free
jet configuration shown in Fig. 28. Calibration tests were performed with the sensor
unpainted and with the sensor’s surface painted with Krylon ultra-flat black spray. This
paint has a reported absorptivity of 0.97 [35]. The experimental set-up was the same as
above but the procedure was changed. For the current research, there was no steady
state requirement. Thus, the calibration did not have to depend on whether thermal
equilibrium was reached.

The amplifier for the current research was used instead of the Dynamics
Differential DC Model 7526A amplifier. The gain on the Heat Flux Microsensor was
set at 1000 and the gain for the RTS was set at 200. The heat flux signal was used as
the input to Channel 1 and the RTS was used as the input to Channel 2 of the HP signal
analyzer. The range on Channel 1 of the HP signal analyzer was set to 100 mV and the
range for Channel 2 was set to 2V, peak-to-peak. The time length for each measurement

was set for 25 sec.
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Using the Variac at a setting of 70 W, the heaters were allowed to thoroughly
heat the gage prior to running the calibration tests. The Variac setting was not changed
during the calibration experiments. When the gage was heated, a 22.86 cm x 30.48 cm
(9.00 in. x 12.00 in.) stainless steel plate was inserted between the jet and the sensor
before turning on the jet. The heaters were turned off during the test to reduce the noise
distortion during the data collection. After the jet was turned on, the plate was quickly
removed to "trip" impingement of the air blowing out of the jet onto the sensor.

The temperature calibration curve discussed in Appendix B was used to determine
the surface temperature. The ambient air temperature was 25 °C. The heat flux from
the surface of the sensor was calculated using Eq. 32. Then, as in Eq. 34, the output
voltage from the Heat Flux Microsensor was divided by the calculated heat flux to
determine the sensitivity.

Samples of the time-resolved heat flux and surface temperature measurements for
the unpainted sensor are shown in Fig. 34. The results are tabulated in Table 1. The
average sensitivity for the Heat Flux Microsensor neglecting radiation was S, = 28.3
uVv/ (W/cm?). With radiation taken into account, the sensitivity was Sq = 27.6
uV/(W/cm?). The sensitivity decreased because the denominator of Eq. 34 contained the
added q,,4 term from Eq. 32. Therefore, the denominator was larger since heat
convected and radiated from the surface of the sensor flows in the same direction.

The calibration was also performed after the sensor was painted black. Samples

of the time-resolved heat flux and surface temperature measurements for this case are
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illustrated in Fig. 35. The results of the calibration tests are tabulated in Table 2. The
sensitivity was again determined with and without radiation. The sensitivity was S, =
24.1 uV/(W/cm?) without radiation and S, = 23.2 uV/(W/cm?) with radiation. Because
there was a reasonable difference when considering radiation, the radiation effects were
considered. In addition, the sensitivities of the painted sensor were noticeably lower than
those of the clear sensor. For the current study, the sensor was painted black.
Therefore, the sensitivity of the painted sensor taking into account radiation effects was

used.
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Table 1. Sensitivities for Unpainted Sensor

Average Sq Average Sq "
Run Without Radiation With Radiation
pV/(Wicm?) pV/(Wicm?)
1 29.37 28.61
2 28.49 27.76
3 26.66 25.87
4 27.53 26.84
5 29.11 28.34
6 28.87 28.10
Overall Average Sq 28.34 27.?;

uVv/ (W/cm?)
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Table 2. Sensitivities for Painted Sensor

Average S, Average Sq
Run Without Radiation With Radiation
uV/(W/cm?) uV/(W/cm?)
1 23.18 22.33
2 24.63 23.71
3 24.32 23.43
4 24.30 23.42
5 24.48 23.58
6 23.41 22.59
Overall Average S =2;05 23.18

q

uV/(W/cm?)

| e
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Appendix B

RTS Calibration

The RTS temperature sensor on the Heat Flux Microsensor was calibrated using
a T-type thermocouple. The sensor and the thermocouple were placed in an isolated
environment in direct thermal contact with each other. After the RTS sensor was zeroed
at room temperature, a Variac was used to heat several silicone wire resistance heaters
placed in the same isolated environment. At thermal equilibrium, the output of the RTS
was recorded along with the thermocouple output over the temperature range of the
current research using a multimeter and a Doric Trendicator, respectively. The
measurements for the RTS were taken at a gain of 200 to be consistent with the current
work’s setting. The results are shown in Fig. 36 and indicate a linear relationship
between RTS output voltage and temperature.

A linear regression was performed to obtain a calibration curve for the RTS

sensor. The curve is

5] Ep - 291.06°C (35)

T =330.83 [

This calibration curve was used in the current work to calculate temperature from the

voltage output of the sensor.
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Appendix C

Heat Transfer in Steady and Pulsating Flow

Average and time-resolved measurements of heat flux were obtained
over a flat plate in steady and pulsating flow. The unsteadiness effects on the surface
heat flux were explored for pulsating free streams. The mean heat transfer over the
stagnation and wake regions of the model were measured and compared with

simultaneous time-resolved measurements of both the flow and heat flux.

C.1 Introduction

A constraint in the design of modern gas turbines is the limitation placed on the
operating temperature of the blades. Several groups have explored how flow
unsteadiness affects the amount of heat transferred to the blades [3,5,13,14]. From these
experiments, it was determined that the unsteadiness of the flow further increases the
amount of heat transferred to the blades beyond steady-state values. Because heat
transfer in a stagnation region increases with the speed of the oncoming free stream, it

was believed that the periodic increases of the stream between upstream blades would
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explain the overall 10% to 15% increase over steady-state conditions. However, Doorly
and Oldfield [13] determined that the heat transfer is higher in wake regions, where the
free stream is interrupted by one blade prior to coming into contact with a second blade.
In this instance, the velocity of the oncoming stream is much lower and the higher rate
of heat transfer was considered a result of the locally turbulent character of the flow.
To examine how the character of the flow affects heat transfer, a method of measuring
instantaneous values of wall heat flux was required. Simultaneous measurements on the
dynamics of the oncoming flow field were also needed to fully comprehend the effects.
The Heat Flux Microsensor was used to measure the instantaneous values of wall heat
flux and a hot-wire anemometer was used to monitor the flow of the free stream.

In order to understand the underlying mechanisms that influence temporal
variation of heat transfer, simplified problems have been developed for various types of
unsteadiness in the flow field as well as different configurations. Two specific
configurations are flow over a circular cylinder and flow over a flat plate. First, time-
resolved heat transfer was measured over a circular cylinder in steady flow [39]. This
experiment determined that the heat transfer signal reacts to the unsteadiness of the wake
region. This response drives the attached boundary layer into a periodic motion. This
model was then extended to pulsating flows [40]. In pulsating flow, it was concluded
that the reduced velocity and surface heat flux varied proportionally to each other. [36]
investigated the effects of turbulence on stagnation heat transfer. A jet was aimed

through a turbulence grid and then was impinged on a flat instrumented plate. It was
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found that there were significant increases of heat transfer with increasing turbulence

levels.

C.2 Experimental Procedure

Tests were conducted in a blow-down type of a wind tunnel with a test section
having a length of 248 cm (97.64 in.) and a cross section of 74 cm x 53 cm (29.13 in.
x 20.87 in.). A set of rotating vanes is located in the settling chamber which can
generate a pulsating stream in the test section. This chamber contains a honeycomb and
six screens and leads to a 6:1 converge section. The turbulence level in the test section
was approximately 0.4% to 0.5%. These values were not exceeded when the turning
vanes were activated to produce pulsating flow. The waveforms of the pulsating velocity
were nearly sinusoidal, with at least 95% of the wave energy in the fundamental
frequency. In terms of the mean stream velocity U, and the amplitude A, the velocity

in the test section is given by
U=0U_ (1 +Asin(2xft)) (36)

where f is the pulsation frequency and t is time. The amplitude A achieved in this
manner was a function of the frequencies at which the tests were run.

The Heat Flux Microsensor was mounted in the center of a 23.18 cm x 7.62 cm
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(9.13 in. x 3.00 in.) flat plate. Tests were run at pulsation frequencies of 2 Hz, 7 Hz,
and 13 Hz in both stagnation and wake regions of the flow. A hot-wire anemometer was
placed 0.3 widths upstream of the stagnation region of the flat plate to measure
waveforms of the velocity signal. The sensor was heated to approximately 100 °C and
the wind tunnel was turned on. The flow was adjusted to the desired frequency and data
was taken.

The Heat Flux Microsensor was calibrated in convection heat transfer. The
sensor was heated to 100 °C and an air jet was shuttered onto the face. Simultaneous
measurements of the sensor voltage output, Eg, and surface temperature, T,, were
recorded and used to determine the heat flux sensitivity, Sq= Eq/q. The gage sensitivity
was constant over the measurement range and was determined to be S = 7.36

uV/(W/cm?) with a standard deviation of 0.68 uV/(W/cm?).

C.3 Results and Discussion

At a free stream pulsation frequency of 13 Hz, heat flux and velocity
measurements were recorded. Figure 37 illustrates the waveforms of these signals. The
heat flux signal indicates evidence of the first harmonic which is due to the upstream
influence of the wake oscillation. The same behavior has also been reported using skin

friction gages. The expected shedding frequency at this mean free stream velocity was
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14 Hz. Thus, the skin friction oscillation detected at the stagnation point is 28 Hz,
almost twice the free stream pulsation. In Fig. 38, the coherence of the two signals in
the frequency domain is displayed. From Fig. 38, it was determined that the velocity
also contained a disturbance in the harmonic of the driving frequency. In the case of the
2 Hz free stream pulsation, the disturbance due to shedding was not obvious because the
shedding frequency and the pulsation frequency were very different. In Fig. 39, the
waveforms for the heat flux and velocity signals are displayed for the 2 Hz free stream
pulsation.

Waveforms in the wake did not display any periodic character. However, spectral
analysis of such signals indicated there was some organized activity at the driving
frequency. Heat flux signals were processed by a program designed to eliminate noise
and provide a reasonable estimate of the amplitude of fluctuation. In addition, an overall
time average was calculated. The results are given in Table 3.

From these tests, it was determined that the average heat transfer is higher in the
stagnation region than in the wake region. On the other hand, pulsation enhances the
activity in the wake region immersed in the turbulent flow. As a result, the amplitude
of reduced flux is higher in the wake region than in the stagnation region.

It is well known that heat transfer is greater in stagnation regions or in regions
immersed in highly turbulent flow. The tests performed in this section determined that
if a periodic disturbance is superimposed on the mean flow, the heat flux also fluctuates

over both the stagnation and wake regions. The mean heat flux is not affected by the
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pulsation. In the fully turbulent flow region, the pulsed flow leads to considerable
increases in the heat transfer.

In conclusion, a mere oscillation in the oncoming free stream is not going to
affect the time-averaged local heat transfer. However, the periodic disturbances in
regions of fully turbulent flow, including the case of a turbine blade immersed in the
spatially periodic wake of the preceding cascade, does cause an increase in the local heat

transfer.
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Table 3. Mean and Average Nusselt Numbers for Re = 40,000

Forward/ Average Nu
Amplitudes Frequency Reverse Nu Amplitude

29.5 2 F 105 14.5
17.4 7 F 130 14.5
14.5 13 F 28 17.0
29.5 2 R 69 72.1
17.4 7 R 53 72.6
14.5 13 R 49 50.9
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Appendix D

Data Processing Codes

The following FORTRAN programs were used to process data taken from the HP
dynamic signal analyzer after the data had been converted into ASCII files. The first
program uses the differentiation method developed by Cook and Felderman to obtain
unsteady heat flux values from surface temperature measurements. The second and third
programs are two different integration methods. The second program uses the method
of superposition, or Duhamel’s method, to obtain transient surface temperature values
from unsteady heat flux measurements. The last program utilizes Green’s function for
the same purpose.

After the data was processed in these programs, the output from the program was
imported into a Quattro Pro spreadsheet and compared with the corresponding output
from the sensor. Results of these programs are illustrated in Figs. 17, 18, 19, 20, 21,

and 22 of Chapter 5.
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D.1 Differentiation Method

L2222 2222222222 2222222222222 2222222222222 2222222 2222222222 2¢t22 22 22) ]

* *
* This program takes the temperature response from the Heat Flux *
* Microsensor and differentiates it with respect to time to *
* yield heat flux at each data point. This uses the algorithm *
* developed by Cook and Felderman. *
* *
* *

Je e e e de de Je de d ek vk ek ke d de ek ok Kk g g de gk ok ok vk ok ok sk kK ok vk e e ok o dk ok % g dk ok ok e g k% e b I % e I o ok ok ke

REAL K,RHO,CP,Q(2049),TEMP (2049) ,DATA (2049)
INTEGER TIMEF
PARAMETER (PI = 3.141592654)

oo d¢ % v % d o Je % % % Je 3k I de % d g Sk %k % 3k I e Sk I I e o d g e d ok e b d 3 9k o d v Ik e vk vk o de o % b ok e ok d e v ok sk e e e

* The ASCII data file is opened and an output file is created. *
222222223222 2X22 22X 2222222222 2222222 2222222222 X222 22222222 2 R22X2 22222}
OPEN (9,FILE = 'TT15.ASC')

OPEN (6,FILE = *'TT15.0UT')
E2 2222222222222 2222222232222 2222 2222222232222 222 X222 22 X2 22222222 )

* The thermal properties of the substrate are listed as K, RHO, *
* and CP. The total number of data points in the ASCII file is +*
* given as TIMEF. Units for the thermal properties are W/(cmK), *
* kg/cm~3, and J/(kgK), respectively, so the units will work with+
* the sensitivity's units. *
EE2 2 EE222 2222222223 X222 22222222 22222222322 2222222222232 22222222222 3

K= 1.7

RHO = 3.26E-3

CP = 670.

TIMEF = 2048
L e s 2 T 2 )

* The following do loop reads in each data point from the opened *
* ASCII file and converts the data into surface temperature *
* using the RTS temperature calibration curve. *

AR RS R SRRt 2 R a2 222 22 X222 X X2 2 2 2]

DO 1 I = 1,TIMEF
READ (9,*) DATA(I)
TEMP(I) = 330.83*DATA(I)-291.06
1 CONTINUE
(22222222222 2222222222 2222222 X222 22222 2222222222 222222222 222232222222}
The next do loop performs the numerical expression developed
* by Cook and Felderman to calculate heat flux from surface
* temperature and writes the resultant heat flux for each data
* point to the output file created above. The internal value of
* 0.000391 in the method is the delta t time step. It is
* calculated by dividing the total time of the test by TIMEF,
* the number of data points.
L2222 2222222222222 X222 2222222222 22222222 X2 22222 X222 222232 2X2 222222222}
DO 3 M
QM) 0.
DO 4 L 2, M
Q(M)=Q (M) + (TEMP (L) -TEMP (L-1) ) / (SQRT ( (M-L) *.000391)
* +SQRT((M-L+1)*.000391))
4 CONTINUE
Q(M) = 2.*SQRT(K*RHO*CP) /SQRT(PI) *Q (M)
20 FORMAT (1X,I4,2X,F16.5)
WRITE (6,20) M,Q(M)
3 CONTINUE
STOP
END

* % % % * % %

1,TIMEF

o
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D.2 Duhamel’s Method

LR 2222222222 2222 222222222222 2222222222222 22 2R 2222222222222 2 2R2X22 222

* *
* . This program uses Duhamel's method to integrate the heat flux *
* with respect to time to yield temperature. *
* *

Je de de & de J dk d de ok J v g vk dr de Fe ok de b Ik K Je de e Jr g de P ke gk e sk gk ke v T ok T Je ke de ok I vk ok ke g db e e e v vk e e e de e e ke ke v ke ke
*
*
REAL K,RHO,CP,QDPRME (2049),TEMP(2049) ,DATA(2049)
INTEGER TIMEF
PARAMETER (PI = 3.141592654)
T2 222X 223 2222 X2 X222 22222 X222 X222 222 X2 X2 222 2X2 22 2 2R XX 2 22 222 22222 X 22 X ]

* The ASCII data file is opened and an output file is created. *
(2222 2222222222222 2222222 222222222 22223222 222222222 2222222222222 2222
OPEN(9,FILE = 'TF15.ASC')

OPEN(6,FILE = 'TF15.0UT')
T e e e e ]

* The thermal properties of the substrate are listed as K, RHO, *
* and CP. The total number of data points in the ASCII file is *
* given as TIMEF. Units for the thermal properties are W/(cmK), *
* kg/cm~3, and J/(kgK), respectively, so the units will work with*
* the sensitivity's units. *
L E 2222 2222222222222 22222222222 X2X2 2222222222222 22 2222222222222 222222 2 J

K= 1.7

RHO = 3.26E-3

CP = 670.

TIMEF = 2048
t 2222222222222 2222222 2222222222222 22 22222222222 22222222222 2222 2222 22X
* The following do loop reads in each data point from the opened *
* ASCII file and converts the data into heat flux using the *
* sensitivity of the sensor. The data is multiplied by a factor *
* of 1000 because the ASCII data file gives the output of the *
* sensor in volts. *
LA 2222 X222 Rt 2 R R 2 2 A2 22222222 X222 22222222222 22222 2}
DO 1 I = 1,TIMEF
READ (9,*) DATA(I)
QDPRME(I) = -1.*DATA(I)*1000/23.17625
1 CONTINUE
(2222228222 22222222 222X 222 2222222222222 22 2222222 2222222222222 22222
The next do loop performs the method of superposition, or
Duhamel's method, on the data and writes the resultant
temperature for each data point to the ocutput file created
above. The internal value of 0.000391 in the method is the
delta t time step. It is calculated by dividing the total
time of the test by TIMEF, the number of data points.
L2222 2222222 222222222222 222 222 22222232222 X2 22222 Rt 222222 X222t 2
DO 3 M = 1,TIMEF
TEMP (M) = QDPRME(1) *SQRT((M-.5)*.000391)
DO 4 L = 2,M
TEMP (M) = TEMP (M) + (QDPRME (L) -QDPRME (L~-1) ) *SQRT ( (M-L+1) *.000391)
4 CONTINUE
TEMP (M) = 2./SQRT(PI)/SQRT (K*RHO*CP) *TEMP (M)
20 FORMAT (1x,I4,2x,F12.8)
WRITE (6,20) M,TEMP (M)
3 CONTINUE
STOP
END

* % % % *
* % % ¥ % %
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D.3 Green’s Function

LA 222222 22 SRR R R R R 2R R R R e et i et R s sy

* *
* This program uses Green's Function to integrate the heat flux *
* with respect to time to yield temperature. *
* *

I I YT T YT R YT YRR ST 2ESR 2R S22 22222 AR 22222 2R 2R R R R R X R L
*
*
REAL K,RHO,CP,QDPRME(2049) , THETA (2049) ,DATA (2049) ,ALPHA
INTEGER TIMEF
PARAMETER (PI = 3.141592654)
Y 2 2222222 22222 222322222222 222 232222 22222 2223 22 22 22 2 22 22 L' 2 XL Y X3

* The ASCII data file is opened and an output file is created. *
EET 2222222222 SRS SR RS 22222 22222222t 2222 s2 222222 X222 222X 2 2 ) 23

OPEN(9,FILE = 'TF15.ASC')

OPEN(6,FILE = 'TF15G.0UT')
E R T e R T I R e e ey L)

* The thermal properties of the substrate are listed as K, RHO, *
* and CP. The thermal diffusivity, a combination of the thermal *
* properties, is given as ALPHA. The total number of data points*
* in the ASCII file is given as TIMEF. Units for the thermal *
* properties are W/ (cmK), kg/cm~3, and J/(kgK), respectively, so #
» the units will work with the sensitivity's units. *
(2222222 2822222222222 222X X222 R 2222222222 2222222222222 22 E2 X2 a X X X2 24

K= 1.7

RHO = 3.26E-3

CP = 670.

ALPHA = K/RHO/CP

TIMEF = 2048
(222222222 22 X222 2R222 22222222 2222222222 2222223222222 2222222222222 X 222 2
* The following do loop reads in each data point from the opened *
* ASCII file and converts the data into heat flux using the *
* sensitivity of the sensor. The data is multiplied by a factor *
* of 1000 because the ASCII data file gives the output of the *
*
*

sensor in volts. *

(222 22222 RRRRE222 22222222222 R22 8222 2 il 2 i 2 2222222222222 2222281
DO 1 I = 1,TIMEF
READ (9,*) DATA(I)
QDPRME(I) = ~1.*DATA(I)*1000/23.17625
1 CONTINUE
L2 2222222 X 22 222222222222 222 X2 X222 2322222 2 222 X222 2222222332222 222 R
The next do loop performs the method of Green's function on *
* the data and writes the resultant temperature for each data *
* point to the output file created above. The internal value of *
* 0.000391 in the method is the delta t time step. It is *
* calculated by dividing the total time of the test by TIMEF, *
* the number of data points. *
t2 222222 R 2 2222 X 222 s i 22 R 2 2222 R 22 X222 2 R 2222 22222222 R
DO 3 M = 1,TIMEF
THETA (M)= 0.
DO 4 J =M,1,-1
IF (J.EQ.1l) THEN
THETA (M) =THETA (M) -2 . *SQRT {ALPHA) /K/SQRT (PI) *QDPRME (J)
* *(SQRT(((M-.5)-(J-.5))*.000391) -SQRT ((M-.5)*.000391))
ELSE

THETA (M) =THETA (M) -2. *SQRT (ALPHA) /K/SQRT (PI) *QDPRME(J)
* *(SQRT(((M-.5)~(J~.5))*.000391)=-SQRT(((M=-.5)~-(J-1.5))*.000391))
ENDIF
4 CONTINUE
20 FORMAT (1x,I4,2x,F12.8)
WRITE (6,20) M,THETA(M)
3 CONTINUE
STOP
END
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Appendix E

Dimension Tables for Detailed Drawings

The following tables provide the dimensions for the detailed drawings shown in
Figs. 8 - 11. All dimensions are given in millimeters and inches. Table 4 lists the
dimensions for the sensor housing block diagram illustrated in Fig. 8. Next, Table 5
lists the dimensions for the wall and base supports shown in Fig. 9. The following table,
Table 6, lists the dimensions for the sensor box detailed in Fig. 10. The last table, Table

7, lists the dimensions for the shutter and slide supports illustrated in Fig. 11.
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Table 4. Dimensions for Detailed Drawing of Sensor Housing Block

LETTER DIMENSIONS (mm) DIMENSIONS (in.)

A 19.050 + 0.254 0.750 £ 0.010

B 9.525 + 0.254 0.375 + 0.010
“ C 12.70 0.500

D 57.150 + 0.254 2.250 + 0.010

E 66.675 + 0.254 2.625 + 0.010
I F 4.763 + 0.254 0.1875 + 0.010

G 9.525 0.375

H 0.794 0.03125

I 12.70 £ 0.254 0.500 £ 0.010

J 38.10 + 0.254 1.500 + 0.010

K 50.8 2.000

L 9.91 + 0.254 0.390 + 0.010

M 38.1 1.500

N 15.88 + 0.254 0.625 + 0.010

o 19.050 0.750

P 76.2 + 0.254 3.000 £ 0.010

Q 11.11 £ 0.254 0.4375 + 0.010

R 65.09 + 0.254 2.5625 + 0.010
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Table 5. Dimensions for Detailed Drawings of Wall and Base Supports

ITﬁLE’ITER DIMENSIONS (mm) DIMENSIONS (in.)
A 38.10 + 0.254 1.500 + 0.010
B 19.050 + 0.254 0.750 + 0.010
C 9.525 + 0.254 0.375 £ 0.010
D 19.689 + 0.254 0.775 + 0.010
E 57.150 + 0.254 2.250 + 0.010
F 6.60 0.260
G 6.86 0.270
H 342.90 + 0.254 13.500 + 0.010
I 6.35 + 0.254 0.250 + 0.010
J 66.675 + 0.254 2.625 + 0.010
K 76.2 + 0.254 3.000 + 0.010
L 12.70 + 0.254 0.500 + 0.010
M 6.35 0.250
N 28.58 + 0.254 1.125 + 0.010
0O 15.88 + 0.254 0.625 + 0.010
| P 12.70 0.500
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Table 6. Dimensions for Detailed Drawing of Sensor Box

DIMENSIONS (in.)

LETTER DIMENSIONS (mm)
A 127.00 + 0.254 5.000 + 0.010
B 6.35 0.250
C 66.675 + 0.254 2.625 + 0.010
D 4.763 + 0.254 0.1875 + 0.010
E 7.144 + 0.254 0.28125 + 0.010
F 61.91 + 0.254 2.4375 + 0.010
G 76.2 + 0.254 3.000 + 0.010
H 65.09 + 0.254 2.5625 + 0.010
I 11.11 + 0.254 0.4375 + 0.010
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Table 7. Dimensions for Detailed Drawing of Shutter and Slide Supports

LETTER DIMENSION (mm) |  DIMENSION (in) |
A 190.50 + 0.381 750 + 0.015 |
B 50.8 + 0.254 2.000 + 0.010
C 107.95 + 0.254 4.25 + 0.010
D 6.60 0.260 |
E 6.86 0.270
F 151.89 + 0.254 5.980 + 0.010
G 9.525 + 0.254 0.375 + 0.010
" 19.050 + 0.254 0.750 + 0.010
I 180.98 + 0.381 7.125 + 0.015
7 6.35 0.250
K 75.69 + 0.127 2.980 + 0.005
L 50.8 + 0.254 2.000 + 0.010
M 38.10 + 0.254 1.500 + 0.010
N 12.70 + 0.254 0.500 + 0.010
0 6.35 + 0.254 0.250 + 0.010
P 57.150 + 0.254 2.25 + 0.010
Q 76.2 + 0.254 3.000 + 0.010
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