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ABSTRACT

Thermally-induced convection heat transfer is
investigated in a series of experiments and by numerical
modeling. Applications and potential importance of this
process are discussed for both gravity and microgravity.
The design of an in-space experiment for studying the
process in microgravity is presented.

Heat transfer in air enclosed between two parallel
plates and subjected to rapid heat addition from the upper
plate is investigated experimentally. The transient fluid
temperature was measured using a new and unique optical
technique developed for this purpose. The temperature
along a cross-section of the test volume was found by
measuring the refractive effects on a planar laser sheet
that traversed the test volume. The heated plate
temperature was measured by thermocouple.

The optical temperature measurement technique is
adapted for the in-space experiment design. A system
consisting of a series of prisms that amplifies the laser
deflection is presented. This is necessary since the
space experiment must be contained in a small volume. The
ground experiments demonstrate that the experimental
technique is suitable and feasible to implement in a space

experiment.
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Numerical modeling of the process is investigated by

first analyzing previous numerical work. Shortcomings of
the previous work are discussed and several changes are
introduced that improve the accuracy of the numerical
scheme. Secondly, an alternative numerical scheme is
presented that neglects the acoustic velocity
perturbations. The convective effects of the bulk motion
generated in the fluid by the heat addition are calculated
by requiring that continuity be satisfied in a spatially
homogeneous pressure field. The momentum equations are
eliminated in this scheme, so the numerical solution is
greatly simplified.

The results of the latter numerical model are
compared with the experimental results. Good agreement is
found for short times, but at longer times the
experimental temperatures are below the numerical results.
The numerical model is also compared with other previous

numerical and analytical works.
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CHAPTER 1

INTRODUCTION

1.1 Background

When a compressible fluid is subjected to a large
sudden heat flux, a localized expansion of the fluid
occurs which results in acoustic-type fluid velocity
perturbations which are superimposed on a bulk velocity
field. The heat flux may occur at a boundary as in direct
heating of a wall or, as in the case of cryogenic fluid
transport, sudden contact with a surface at room
temperature. Heat addition may also occur as a result of
chemical reaction within the flow. Immediately after the
initiation of the heat flux, the temperature of the fluid
adjacent to the heat source increases rapidly as a result
of conduction heat transfer. The temperature increase
causes a volume expansion (with an effect similar to that
of a moving piston) which, in turn, increases the local
fluid pressure. The resulting pressure waves travel
through the fluid medium at the local speed of sound.
These pressure waves, which are of thermal origin, may be
termed thermoacoustic or thermoconvective waves. In
addition to the acoustic-type fluid motion which occurs on

a fast acoustic time scale, there is also a bulk fluid



motion which develops on a slower conduction time scale as
the fluid responds to the changing temperature and
pressure fields. This bulk fluid motion and the
superimposed acoustic-type motion add a convective heat
transfer mode to an otherwise quiescent fluid.

If the rate of heat addition is sufficiently large,
the resulting thermally~-induced motion may have
significant effects, especially in a microgravity
environment where natural convection is usually
negligible. The effects will generally be greatest in a
fluid near the critical point where thermodynamic and
transport properties are strong functions of temperature.
Technological processes where this thermally-induced
motion may be important are numerous. Cryogenic fluid
storage and transfer systems experience large sudden
temperature changes in transfer lines and in filling of
storage containers. Accurate prediction of heat transfer
rates in cryogenic systems are especially critical for
spacecraft applications. Water or other fluids near the
critical point may experience significant oscillations in
applications such as steam power generation or
refrigeration systems. Combustion systems can also
experience strong acoustic oscillations which can affect
the flow field and possibly degrade performance of the
system. Space-based manufacturing processes where precise

knowledge of heat flux may be required may also be



influenced by thermally-induced convective motion if

temperature gradients are sufficiently large.

1.2 Literature Review

Historical

The interaction between heat transfer and sound waves
was first observed in 1850 by Sondhauss and in 1859 by
Rijke as reported by Feldman [1,2]. Sondhauss noted that
glassblowers' blowing tube would often "sing" when the
glass bulb was heated. Rijke found that a tone was
produced when a heat source was placed in the lower half
of a vertical open-ended tube. The criterion for
sustaining thermally-induced acoustic vibrations was given
by Lord Rayleigh (3] as, "If heat be given to the air at
the moment of greatest condensation or taken from it at
the moment of greatest rarefaction, the vibration is

encouraged."

Experimental--gqravity environment

Many experiments have been performed to measure the
acoustic response to a temperature disturbance in a fluid
or the effect of an acoustic field on heat transfer and
fluid flow. Selected experimental observations are

briefly discussed below.




Thermally-induced oscillations or convective heat
transfer effects have been observed in several cryogenic
systems in a gravity environment. Large oscillations were
observed by Clement and Gaffney [4] when filling a flask
with liquid helium using a transfer siphon. In these
experiments the temperature of the cold end of the siphon
was the boiling point of helium in the vented storage
vessel and the hot end was at room temperature. It was
found that the temperature distribution along the length
of the tube is the key parameter determining oscillation
frequency.

Density waves have been measured in supercritical
helium flowing in high aspect ratio channels designed to
cool superconducting power transmission lines by Daney,
Ludtke and Jones [5]. Unstable density waves were
observed as temperature (density) disturbances move down
the heated channel at the fluid velocity producing flow
and temperature oscillations. It was noted that the
growth of thermal pulses occurs because warmer (less
dense) fluid experiences greater heating per unit mass for
constant wall heat flux thus enhancing the growth of the
thermal pulse. Temperature oscillations as high as 11°K
were observed which could result in the failure of a
superconducting power transmission system if the
superconductor reaches its transition temperature.

Acoustic signals generated by a laser-induced

transient heat pulse have been directly measured by




Carome, Clark and Moeller [6]. Thermally-induced acoustic

oscillations were measured for supercritical water flowing
through horizontal small bore tubes with uniform heat flux
by Stewart, Stewart and Watson [7]. The water was at a
pressure of 250 bars flowing with Reynolds numbers between
48000 and 90000. Oscillations were identified with
standing pressure waves in the test section. Test section
axial wall temperature had significant maxima and minima
when oscillations occurred compared to a linear profile
before oscillations. Heat transfer coefficients varied up
to 100% between these maxima and minima.

Welsh, et al. [8] discuss several experiments
describing the influence of sound in flow and heat
transfer test rigs. Sound levels between 70 and 95 dB
generated by the flow, but not obviously apparent to the
experimenter, can alter both the flow and heat transfer
characteristics. Resonant acoustic modes can "feed back"
onto regions of separated flow with a resulting increase

in heat transfer and aerodynamic drag.

Experimental--microgravity environment

There is a limited amount of experimental information
on thermally-induced convection heat transfer processes in
microgravity conditions. Low heat flux experiments were
carried out in space and other work has been done in drop

tower facilities and aboard KC-135 flights.



The first experiments to measure heat transfer in a

low gravity environment were the Heat Flow and Convection
experiments performed on Apollo flights 14 and 17. The
Apollo 14 experiments [9] indicated a significant increase
in heat transfer over that expected from pure conduction,
however, improved versions of the experiments on

Apollo 17 [10] showed no significant increase. Grodzka
and Bannister concluded that the heat addition rate of 5
watts was too low to generate significant convective
motion and that higher heat transfer rates on Apollo 14
were probably caused by g-jitter which was more severe on
that flight.

Experiments were performed by Parang and Salah-
Eddine [{11,12] using the Two-Seconds Zero-Gravity Drop
Tower facility at NASA Lewis Research Center. Air at
atmospheric pressure and ambient temperature was enclosed
in a cylindrical geometry and was heated rapidly at one
boundary during the two second experiment time.
Approximately 3.6 kW was applied to the boundary surface
raising it to a temperature of 1400°F in two seconds. The
transient air temperature was measured along the axis of
the cylinder using thermocouples. The spatial temperature
distribution was corrected for radiation-induced error and
compared with a numerically calculated conduction-only
temperature solution. The results indicated a heat
transfer rate significantly higher than that calculated

from the pure conduction solution. The measured heat



transfer rate was, however, much less than the rate

predicted by other numerical models. These experiments
were repeated in a one-g environment without significant
deviation of the results from the zero-g results. Parang
and Catt [13] continued the work in a one-g environment by
performing vacuum tests as well as tests in air to measure
the radiation-induced error. It was found that vacuum
tests produced higher thermocouple temperatures than air
tests suggesting that thermally-induced air motion
actually cools the thermocouples. This implies that the
thermocouples were heated entirely by radiation even for
the tests in air. Parang and Catt used this cooling
effect to measure thermally-induced convection and found
that there was significant bulk fluid motion. It is clear
from these results that accurate air temperature
measurements using thermocouples are difficult if not
impossible to obtain.

Giarratano, et al. [14] performed an experimental
study that was flown on a NASA KC-135 aircraft where
approximately 25 seconds of low-gravity experimental time
is available. A narrow strip of titanium was heated by an
electric pulse in a test cell containing Refrigerant-13.
The transient temperature profile of the fluid adjacent to
the heated strip was measured using diffuse~-light
holographic interferometry. The accuracy of the data was
difficult to assess because of experimental limitations on

the KC-135. Ground experiments were also performed and



the results compared to a constant pressure (i.e. no

acoustic fluid oscillations) numerical model. The
experimentally determined fluid temperature profiles
(valid during the 70 milliseconds before the onset of
natural convection) were consistently lower than those

predicted by the numerical model.

Analytical and Numerical

There have been many theoretical investigations of
the effect of boundary temperature variations on a
compressible fluid. Trilling [15] studied the effect of a
sudden temperature jump at the closed end of a semi-
infinite gas-filled pipe. A linear perturbation analysis
was used to show that the boundary temperature jump causes
a local gas expansion which acts much like a moving
piston. The resulting pressure pulse has sonic velocity
with intensity proportional to the boundary temperature
disturbance and inversely proportional to the fourth root
of distance traveled.

Chu [16] developed a linear model of the flow field
in a constant cross-section tube with heat addition at a
single plane. For a moderate rate of heat release the
problem is reduced to that of a moving piston. An exact
solution to the nonlinear equations is given for uniform
heat release at a constant rate. A solution is given for
the strength of the resulting shock waves in terms of the

constant rate of heat release. Chu and Ying [17,18]



solved the nonlinear equations for a perfect gas in a pipe

closed at both ends with a plane heater at the midsection
for two special case heating conditions.

Rott [19] reviewed the theory for several
thermoacoustic phenomena. Unstable configurations in
which large amplitude acoustic oscillations are maintained
by heated surfaces and the production of heat by sound
which involves the effect of thermoacoustic streaming is
investigated. The study of heat transfer by
thermoacoustic streaming was continued for the case of an
oscillating gas at the closed end of a tube [20].

The response of an ideal gas to moderate boundary
heating and to rapid boundary heating was investigated by
Kassoy [21] and Radhwan and Kassoy [22], respectively.

The gas is confined by infinite parallel walls and
subjected to a heat addition at both boundaries. Gravity
is neglected in both cases. Solutions are developed using
the singular perturbation method employing a small
parameter defined by the ratio of a rapid acoustic time
scale and a slow conduction time scale. On the acoustic
time scale, the problem is shown to consist of thin
conductive boundary layers adjacent to the walls and an
isentropic core where pressure waves travel back and
forth. As time progresses, the conductive boundary layers
grow on the conduction time scale of the confining slot.
In the case of rapid boundary heating, the transient rate

of heat transfer to the compressible gas is shown to be



significantly greater than for an equivalent rigid

material.

Thermally driven acoustic oscillations are common in
cryogenic flow lines because of the high temperature
gradients that are often present. Liburdy [23] analyzed
helium flowing at a constant rate through an annular gap
in a constant diameter tube. The tube wall boundary
temperature experiences a sudden temperature jump from the
cold upstream section to the hot downstream section. The
annular configuration was studied because it is known that
a rod inserted into a flow line has a stabilizing effect.
A first order perturbation expansion of the conservation
equations was used to determine the range of stable flow.
It was found that the range of hot-to-cold temperature
ratios that produce unstable acoustic oscillations is
decreased as the annular gap size is decreased. Heat
transfer to a compressible fluid confined in a small tube,
such that the induced fluid motion is parallel to the heat
transfer surface, was investigated by Arp and
Persichetti [24]). The complete conservation equations for
one-dimensional flow in the axial direction are solved
numerically.

A fluid bounded by a wall on one side and otherwise
unbounded and with a gravity field and temperature
gradient parallel to the wall, requiring that there be no
natural convection, was considered by Luikov and

Berkovsky [25]. The wall velocity and temperature are

10



varied harmonically. It is shown that weakly damped

thermal and shearing waves (waves transported solely by
thermal conductivity and viscosity rather than acoustic
type waves) may propagate under certain conditions. Keck
and Schneider [26] considered compressibility effects in a
similar problem. They showed that conditions required for
the propagation of thermal and shearing waves leads to
unstable conditions such that natural convection would
dominate. If the fluid is bounded vertically, however,
thermal and shearing waves may propagate. The interaction
of thermal and shearing waves with acoustic waves was also
investigated.

Larkin [27], and later Spradley, et al. [28], used a
finite difference approximation to solve the governing
equations for an ideal compressible gas confined between
two infinite walls. The walls and the enclosed fluid are
initially at a constant temperature T, and at time t=0 one
of the walls is instantly raised to a large constant
temperature T,. Thermal fluid properties are assumed
constant and gravity is neglected. 1In each case pressure
waves propagate back and forth between the walls at the
speed of sound. The transient temperature profile results
are similar in the two studies and they both indicate that
the acoustic motion strongly enhances the rate of heat
transfer. However, the velocity amplitude obtained by
Larkin is about an order of magnitude higher than that of

Spradley, et al. The unexpectedly rapid fluid temperature

11



change toward steady state predicted by these models is a

key reason for interest in thermally-induced convection
heat transfer processes and a primary motivation for the
present study. Spradley and Churchill [29] extended the
study to include gravity effects in two-dimensional flow.
The zero-gravity case is equivalent to the previous one-
dimensional work and produced the same results.

A scaling analysis of the problem similar to that
studied by Larkin and Spradley, et al. was performed by
Krane and Parang [30]. They discussed various time scales
in the problem and demonstrated that the fluid temperature
distribution is dominated by conduction terms long before
the pressure waves dissipate. The governing equations for
the problem considered by Larkin and Spradley, et al. were
scaled in this study, but no attempt was made to solve the

resulting normalized equations.

1.3 The Present Study

There is a considerable amount of experimental data
that demonstrates the presence of thermally-induced
convective motion, including limited quantitative data for
certain geometries for cryogenic fluids and critical
pressure water as previously discussed. However, only a
few experimenters have attempted to measure the spatial

and temporal temperature variation in a fluid experiencing

12



a thermally-induced mechanical response. The

investigations of Parang, Salah-Eddine and Catt [11,12,13)
were limited primarily because of the impossibility of
shielding thermocouples in the highly radiative
environment required to produce significant
thermoconvective effects. Zero-g experiments were also
limited to just two seconds duration. The experimental
work of Giarratano [14] was limited to less than 0.1
seconds on the ground because of the onset of natural
convection and zero-g experiments aboard the KC-135 failed
to produce very accurate temperature measurements because
of in-flight experimental constraints.

The main focus of this investigation is to provide
accurate measurements of the transient spatial temperature
profile of air adjacent to a rapidly heated wall. This
includes the results of ground experiments performed in
support of the design of a microgravity space experiment.
The experimental data can be used to develop accurate
modeling of the phenomenon and help enhance the
understanding of the fundamental process occurring in a
fluid subjected to rapid heating at a boundary. An
optical method was used to measure the air temperature.
The optical system that was developed is essentially a
modified Schmidt-schlieren system which is capable of
measuring the fluid temperature gradient along a cross
section of the test section [31]. The modification of the

Schmidt-schlieren system provides a direct and accurate

13




measurement of the spatial variation of the fluid index of

refraction. This data is then used to calculate one-
dimensional transient air temperature profiles. This new
and unique method, to the author's knowledge, has not
previously been used for fluid temperature measurement. A
brief study of the feasibility of using this temperature
measurement technique in other applications is given in
Appendix A.

Chapter 2 describes the experimental apparatus,
including the optical temperature measurement system. The
experimental data, the analysis required to obtain spatial
temperature profile results, and the results themselves
are presented in Chapter 3. Chapter 4 contains a
description of the preliminary design of a space
experiment performed for NASA Lewis Research Center.

Chapter 5 includes an analysis of the numerical
scheme of Spradley, et al. followed by the description of
a simple numerical model based on control volume
formulation which predicts thermally-induced convective
heat transfer. The numerical scheme considers the bulk
motion of the fluid in response to the slowly changing
_temperature and pressure fields, but neglects the acoustic
disturbances that develop on the fast acoustic time scale
of the problem. This simplification avoids some of the
difficulties encountered in previous numerical modeling
efforts. Comparison is made between these two numerical

schemes and the present experimental data in Chapter 6.
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Also, the present numerical work is compared to the
results of the perturbation analysis of Radhwan and
Kassoy [22]. Finally, the report is completed by
concluding remarks and suggestions for further study in

Chapter 7.
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CHAPTER 2

EXPERIMENTAL INVESTIGATION

2.1 Overview

The main objective of the experimental investigation
was to measure the transient temperature of air as a
function of distance from a rapidly heated wall.
Knowledge of the air temperature profile allows an
assessment of the relative importance of conduction and
thermally-induced convection heat transfer. The
convective motion of the air consists of both acoustic-
type velocity oscillations and the bulk motion of the
expanding gas. A schematic of the experimental apparatus
is shown in Figure 2-1.

A test section, or heated cavity, with a heated
surface located on the top wall was designed and
constructed for the experiment. Locating the heated wall
on top minimized the effects of gravity-induced
convection. The side walls were insulated to provide an
approximately one-dimensional environment. The transient
temperature profile of the air was measured by measuring
the deflection of a laser beam caused by refraction as the

beam passed through the heated air. The transient
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deflection of the laser beam was recorded with a video

camera.
The temperature of the walls of the test section,
especially the heated wall, was measured by thermocouples.
The temperature of the side walls was measured so that
three-dimensional effects could be considered in the
analysis of the experimental data. The pressure in the
sealed test section, which provides an indication of the
total energy transfer from the heated wall to the air, was

measured with a pressure transducer.

2.2 Heated Cavity

The heated cavity apparatus provided a surface that
was capable of quickly reaching high temperatures and a
test section in which one-dimensional heat transfer and
fluid flow was approximated. A schematic of the heated
cavity apparatus is shown in Figures 2-2 and 2-3.
Detailed drawings of the heated cavity apparatus are in
Appendix B.

The heated cavity apparatus included a heater element
(heated wall) that consists of 0.001 inch thick stainless
steel foil. Electrical connections to the foil were made
through copper busbars that were clamped across the full
width of each end of the heater element. One of the

copper busbars was free to slide on a spring assembly
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which pushed on the sliding busbar so that tension was
maintained in the heater element. This was necessary to
minimize deformation of the heater element caused by
thermal expansion. The heater system was mounted to the
top wall. The sides of the cubical heated cavity volume
adjacent to the heated wall were 4 inches long. The top,
bottom and two side walls were steel. The other two side
walls were plexiglass to provide parallel transparent
surfaces for optical temperature measurement. The two
steel side walls were insulated with one inch of a high
temperature resistant fiber material and the two
plexiglass walls were insulated with 1/4 inch thick glass.
The cavity was sealed to provide for accurate air pressure
measurement.

Power to the heater element was supplied by two
large 12-volt DC batteries connected in parallel.
Variable resistance was added in the power circuit as a
means of controlling and selecting the desired voltage
drop across the heated wall.

A critical design element of the heated cavity
apparatus was the heater element. Maintaining a flat
heater element surface is essential since significant
deformation would cause fluid motion that may alter or
mask the thermally-induced motion. An alternative to the
stainless steel foil design described above is a very
thin, vacuum-deposited layer of conductive material on an

insulator as described by Robben, et al. [32]. This has
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the potential advantage of maintaining a very flat surface
throughout heating, but reliability may be reduced because
of the possibility of bubbling or peeling of the
conductive layer.

The size of the test section was an important
variable in the experiment design. Critical factors
affected by the test section size include the heat
generation rate in the heater element, size and accuracy
of the laser deflection measurement, and the one-
dimensional flow approximation. The test section size is
especially critical for the space experiment design, so
further details concerning the size selection criteria are
deferred to Chapter 4.

The test section was instrumented with thermocouples
and a pressure transducer. Two chromel-alumel (Type K)
thermocouples with a 0.015 inch bead on 0.005 inch
diameter leads were spot-welded to the heated wall
approximately 3/4 inch away from and on opposite sides of
the center of the heated wall. It is important that a
single bead be attached to the heated wall rather than two
separate leads because of the voltage potential across the
heated wall. An unbonded strain gage pressure transducer
was also connected to the test section on the wall
opposite the heated wall. The thermocouples and pressure
transducer were connected to a Hewlett Packard 3497A Data
Acquisition and Control unit which was connected in series

with a Hewlett Packard 9826 computer. The computer was
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programmed to read the voltage outputs from the
thermocouples and pressure transducer and record the
elapsed time. The temperatures and pressure were then
calculated from calibration curves.

In separate experimental runs, instrumentation was
provided to measure the temperature boundary conditions.
The temperature of the heated wall was measured in various
locations by six thermocouples as shown in Figure 2-4.
The 12 thermocouple leads were not insulated because of
the high temperature environment. It was, therefore,
quite difficult to spot-weld them to the surface so that
none of the leads touched each other.

The temperatures of the side walls and bottom wall
were measured with fifteen 0.002-inch chromel-alumel
thermocouples; nine on the glass side wall, five on the
insulated side wall and one on the bottom wall. The
locations of the side wall thermocouples are shown in
Figure 2-5. The thermocouples on the glass wall were
attached with a very small amount of epoxy and shielded
from radiation by a thin piece of insulation. The
thermocouples on the side wall insulated with fiber
material were slightly imbedded in the insulation and also
shielded by a thin piece of insulation. The thermocouple
on the bottom wall was spot-welded near the center of the

wall.
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2.3 Optical Temperature Measurement Method

An optical temperature measurement method was
selected in this experiment for the measurement of fluid
temperature. A schematic of the experimental apparatus,
including the optical system is shown in Figure 2-1. The
optical system consists of a modified Schmidt-schlieren
system which is capable of measuring the air temperature

gradient along a cross section of the cavity.

Justification of Optical Temperature Measurement

The optical temperature measurement method is
preferred over temperature measurement by thermocouples

for several reasons which include:

a) Radiation Error =-- Thermocouples with a view of the
heated wall absorb a significant amount of radiative
energy. Previous experimental work [13] has shown
that thermocouples may be heated by radiation to such
an extent that they may achieve a higher temperature
than the surrounding air. Therefore, large errors
may be introduced in the measurement of fluid
temperature. Thermocouples could be shielded from
incoming radiation, but this would severely interfere
with the induced flow convection.

b) Time Response -- The time response of even very small

thermocouples (0.0005 inch bead) in the relatively
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low velocity air flow may introduce large errors in
the acoustic time scales of the experiment. Also,
very small thermocouples are generally difficult to
install and handle especially for fluid temperature
measurement. The time response of optical methods is
essentially instantaneous.

c) Interference -- thermocouples and thermocouple wiring
are, of course, intrusive.

d) Simplicity -- Thermocouples are easier to use except
for possible difficulties with mounting very small

thermocouples.

Generation of the laser Sheet

The laser sheet was slanted at an angle from the
heated surface in order to measure the laser deflection as
a function of distance from the heated wall. The laser
sheet passed through the test section as shown in
Figure 2-6. With this incident angle and orientation, the
beam deflection could be measured at any distance from the
heated wall. Assuming that the temperature gradients
parallel to the heated wall were zero, the deflection of
the beam was away from and perpendicular to the heated
wall.

The angle § of the laser sheet, measured from a
perpendicular to the heated wall, was chosen based on the

following considerations:
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a) The resolution of distance from the heated wall is

proportional to tanf. (If =0, it would not be
possible to determine the amount of deflection at a
given distance from the wall at all.)

b) The maximum range of distance from the heated wall
that can be measured is w(cosf), where w is the
expanded width of the laser sheet.

c) Minimizing three dimensional (wall) effects requires
the laser to be at a distance of w(sinf)/2 from the
centerline or at (W - w(sind))/2 from the side walls

(W is defined in Figures 2-2 and 2-6).

Clearly, (a) improves with larger 6 and (b) and (c)
improve with smaller #. The actual size of § was
determined by balancing the above considerations with
regard to the size of the test section and the width, w,
of the laser sheet. For a 4x4 inch test section and w=2.0
inches, the value of 0=37° was found suitable and
selected.

The laser sheet was produced as shown in Figure 2-7
using a 5 milliwatt red He-Ne laser with a beam diameter
of 0.83 mm and divergence of 0.97 mrad. The beam
expander/collimaﬁor consisted of two spherical lenses with
focal lengths of 36 mm and 125 mm. The focal point of
each lens was at the same location, so the resulting beam

was parallel with a diameter of
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d, = d,

(2-1)

fsl

where d, is the original laser beam diameter and d, is the
diameter after the lenses. The focal lengths f, and £,
are for the first and second spherical lenses,
respectively. This results in d,=2.88 mm. Diffraction
effects cause an initially parallel beam to diverge. The
effect decreases with increasing diameter, so expanding
the beam reduces its divergence. The net result is a
narrower beam image at the screen.

The collimated, circular beam passes through a
negative (concave) cylindrical lens with a focal length of
-6.35 mm. This lens causes the beam to diverge in one
direction only so that an expanding laser sheet is
created. This expanding sheet then passes through a
positive (convex) cylindrical lens with a focal length of
300 mm. The focal point of the second (positive)
cylindrical lens was slightly farther from the test
section than that of the first (negative) cylindrical lens
so that the resulting laser sheet expanded slightly after

exiting the lens system with a width, w, given by

fc4

. (2-2)

w=d,
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where f; and £, are the focal lengths of the third and
fourth (the two cylindrical) lenses, respectively. This
results in w=136 mm, however, since the height of the
second cylindrical lens was only 50 mm, effectively, w=50
mm. The thickness t of the laser sheet is t=d,=2.88mm.
The slight expansion of the width of the sheet had a
negligible effect on w at the test section, but provided
an elongated image at the screen for better resolution of
distance from the heated wall. Both of the cylindrical
lenses were tilted to an angle of #=37° relative to the
test section to produce the laser sheet oriented as shown
in Figure 2-6.

After the test section the beam was reflected off a
series of three plane mirrors, as shown in Figure 2-1, so
that the total length z, from the test section to the
screen was 72.2 feet. This long path length past the test
section was necessary to provide the needed sensitivity in
the measurement of beam deflection. A video camera was
used to record the image of the laser sheet on a white
screen. The video camera took 30 images per second for a
time least count of 0.033 seconds. Fixed reference
markers were used on the screen to make it easier to
identify the undeflected position of the laser image

during video image processing.

32



The Relationship between Laser Deflection and Temperature

If measuring the deflection of the laser sheet is to
be useful, its relationship to the temperature of the air
must be known. The deflection of the beam is the result
of refraction, so it is the index of refraction (or its
derivative) that is actually measured. For a homogeneous
transparent medium, the index of refraction n is primarily
a function of density as given by the Lorenz-Lorentz

relation:

2 .

1(ni-1).¢ (2-3)
P\n2+2

where C is a constant. When n is close to 1 (which is

true for air), this reduces to the Gladstone-Dale

equation

C = = _© (2-4)

where n, and p, are the index of refraction and density,
respectively, at standard temperature. The Gladstone-Dale
constant C depends on the particular gas and the
wavelength of the light source used in the optical system.

The wavelength dependence is, however, small.
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The refraction of light is actually a result of

changes in the index of refraction, so from Equation (2-4)

@ £ —(no-l) QE 2-5
3 - (2-3)

where y is in the direction perpendicular to the light
source as shown in Figure 2-8. For an ideal gas p=P/RT,
and if P is not a function of y (note that acoustic
pressure disturbances are small compared to the mean

pressure as shown in Appendix C)

d P OT
& R & (2-6)
Combining (2-5) and (2-6) gives
dn (ng-1) p ar
_— = - e (2=7
dy Po RT?2 Oy (2=7)

If the deflections are small and dn/dz = dn/dx = 0 and
n=1l, the path of a light ray through the test section is
given by [31]
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b
<

(2-8)

2l

QL
N
»

These assumptions can be easily justified for air and with
the selection of L (length of the test section in the z
direction) equal to 4 inches. If in addition the
deflection is small, dn/dy is not a function of 2z, so
integration over the length of the test section gives the

slope of the beam at the exit of the test section:

9y) - on -
az)e L (2-9)
Integrating again gives
2
v, = % L? (2-10)

After exiting the test section the light travels in a
straight line, so with the slope given in Equation (2-9)

one obtains

Vs = Ve +%n L(Zs - —) (2-11)
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where y. is the laser beam deflection at the exit of the
test section, 2, is the length of the path to the screen,
and y, is the deflection at the screen as shown in

Figure 2-8. Equations (2-7), (2~-10), and (2-11) can now

be combined to give

(n,-1) PLz, 3T
= 0 s ¢ 2-12
Vs Po RT2 Oy ( )
or
g _ ___P, _ RT?y, 2-13
EY (n, -1) PLz, ( )

Equation (2-13) relates the temperature and its derivative
to the deflection at the screen in terms of other known
quantities (recall that the mean pressure, P, is directly
measured as a function of time). With the wall
temperature known from thermocouple measurements,

Equation (2-13) can be used along with measured laser
deflection varying with y to determine temperature as a
function of y at any given time. The numerical

integration of Equation (2-13) is discussed in Chapter 3.
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2.4 Procedure

Experiments were run with four different levels of
power applied to the heated wall which are referred to as
(a) low, (b) medium low, (c) medium high, and (d) high
power. Three runs were made for each power level, and the
results were averaged before presentation. Quantitative
data for the power and heated wall temperatures are
presented in Chapter 3.

The data acquisition computer program provided the
thermocouple temperatures, the pressure and the elapsed
time since the beginning of data acquisition. The actual
start time of the run could be determined from the
beginning of the rise in temperature. The video camera
also provided an on-tape elapsed time from the instant the
camera was turned on. Again, the actual start time could
easily be determined from the initiation of the deflection
of the laser.

The next task was to determine the laser deflection
from the video tape. Using an IBM AT compatible PC with a
PCVision Plus image processing card and Werner Frei

Associates image processing software along with a high
| resolution television monitor, it was possible to obtain a
series of digitized images at various selected times from
the video tape. These images were then enhanced to
improve the visibility of the laser sheet image, and the

location of the laser sheet was then measured with a mouse
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pointer. Deflection measurements were taken at times of

0.5’

1.0, 2.0, 5.0, and 10.0 seconds after initiation of

heating. The following steps were taken to get the

detailed measurements:

a)

b)

d)

The number of pixels per length in each direction was
determined directly from marks on the screen that
were spaced six inches apart.

The image was zoomed to include only the deflected
beam. With the ratio of the size of the original to
the zoomed image known, the number of pixels per
length was determined in each direction. There were
approximately 80 pixels/inch in the z direction
(perpendicular to the deflection direction) and
approximately 60 pixels/inch in the y direction
(along the deflection direction).

The coordinates of the top edge of the undeflected
laser sheet image were established before heating.
The top edge of the image was the edge adjacent to
the heated wall.

The frames were counted at 30 frames/second to locate
the frame at the selected time of interest.

The y and z pixel location of the top edge of the
deflected laser sheet was recorded for each selected

time of interest.
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From this recorded set of information, the deflection
versus distance from the heated wall for a given time was
determined as described in Chapter 3.

Separate runs were made to get temperature boundary
conditions. One run at each power level was made to
measure the temperature of the heated wall at various
locations. These runs also measured the voltage drop
across the heated wall and the current to obtain the
power dissipation of the heated wall. Another run at each
power level was made to measure the side wall temperatures
at various locations. These runs, of course, did not

involve the laser or video camera.
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CHAPTER 3

EXPERIMENTAL ANALYSIS AND RESULTS

This chapter describes the results of the
experimental investigation. The data that is presented
includes power consumption, heated wall temperature,
pressure, and laser deflection; all of these were measured
directly in the experiment. These directly measured
guantities are analyzed and the data is processed to
obtain transient temperature profiles for the enclosed
air. The experimental analysis and the resultant air
temperature profiles along with error analysis are
presented in this chapter. Finally, the chapter is
concluded by presenting the results of flow visualization
and transient one-dimensional air velocity measurement

within the cavity.

3.1 Power Consumption

The voltage drop and current through the heater
element were measured for each of the four power level
runs performed in the experiment. The current was highest
at the beginning of each run before leveling off after

about 1 second. This is the result of increasing
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resistance of the heated wall and the external resistor
with temperature. Figure 3-1 shows a plot of current as a
function of time for each power level. The voltage drop
across the heater element decreased only slightly (+5%)
with time. The nominal voltage for each power level was

(a) Low power 3.7 volts

(b) Medium low power 5.7 volts

(c) Medium high power 7.0 volts

(d) High power 10.4 volts.
The resulting power consumption at each level is shown in
Figure 3-2. After an initial drop in power (a maximum of
approximately 15%) that occurred within one second, the
power remained steady with values that ranged from
approximately 300 Watts for the low power case to 2000

Watts for the high power case.

3.2 Heated Wall Temperature and Measured Pressure

The HP computer was programmed to read the voltage
output from the two thermocouples attached to the heated
wall and the pressure transducer. The output consisted of
the two thermocouple temperatures, pressure and the time
for each reading. Each reading, however, required
approximately 0.15 seconds, so the actual time associated
with each value varied slightly from the recorded time.

The actual time for each value was determined by linear
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interpolation between the recorded times. The data for
each run at a given power level and for a given
thermocouple were very repeatable (maximum difference in
temperature rise less than 2%), however, one of the
thermocouples consistently read a temperature 50 to 60°F
above the other after 2 or 3 seconds. This is less than
9% of the total temperature rise for the low power case
and a smaller percentage for higher power levels. It can
be shown that the difference between the thermocouple
temperature and the local heater element temperature is
negligible. The average of the two thermocouple readings
was taken as the temperature of the center of the heated
wall.

Since the laser sheet traverses the length of the
test section between the glass side walls, it essentially
averages conditions along its path. Therefore, it is
necessary to determine the average temperature of the
heated wall between the glass walls. Figures 3-3
through 3-6 show the temperatures of the heated wall at
each power level in the locations shown in Figure 2-4.
These temperatures were normalized by dividing by the
center point temperature and curve-fitted to a two
dimensional quadratic polynomial. The average temperature
along the centerline between the glass side walls was then
determined and is shown in Figure 3-7. The initial rate
of temperature rise of the heated wall was approximately

1700°F per second for the high power case.
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The measured pressure'for each run at a given power
level varied by less than 1% of the maximum pressure rise.
The measured pressure for each power level is shown in
Figure 3-8. These pressure values are used in the
integration of Equation (2-13) for the determination of

the temperature profiles.

3.3 Laser Deflection

The raw data taken manually from the image processor
consisted of the coordinates (y,z) of pixels that formed
the contour of the laser sheet profile on the screen. A
schematic of the deflected beam shapes at various times
for the medium high power case is shown in Figure 3-9.

The coordinate data was first converted from pixels to
inches before any further manipulations.

The shape of the undeflected beam was saved for
comparison with the deflected beam shapes at the selected
time slices. Though the undeflected beam would ideally be
a straight line, some curvature was present due to errors
in lens alignment and imperfect mirrors. This was,
however, not a problem since the actual shape of the
undeflected beam was used. The deflection at a given
point is simply y,~y.,, where y, and y, are the deflected and

undeflected points, respectively, for a given z. The
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Figure 3-9. Deflected Laser Beam Shape at Various
Times for Medium High Power
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distance from the heated wall associated with each point

is

y = T:’- VY -¥o)* *+(2-2,)* cosb (3-1)

where w and w, are the laser sheet width at the test
section and at the screen, respectively, and 6 is the
angle of inclination of the laser sheet (see Figure 2-6).
The square-~root quantity represents the distance along the
undeflected beam image on the screen. The laser
deflection at times 0.5, 1.0, 2.0, 5.0, and 10.0 seconds
are presented in Figures 3-10 through 3-13 as a function
of the distance from the heated wall at each power level.
The maximum deflection is observed to decrease in
magnitude and to occur at a greater distance from the

heated wall as time increases.

3.4 Temperature Profile

As suggested by Equation (2-12), the deflection is
propertional to the temperature gradient (heat flux) and
inversely proportional to the square of the local air
temperature. Equation (2-13) can be used to relate the
laser deflection to the temperature of the air. All

factors in Equation (2-13), except T and dT/dy, are known
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quantities, including the pressure. The latter was
determined as a function of time and the measured laser
beam deflection y,(y,t). The temperature of the heated
wall T, is required as a boundary condition for
Equation (2-13) and has been measured as a function of

time. Equation (2-13) can be written as

dT
== = KT? 3-2
dy Vs ( )

since, for a given time, T is assumed to be only a

function of y. From Equation (2-13), K is

p, R
= -— "o 3-3
K (0, -1)PLz, (3-3)

The temperature can be found from a Taylor series
expansion of the temperature profile. The following

equations can be written directly

, Ax?
Ty =T +AX T, + 2 Ti-q ¥
A x?
T, =T; - Ax, T'; + 21 T, +- (3-4)
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’ F/4
Ty = Tieq — A%, T3, + > T .1 *
Ax?
’ i+1
Ti+1'Ti+Axi+1Ti+——‘2 T +

where each i represents a discrete location along y, and
primes indicate derivatives with respect to y.

Equations (3-4) can be combined to give

1 AX ’
Ty = 75(r1-1 +Ty,) + 1 = (T3, + T';)
(3-5)
Ax,
- 41’1 (‘T,i + Ti*l) + O(sz)

Equation (3-5), along with Equations (3-2) and (3-3) can
be solved for each T,. Since T’ = £(T2), the solution must
be found iteratively. The 0(Ax?) terms were found to be
negligibly small and were dropped from the expansion. The
above formulation (Equations (3-4) and (3-5)) includes
derivative approximations from both sides of T,. This
prevents accumulated error which may occur with a solution

that marches in one direction from the known derivative at

the wall.

The measured temperature profile extends only as far
from the wall as the laser beam; a distance of
approximately 1.4 inches. If dT/dy was not zero at the
"end" of the measured temperature profile, the profile was

extended. The point where dT/dy=0 is
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Vb = Ve +[——d‘3';//‘;1”2] )e (3-6)

where the subscript b indicates the edge of the
temperature boundary and the subscript e indicates the end
of the laser beam. The temperature is extended linearly

so that

Ty, =T(yp) =T, + (yy -ye)(—) EI)e (3-7)

The temperature profiles at various specified times
are shown for each power level in Figures 3-14
through 3-17. It is important to note that neither T, nor
T, are specified in the solution of the temperature
profile. The temperature T, far from the wall, or core
temperature, is the initial temperature T, plus a small
temperature rise due to pressure work. The core
temperature should increase slightly with increasing time.
It is observed that the experimentally measured
temperature T, does increase with time. The proximity of
T, to T, is an indication of the accuracy of the results.
The apparently excessive increase in T, for the high power
case (Figure 3-17) may be the result of slight charring of
the fiber insulation material since a small amount of

smoke was observed in the test section.
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An analysis was performed to determine the maximum

error in the measured temperature profile. The details of
the analysis are presented in Appendix D. Several sources
of potential error have been identified including
measurement of the laser sheet deflection, heated wall
temperature, test section length, and heated wall
flatness. The uncertainty for the above quantities was
determined and the effects on the temperature profile were
calculated. The worst-case uncertainty in the measurement
of the fluid temperature was found to be approximately 8%.
This experimental uncertainty is primarily due to the

uncertainty in the flatness of the heated wall.

3.5 Temperature Correction

Since T, cannot be expected to be exactly equal to T,

the temperature profile was adjusted as follows

(3-8)

Tai = Ti— (Tb_Tc )[(Tw—Ti )]

(Tw _Tb )

where T, is the adjusted temperature. The core
temperature can be chosen such that the measured gage
pressure equals the gage pressure calculated from the

temperature profile.
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,

The absolute pressure can be determined from the

temperature profile as

P= —% f pTdy (3-9)

m

+

oo
o
»
o

Equation (3-9) includes the height H of the test section
which has been modified to include an "extra" volume
(insulation porosity, etc.) enclosed in the heated cavity
apparatus but not part of the actual test section (a 4x4x4
inch cube). The total free volume in the heated cavity
apparatus was measured by measuring the volume of water it
held. The "extra" volume is represented by an equivalent
height, H,=0.79H.

It can be shown that the cavity pressure is only a
function of time. This point is elaborated in Appendix C.
If P is independent of the space coordinate vy,

Equation (3-9) reduces to the ideal gas state equation

p = — (3-10)

The pressure can be determined numerically by first
assuming a pressure to calculate the density profile from
Equation (3-10) and then iterating until continuity is.

satisfied, i.e.,
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The adjusted temperature T, and the core temperature T, can
now be determined by solving Equations (3-8), (3-10)

and (3-11) iteratively. Considering the "extra" volume in
Equation (3-11) has the effect of increasing the core
temperature slightly, but has very little impact on the
resulting adjusted temperature profile. The computational
procedure is summarized in the following paragraph.

A computer program was developed which computes the
adjusted spatial temperature profile for a given time
based on the laser beam deflection data. The steps
required for this computation can be summarized as

follows:

a) Calculate the spatial temperature gradient from
Equations (3-2) and (3-3) using the measured heated
wall temperature and an assumed temperature profile
elsewhere.

b) Solve for a new temperature profile using
Equation (3-5) and the results of step (a).

c) Return to step (a) and use the new temperature
profile calculated in step (b). Repeat until
convergence is achieved for the unadjusted spatial

temperature profile.
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d) Calculate an adjusted temperature profile from

Equation (3-8) using an assumed air core
temperature T,.

e) Determine the density profile from Equation (3-10)
using the results of step (d) and an assumed
pressure.

f) Check to see if continuity is satisfied using
Equation (3-11). If not, revise the pressure
appropriately and return to step (e). Repeat until
convergence is achieved for pressure.

g) Compare the numerically determined pressure from
step (f) to the experimentally measured pressure. If
the calculated pressure is high, reduce the core
temperature guess (or vice versa) and return to
step (d). Repeat until convergence is achieved for
the adjusted temperature profile T,, and the core

temperature T..

The adjusted temperature profiles are shown in
Figures 3-18 through 3-21. The profiles are observed to
asymptotically approach the core temperature T, away from
the wall. The core temperature rises slightly over the
experimental time by slow compression of the core region.

It also appears from the experimental results and
comparison with numerical calculations, that the thermal

boundary layer penetrates into the core region less than

expected for the relatively long times of 5.0 and 10.0
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seconds. This is discussed in more detail in Chapter 6.
It was proposed that flow through the porous side wall
insulation (a fiber material) may have a significant
effect on the flow and thermal response of the fluid in
the test section. To test this proposal, experiments were
run in which the porous insulation side walls were
replaced with glass side walls. These experiments showed
that eliminating the porous side walls had no measurable
effect on the temperature profile results.

The method that was described and selected for fluid
temperature correction is not the only available method.
Another way to correct the temperature profile is to
determine T, by performing an energy balance between the
thermal boundary layer and the core region. This is

discussed in Appendix E.

3.6 Flow Visualization and Air Velocity Measurement

Separate flow visualization experiments were
performed using the same heated cavity apparatus that was
described in Chapter 2. The wall opposite the heated wall
included an open hole, so the test section waé not
pressurized. Tobacco smoke was injected into the test
section to allow visualization. The experiment was
performed for the high power case only. The results,

recorded on movie film, indicate a uniform flow, or
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expansion, of the air away from the heated wall. A smoke-
free space adjacent to the wall that was approximately one
inch thick developed in about one second. However, the
effect of the motion of the air may have been obscured by
the effect of thermophoresis of the smoke particles in the
high temperature gradient [33].

The average velocity of the air in the test section
during expansion away from the heated wall was
approximated by measuring the exit velocity of air through
a hole in the bottom wall (opposite the heated wall) of
the heated cavity. The velocity in the test section was
estimated by multiplying the velocity through the hole by
the ratio of the hole area to the area of the test section
normal to the heated wall. Measurements were made with a
hot-film velocity meter. The results are shown in
Figure 3-22. The accuracy of the measurements provide an
indication of the order of magnitude of the flow velocity
and the results are presented only to demonstrate that the
flow velocities are similar in magnitude to flow
velocities that occur in natural convection. Note that
Figure 3-22 provides spatially-averaged velocity, so the
velocity in the region adjacent to the wall may be

significantly higher.
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CHAPTER 4

SPACE EXPERIMENT CONCEPT DEFINITION

In this chapter the need for an in-space experiment
to study thermally-induced convection heat transfer is
discussed and a preliminary design for a space experiment
is presented. The concept definition phase for an in-
space experiment was performed under the sponsorship of
NASA and was presented at NASA Lewis Research Center. One
of the goals of the ground experiments described in
Chapters 2 and 3 was to establish the feasibility of
performing a useful and reliable space experiment. For
more detailed results of the concept definition study, the

reader is referred to Parang and Crocker [34].

4.1 Reasons for Experimentation in Space

The role and importance of thermally-induced
convection heat transfer in a microgravity environment is
unclear because of a lack of reliable analytical solution
methods and meager experimental information. Thermally-
induced convection may play a significant role in a
variety of technological processes involving heat

transfer. The effect has been observed in numerous
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gravity environment applications, however, it is in the
microgravity environment, and in the absence of natural
convection, that thermally-induced convection may acquire
significance. This is because the only remaining mode of
heat transfer to a transparent fluid is the slow molecular
conduction process. Space applications where thermally-
induced convection may play an important role include
cryogenic fluid storage and handling systems, space
manufacturing processes, and the stability of combustion
systems.

The study of thermally-induced convection heat
transfer in a gravity environment is made difficult by the
interference of natural convection heat transfer. While
the phenomenon can be studied with the heat flux vector
parallel to the gravity vector (e.g., the experimental
study described in Chapters 2 and 3), the presence of the
gravity field may still mask important thermally-induced
motion. For example, in heating a fluid from above, the
stabilizing role of gravity may dampen important features
of the induced motion.

Ground-based, zero-gravity experiments are also
inadequate for providing a clear picture of the nature of
heat transfer processes in this phenomenon. There are two
time scales associated with the thermally-induced pressure
waves. One is a fast time scale which is described by the
characteristic length divided by the sound speed. A

second time scale is associated with the motion induced by
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the expansion of the fluid. The latter motion is of the
same order of magnitude as natural convection in
enclosures and involves a relatively slower time scale.
Therefore, to understand this aspect of the flow and
compare with conduction heat transfer requires
experimental times of the order of conduction time, i.e.,
tens of minutes or more. This length of time is longer
than the available time for earth-bound microgravity
experiments.

For these reasons, collection of experimental data on
thermally-induced convection effects in microgravity will
require the design and fabrication of an in-space
experiment. An apparatus capable of producing and
measuring thermally-induced convection heat transfer
effects needs to be designed to take advantage of the
longer experimental time available in the microgravity
space environment. It is anticipated that the data
obtained from the space experiment will help determine the
importance of thermally-induced convective motion and will
help provide design guidelines for space technologies in
which this phenomenon is encountered. The information on
flow and temperature fields obtained in these experiments
will also improve thermal control and prediction of flow
processes in which thermally-induced convective effects
may usually be small relative to forced convection flows,

but may still play an important role in near critical

conditions.




4.2 Baseline Space Experiment Design

The primary objective of the space experiment is to
measure the transient temperature of air as a function of
distance from a rapidly heated wall. An isometric view of
the preliminary experiment layout is shown in Figure 4-1.
The design includes the heated cavity, laser systemn,
optical temperature measurement system, data recording
system and power supply. The preliminary experiment is
designed for deployment on the middeck of a Space
Transportation System Orbiter. The experiment will be
mounted on two adjacent single adapter plates. The
dimensions of the experimental envelope are shown in
Figure 4-1. The Orbiter provides up to 115 watts of
continuous power for up to eight hours, or 200 watts peak
power for 10 seconds or less. Heat rejection is also
limited to 115 watts continuous dissipation. The maximum
payload weight is 62.8 pounds per single adapter plate.
Detailed descriptions of the flight hardware and the
optical system layout are given in Appendix F. Many
aspects of the space experiment design are similar to the
design of the ground experiments described in Chapters 2
and 3. Details of the space experiment are described
below with the exception of elements that are in common

with the ground experiments and were described earlier.
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Heated Cavity

The baseline design for the heated cavity is the same
as that described in Chapter 2. However, the dimensions
of the test section are critical to the space experiment
design and are subject to change. Criteria for selecting
the test section size are discussed below.

The test section volume is V=LWH where L is the laser
path length, W is the distance between the busbars, and H
is the distance from the heated wall to the cold wall, as
shown in Figures 2-2 and 2-3. The choice of the test
section size should be based on the following

considerations:

a) Power Dissipation -- The power dissipation of the

heater element can be expressed as

2
V2Lt (4-1)

Power =
kw

where V is the voltage drop across the heater
element, t is the thickness of the heater element,

and k is the electrical resistance of the heater

element material.




b) Heat Generation Rate in the Heater Element --

m _ Power

4-2
q TWE (4-2)
and since Power=VI=(VXLt)/(kW), we have
m V2
- (4-3)
4 kw?
c) One-Dimensional Approximation -- Larger L and W

clearly improves the one-dimensional approximation
and L=W maintains symmetry. The layout of the
baseline design limits W to about 5 inches.

d) Laser Deflection -~ Laser deflection is
proportional to L.

e) Space and Weight -- Smaller dimensions are
obviously advantageous. H is flexible since it does
not affect the above considerations.

f) Ease of Construction -- There may be difficulty if

the test section is too small. A reasonable lower
limit for the size of the test section is

L=W=2 inches.

Test section volume dimensions of 4x4x4 inches were

selected for the baseline experiment design.
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Fluid Medium

The fluid selected for the baseline space experiment

design is air. The choice of fluid medium depends on the

following:

a)

b)

d)

Compressibility =-- High compressibility is required
to emphasize the effects of thermally-induced
convection.

Index of Refraction =-- A high index of refraction
is required to maximize the deflection of the laser
beam.

Ease of Handling =-- The fluid must not be
flammable, toxic or corrosive. Air is clearly the
choice since leakage would not be a concern.
Near-Critical Condition -- Compressibility effects
are greater near the critical point. Important space
fluid heat transfer problems involve cryogenic fluids
near the critical point.

Thermal Diffusivity =-- A high thermal diffusivity
results in a higher heat transfer rate which
minimizes the required experiment run time and the

power requirements.

Air is the logical choice to satisfy (a) and (c).

The use of cryogenic fluids will satisfy (d), however,

their use would introduce complications (e.g., handling)

that are difficult to control or resolve in the space
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experiment. Table 4~1 shows the refractive properties
(see Equation (2~-12)) and thermal diffusivity of several
gases. CO, is slightly better than air for refraction,
but has thermal diffusivity less than half that of air.
Helium has a very high thermal diffusivity, but very low
refractive index. Since there is no clear winner
considering refractive and thermal properties, air is
chosen for the baseline design because of its clear

superiority to satisfy (c).

Optical Temperature Measurement System

The optical method is essentially the same as that
described in Chapter 2. Hardware specifications and
design details for the space experiment optical system are
described in Appendix F. In the ground experiment, the
deflection of the laser beam in the test section was
amplified by providing for a long laser beam path length
past the test section (see Figure 2-1). Since space is
limited for the in-space experiment, adequate beam
deflection at the screen must be achieved by other means.

The deflection of the laser beam is proportional to
the distance from the test section to the screen, and in
the limited space available (approximately 3 feet) for the
in-space experiment, the deflection would have to be
amplified for accurate measurement. This can be achieved

by using either mirrors or prisms. 1In the first case, a

series of mirrors is employed reflect the beam several




Table 4-1. Refractive and Thermal Properties of

Gases
U%-l)/;;. — Thermal
Gas Diffusivity

(°R-£t?) /Btu ft’/hr

Air 0.060 1.28
Co, 0.078 0.59
Helium 0.0074 12.09
Argon 0.058 1.44
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times effectively increasing z,. However, since 2z, must be
about 70 feet to get a maximum deflection of approximately
1 inch, this method is not practical.

The preferred and selected method is to use one or
more right angle prisms to amplify the laser beam
deflection. A wide range of deflection angle
amplification can be achieved by varying the number of
prisms in series and the initial (undeflected) angle of
incidence of the laser beam. Figure 4-2 is a schematic of
the path of a laser ray through a series of three prisms.

The incident angle q; of the laser ray entering and
the exiting angle a, for each prism can be found by

applying Snell's law

(4-4)

where the subscript a indicates the air side and the
subscript p indicates the prism side of the air-prism

interface. Since n®1,

@, = sin"? (4-5)
k

) . sine;
n, si 45°-sin™t | ——k
n,

where k indicates the k™ prism in a series of prisms. The

prisms are oriented relative to each other by
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Figure 4-2. Schematic of a Laser Ray Path through a
Series of Three Prisms. (v, is
arbitrary and is set to zero.)
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Ye = Ye-1 * @+ @y —45° (4-6)

-1 1g

where angle vy, is defined in Figure 4-2.

The above equations describe the path of an
undeflected laser ray where a«; is predetermined. Given
this fixed arrangement of the prisms, it is necessary to
determine incidence angles for a deflected ray. This can

be achieved by using the above equations and the relation

e, ) (4-7)

where primes indicate incident angles for a deflected ray.
Figure 4-3 shows the ratio r, of the change in exit angle
to the change in entrance angle as a function of the
change in the entrance angle, that is,

Ip = (%, = @) /@, - «'s,) as a function of (@3, - @'y), for a
series of three prisms. The relationship is nonlinear,
but for the small angle changes considered (maximum change
in entrance angle expected is 0.1°), the deviation from
linearity is small for @; > 7°. The flight experiment has
been designed for @; = 8" which provides an angle change
ratio of approximately 25. Thus, using only three prisms
and locating the screen just 4 feet past the prism array
provides an effective 2z, of approximately 100 feet.

Unfortunately, amplification of laser beam

deflections is not the only effect of the prism array.
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Also, because the experiment requires a laser sheet rather

than a narrow beam, the following additional comments

should be considered:

a)

b)

The laser sheet will be constricted in the direction
of deflection. The prisms must be oriented so that
deflections are perpendicular to the prism base as
shown in Figure 4-4. (Refer also to Figure 2-6 for
comparison of the laser sheet orientation in the test
section.) This constriction is simply a result of
the turning of each parallel ray of the laser sheet
as shown in Figure 4-5. The effect is compounded by
each prism. The constriction is not a problem
however, because w(sinf) remains constant, and there
is still a linear relationship between the distance
along the laser sheet profile and the distance from
the heated wall.

The above constriction effect also results in a thin
image on the screen if the incoming rays are parallel
and remain parallel after the prism array. If they
are not perfectly parallel, however, the divergence
will be amplified. The prism system is, of course,
desiéned to amplify angle changes. Even if the
incoming rays are perfectly parallel, divergence due
to diffraction effects on the very thin sheet is
unavoidable. The result is a thicker line at the

screen. A well collimated beam should minimize this




. Direction of
Deflection

Entrance Face
of First Prism

\\\\— Laser Sheet

| 1
. 1
| |
| |

k—w sine—>|
| |
| |
| |
| |
| |
| | | Direction of
| | Deflection
|
Laser — Screen
Sheet

Figure 4-4. Undeflected Laser Sheet Orientation at the
Entrance Face of the First Prism and at

the Screen
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effect, and furthermore, even a relatively thick
image at the screen will influence the accuracy of
deflection measurements only minimally since only
beam displacement from a reference position (e.gq.,
the edge of the beam) is measured.

Reflections of the beam at each glass/air interface
will reduce the intensity of the beam at the screen.
The relatively high incidence angle as the beam exits
each prism results in high reflection. Preliminary
calculations indicate that approximately 39% of the
original beam intensity would be transmitted for the
present design with no anti-reflection coating. This
lower bound is sufficient if a 10 milliwatt He-Ne
laser is used. Also, a MgF, anti-reflection coating

will significantly improve transmittance.

Equation (2-13) provides the relationship between the

temperature gradient and the deflection and can be used to

obtain the spatial air temperature profile as previously

described in Chapter 3. This equation, however, does not

consider the amplification of the deflection by the prism

system, so an effective length z', past the test section

must be determined. z

’

s can be approximated, assuming

small angle deflections, by




(4-8)

where 2z, and z, are the laser path distance before and
after the prism system, respectively, and r, is the angle
ratio as shown in Figure 4-3. This equation neglects the
deflection that occurs within the prism system. The
accuracy of the equation is also limited because r, is
highly sensitive to the orientation of the prism system
and is a function of the deflection angle. Therefore, z’',
probably needs to be determined in terms of y, by

calibration. This is accomplished by turning the incoming

beam by a known angle 8 and noting y,, then

¢ o s -
s sinp (4-9)

Equation (2-13) can now be used (with z’'_, rather than z,)
to determine the temperature gradient 90T/dy. The gradient
can then be used with the heated wall boundary condition
measured with thermocouples to determine the temperature
profile, T(y). This calculation was described in detail

in Chapter 3.

Power Supply

The main power for the heater element in the space

experiment can be supplied in either of two ways. One way
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is to use rechargeable batteries. The batteries would
supply the large power requirement for the relatively
short duration of each experiment run and then be
recharged between experiment runs by STS Orbiter power.
Each battery is size D (about 2.5 inches high by
1.25 inches in diameter) with 4 amp-hrs and 1.2 volts and
weighs about 0.29 pounds. The baseline design provides
space for 18 batteries, but more could easily be added if
necessary. The batteries must be configured in a
combination of series and parallel so that sufficient
power can be supplied at various voltage levels. The
voltage level determines the heating rate of the heater
element. A simple circuit diagram corresponding to the
battery power supply method is shown in Figure 4-6.
Another way to supply power is to directly use
Orbiter power. The elimination of batteries has several
advantages including improved safety, reduction of weight,
more available space, and simplification of the design.
The disadvantage is the limitation of the power supply.
The current limitation of 115 watts for middeck
experiments would require much smaller heated wall
dimensions to achieve a high heating rate. It may be
possible to use the Middeck Utility Panel (MUP) with a

power supply of 1 KW to resolve this problem, however, the

MUP has limited availability.
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Procedure

Most of the in-space experimental steps can be

executed automatically so that crew interaction with the

experiment is minimized. The basic steps required to

perform one experiment run are as follows:

a)

b)

c)
d)
e)

£)

g9)
h)

1)

Turn on front panel switch to begin run.

Turn on laser, video camera, data logger and storage
module.

Adjust voltage level to be applied to heated wall.
Turn on power to heated wall for duration of run.
Turn off power to heated wall.

Turn off laser, video camera, data logger and storage
module.

Turn off front panel switch to end run.

Begin recharge of battery.

End recharge of battery.

It is probably necessary for the crew to perform steps (d)

and (e) since the relatively high current to the heated

wall would require a large, heavy relay for automatic

switching. The duration of each run depends on available

power supply.
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CHAPTER 5

NUMERICAL INVESTIGATION

5.1 Overview

This chapter examines the solution of the governing
equations of thermally-induced convection heat transfer by
various numerical or analytical methods. First, the
numerical scheme of Spradley [28,29)] is analyzed and its
shortcomings discussed. Several changes are introduced
into Spradley's numerical scheme, the inaccuracy of that
model is discussed and the difficulties involved in
obtaining an accurate numerical model are illustrated.
Second, a finite volume numerical model that improves the
prediction of the transient spatial temperature profile is
described. This model is essentially a conduction model
which includes the convective effects of the bulk velocity
generated as the heated fluid expands and contracts in
response to the evolving temperature and pressure fields.
The model is therefore termed an "expanding conduction"
model. Later, in Chapter 6, the results of these two
numerical schemes, the perturbation analysis of Radhwan
and Kassoy ([22] and the experimental data presented in

Chapter 3 are compared and discussed.




The discussion is primarily limited to a one-
dimensional model of the problem for several reasons.
First, comparison of the results with previous works will
be simple and convenient since they also use a one-
dimensional model. Also, a one-dimensional model enables
easier identification of the important differences in the
modeling of the physical process. Finally, the important
physical features of the problem can be represented in a
one-dimensional flow and it should be easy to extend to a
multidimensional domain. In fact, as will be discussed
later, the expanding conduction model has been extended to
three dimensions for the heat conduction terms in the

energy equation.

5.2 The Governing Equations

The governing equations as developed by
Spradley, et al. (28] are briefly reviewed here in
preparation for a detailed discussion of the numerical
scheme developed in Reference 28. Later, the discussion
will involve some changes in the equations which will be
appropriately noted.

Consider a compressible fluid enclosed by two
infinitely-long flat plates. The plates and the enclosed
fluid are assumed to be at an initial temperature T, ,

where primes indicate dimensional quantities. At time
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t=0, the temperature of one of the plates is suddenly
raised to a large and constant temperature T,’. The fluid
is assumed to be an ideal gas with constant thermal
properties k', ¢,/, p’ and Y. The second coefficient of
viscosity A’ follows Stokes viscosity hypothesis,

A’ = -(2/3)pu’. Assume no radiation, no internal heat
sources, zero dgravity, and neglect viscous dissipation of
energy. The latter can be shown to be justified by
appropriate scaling of equations [30]. Space, time,
temperature, velocity, pressure and density are normalized
with ®, ®w/R7T], T,, /RT,, P,/ and p,’, respectively,
where H' is the distance between the plates and R’ is the
specific gas constant. With the above assumptions the

normalized equations become:

Sp , d(pv) . -
3t + 3y 0 (5-1)

d(pv) , dlpvv) _ 9P 4/ 1) &v -
ot * dy dy ¥ 3 (Re) dy?2 (5-2)

or o . _(y-1)p¥ . (L) &T -
PaE * PV T TDRE ¢ (5h) 5 (5-3)
P=pT (5-4)
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The dimensionless initial and boundary conditions are:

u(y,t=0) = 0,

T(y,t=0) =1,

ply,t=0) =1, (5-5)
v(y=0,t) = v(y=1,t) =0,

T(y=0,t) = T,)/T,,

T(y=1,t) =1

The dimensionless groups which appear in the equations

are:
Prandtl number Pr = p'c,'/k’
Reynolds number Re = 'H' /R'T !
Y (p'H'YR'T,) /1 ‘
Peclet number Pe = RePr
Specific heat ratio Yy=¢//¢c,/.

5.3 Analysis and Modification of Previous Numerical Work

Description of Previous Numerical Work

The numerical model of Spradley, et al. [28] is used
here as a basis for discussion, modification and
comparison in the modeling of thermally-induced
convection. The above set of dimensionless equations were
solved by Spradley, et al. using an explicit finite
difference scheme. Forward time differences were used for

the unsteady terms and all space operators except the

convection terms were expressed in space-centered




difference form. The convection terms in both momentum
and energy equations used an upwind difference scheme.

The numerical scheme first computed (pvi'!) from Newton's
Second Law. The spatial first derivative of (pv}‘!) was
then evaluated and substituted in the continuity equation
to determine the new density profile. The velocity at all
node centers was then calculated at the new time level and
substituted in the energy equation to compute (T*!).
Finally, the new pressure distribution was determined
using the equation of state.

The results obtained by this numerical method are
presented in Figures 5-1 and 5-2 for helium initially at
standard conditions, H'=15.3 cm and T(y=0,t)=2.

Figure 5-1 shows the calculated dimensionless velocity
profile at the midpoint between the walls as a function of
time. This figure shows an oscillatory behavior for the
fluid velocity and illustrates the acoustic nature of the
fluid motion. The calculated spatial temperature profile
at t'=0.2 seconds shown in Figure 5-2 is much closer to
steady state values than a solution corresponding to the
pure conduction heat transfer mode. While thermally-
induced convection may be an effective mechanism for
enhancement of heat transfer, no reasonable physical
argument can explain the short transient times computed by
this numerical model. The solution for the temperature
field obtained by Larkin [27] is also shown in Figure 5-2.

The temperature profiles obtained by each method agree
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almost exactly even though the velocity amplitude computed
by Larkin was approximately an order of magnitude higher
than that of Spradley, et al.

The numerical scheme used by Spradley, et al. has
been reproduced and then modified in several ways to
ascertain the accuracy of the computational methods used
in that study. The dimensional quantities included in the
following results are for air initially at standard

conditions and H'=30.5 cn.

Grid Refinement Study

A series of spatial and temporal grid refinements was
implemented to investigate the effect of grid size on the
numerical results. The results of an accurate numerical
model will converge to a unique solution as the grid size
is further refined.

A range of time and space increments was chosen and
velocity and temperature results were computed and
compared. Table 5-1 includes a partial list of space and
time increments used in the numerical computations. The
original numerical work of Spradley, et al. used a space
grid with 22 nodes and a nondimensional time increment of
0.015 (case (a)). For comparative purposes it was found
convenient to vary the space and time increments by
multiples of 1/22 and 0.015, respectively.

The effect of decreasing the space increment for a

fixed time increment is illustrated in Figure 5-3 for a




Table 5-1.

Space and Time Increments Used in

Numerical Computations

Case Ay At At /Ay At/ (Ay)?
(a) 1/22 0.015 0.33 7.26
(b) 1/22 0.005 0.11 2.42
(c) 1/44 0.005 0.22 9.68
(d) 1/44 0.00375 0.165 7.26
(e) 1/44 .0015 0.066 2.90
(f) 1/88 .005 0.44 38.72
(9) 1/88 .00375 0.33 29.04
(h) 1/88 .001875 0.17 14.52
(1) 1/88 .0015 0.132 11.62
(3) 1/88 .0009375 0.0825 7.26
(k) 1/110 .003 0.33 36.30
(1) 1/176 .0025 0.44 77.44
(m) 1/220 .0015 0.33 72.60
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total computation time of 0.1 seconds. The spatial
temperature distribution shows significant change with
decreasing space increment. The profile approaches the
results for pure conduction in an equivalent rigid
material and indicates that with more grid refinement the
importance of convective effects diminishes. This
suggests that the large difference between the
computational results of Spradley, et al. and the pure
conduction model may be largely due to numerical error.
It appears that the relatively coarse grid is not able to
accurately model the combined conduction and convection
phenomena occurring near the wall. The dependence on Ay
may be explained by considering the manner in which the
governing equations are discretized adjacent to the wall.
When the velocity at node 1, adjacent to the wall, is
positive (moving away from the wall) the convective term

in the energy equation v(dT/dy) is modeled as

v, (T, - T,)
(Ay/2)

(5-6)

where the subscripts w and 1 indicate the wall and node 1,
respectively. This term provides a positive convective
transfer of energy (in addition to conduction) from the
wall to node 1 even though the velocity at the wall is

known to be zero. The heat transfer from the wall,

therefore, is overestimated by this model. Furthermore,




the overestimation of the heat transfer to node 1 results
in an overestimation of the velocity at node 1 which
amplifies the error in the convective term. Reducing the
grid size minimizes the error, but the grid size required
for sufficient accuracy is not known since reducing Ay
below 1/220 requires a prohibitive amount of computer
time.

The effect of decreasing the time step for a fixed
space increment was also investigated. Typical results of
temperature profiles for different time steps are shown in
Figure 5-4. It is observed that the results are also
dependent on the selected time step, however, it will be
shown that this dependence can be eliminated successfully
through modifications of the numerical scheme.

The effect on the velocity profile produced by
variation in the spatial and temporal mesh size can not be
clearly defined. While there are small changes in the
pattern of the velocity profile, the amplitude of the
velocity remains unchanged. A typical velocity profile
(for Ay = 1/88, At = 0.009375) at the midpoint between the
walls is shown in Figure 5-5. The unstable jittery
behavior of the velocity profile seems to be
characteristic of the explicit numerical scheme employed

by Spradley, et al. This will be demonstrated by

comparison with an implicit scheme.
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Upwind Difference Modification

An important feature of the numerical method of
Spradley, et al. is the use of the upwind difference
approach in the momentum and energy equations. The upwind
difference scheme, which is applied to the convective
terms in these equations, provides accurate results when
the flow direction on opposite sides of a node are in the
same direction. However, because of the oscillating
nature of the acoustic velocity field, the velocity on
opposing sides of any given node may often be in opposite
directions. In this situation, the upwind scheme fails
and may cause an accumulated error that is unacceptable.

This problem was corrected by modifying the method so
that for the nodes at which the velocity changes direction
for any given time step, the upwind difference scheme is
replaced with the central-difference formulation. With
this modification, the numerically calculated temperature
field becomes independent of the size of the time
increment. The temperature profile as a function of time
is presented in Figure 5-6 for various At (same as in
Figure 5-4) and a fixed Ay of 1/88. Comparison of these
results with those of Figure 5-4 indicates that the error
associated with the upwind scheme at the nodes where the
velocity changes sign is significant. This modification
appears to eliminate the dependence of the results on the

size of the time increment At. The dependence of the
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results on the spatial grid size Ay, however, was not
significantly affected by this modification.

The effect of this center-difference modification on
the velocity profile is shown in Figure 5-7. The
amplitude, frequency and character of the velocity profile
are initially similar when compared with Figure 5-5, but
do not become as apparently unstable as time progresses.

Since this modification effectively eliminates the
size of At as a factor in the refinement of the
temperature solution, it was retained as a permanent
feature of the numerical model. That is, all
modifications and the corresponding results presented in
the remainder of this discussion include the

implementation of this feature.

Second-Order Accuracy at the Wall

Accurate modeling of the physics of the heat and mass
transfer adjacent to the wall appears to be critical to
the overall success of the numerical model. Therefore, it
is desirable to have second-order accuracy for all
gradient terms in the equations. Spradley, et al.
accomplish this in all cases except for the pressure
gradient term adjacent to the wall in the momentum
equation where a first-order forward-difference scheme is

used so that
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L) - 2_11 (5-7)

This has been modified to achieve second-order accuracy by
fitting a quadratic curve to the first three nodes
adjacent to the wall and determining the derivative at

node 1 from that curve as

-1 (-1 -3 -
—)1 Ay( 2P, + 2P, 291) (5-8)

Selected results for temperature distribution at time
t=0.1 seconds are shown in Figure 5-8. Comparison with
Figure 5-3 clearly shows that the higher order accuracy at
the wall has a significant effect on the results. The
temperature profile is now considerably closer to the
conduction-only curve.

Figure 5-9 shows the effect of the wall pressure
gradient modification on the velocity profile. Here the
velocity as a function of time is presented at both the
first grid point near the heated wall and at the midpoint
between the two walls. The amplitude of the velocity
oscillations have decreased by one order of magnitude
compared to the case shown in Figure 5-7. Also, a small
net bulk flow away from the wall is observed to be present
to satisfy mass conservation as a result of large density

changes near the hot wall.
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It is clear that improving the accuracy of the
modeling of the pressure gradient at the wall has a
substantial effect on the numerical results. The
modification resulted in a large decrease in the magnitude
of the fluid velocity away from the wall and therefore a
large decrease in the convective heat transfer away from
the wall. (Spradley and Churchill [29] incorporated a

different second-order method for the wall pressure

gradient, but the change, surprisingly, had no discernable
effect on the results as compared to Reference 28.) Since
this modification produces improved accuracy, it was
permanently incorporated into the modified numerical

model.

Implicit Scheme

The numerical method previously discussed employs an
explicit scheme in time which restricts the choice of the
time increment for a given size of space increment. When
these limits are exceeded convergence is impossible.
However, even before reaching these limits, the solution
shows instabilities that, while they may remain bounded,
affect the accuracy and reduce confidence in the results.
For this reason, the explicit marching scheme in time was
eliminated in favor of an implicit method in time.

The change to the implicit scheme removes the need
for imposing a condition on the space and time increments

as required by the explicit method. However, the physics
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of the flow requires the time step to be small enough so
that the traveling of a pressure wave will be numerically
resolved. Therefore, while no strict requirements for
numerical stability exist in the implicit scheme, it was
not possible to significantly increase the time step At.
As a result, no savings in computational time were
accomplished compared to the previous explicit method.
The results for temperature and velocity profiles are
presented in Figures 5-10 and 5-11, respectively.
Comparison of Figures 5-10 and 5-8 shows that the
temperature profiles are generally closer to the
conduction-only results in the implicit case. Comparison
of Figures 5-11 and 5-9 shows that the amplitude of the
velocity profile remains unchanged (for the given Ay and
At) between the explicit and implicit cases. However, the
instability of the velocity profile is observed to
decrease significantly. This smooth character of the
velocity profile is a feature of the employed implicit
scheme since it does not change for any combination of
space and time increments. A decline in the amplitude of
the velocity profile is observed which is not the result
of viscous decay. To verify this, the viscous term was
removed from the equations and the same rate of velocity
decline Qas observed. This damping of the velocity
amplitude is presumably caused by the redistribution of
the fluid mass in the enclosure and is required by the

conservation of mass.
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Concluding Remarks on Previous Numerical Work

The numerical scheme of Spradley, et al. has been
analyzed and modified in several ways in an attempt to
improve the prediction of heat transfer to a rapidly
heated gas. Significant improvement has been accomplished
by modification of the upwind difference scheme, second
order accurate modeling of the pressure gradient at the
wall and the use of an implicit solution method. These
improvements as well as the spatial grid size analysis
demonstrate that the original numerical scheme of
Spradley, et al., which did not contain a grid refinement
analysis, fails to accurately model the phenomenon. It
must also be pointed out that the dependence of the
results on spatial grid size remains strong in spite of
the revisions discussed above. The necessity of
completing a grid refinement study in the application of

this revised numerical scheme remains as valid as before.

5.4 Expanding Conduction Model

It is possible that the acoustic pressure waves (or
velocity oscillations) have no direct impact on the
transient development of the temperature field. The
pressure waves serve the purpose of maintaining a
spatially homogeneous pressure rise in the enclosure as

they travel back and forth. However, the magnitude of the
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waves may be too small to have an impact on the heat
transfer process. (The relative magnitude of the pressure
waves is discussed in more detail in Appendix C.) If the
acoustic waves are not important, thermally-induced
convection heat transfer can be modeled numerically in a
much simpler way than that discussed in the previous
sections of this chapter.

Based on this possibility, a simplified numerical
model was developed that eliminates the acoustic velocity
field but considers the bulk motion of the fluid as it
expands and contracts in response to the conduction-
dominated temperature field and the spatially homogeneous
pressure rise. This is accomplished by eliminating the
momentum equation from consideration and adding the
requirement that pressure be a function of time only.
Eliminating the momentum equation from the set of
governing equations greatly simplifies the numerical
problem. Pressure waves traveling at the speed of sound
no longer need to be resolved spatially or temporally.
The velocity normal to the heated wall is calculated in a
simple way by requiring that continuity be satisfied
rather than from Newton's second law.

Consider an ideal gas enclosed by two infinitely long
flat plates as described in Section 5.2. The initial
temperature is T, and at time t=0 one plate is instantly
raised to temperature T, - In this case, the fluid

thermal properties k', ¢,/, and y are a function of
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temperature. Viscosity is not considered since the
momentum equation is not used. Also, the slower
conduction time scale is used to normalize the equations
since the acoustic time is not relevant in this model.
Space, time, temperature, velocity, pressure and density
are normalized with H', H?/e), T), «,/H', P,/ and p/,
respectively, where .’ =k, '/p,c,’ is the thermal
diffusivity. With these assumptions, the normalized

equations become

%% + Q%%;l =0 (5-9)

d(c,T) . d(c,T)

- —(y-1)p9¥ , 9 [ OT 5-10
P—3¢ pv % (y 1)Pay + (k ) ( )

P = pT (5-11)

The pressure at any time can be found from

1 .
P = prdy (5-12)
0

These four equations are solved using an implicit

finite volume numerical scheme. In this scheme the




unknown temperature, pressure and density are calculated
at the node points while the velocity is calculated at the
node boundaries. The convective and conductive flux terms
in the energy equation are evaluated at the node
boundaries. This practice ensures that the model will be
physically realistic. Details concerning the finite
volume discretization technique are clearly explained by
Patankar [35].

The coupled nonlinear equations require an iterative
procedure for solution. The steps of the solution

procedure are as follows:

(a) Solve the energy equation (5-10) for temperature
using values for v, P and p from the previous time
step. For the one-dimensional case, the temperature
is solved for by using a tri-diagonal matrix solver.

(b) Solve Equation (5-12) for the pressure by taking the
average value of the product pT over all the nodes.

(c) Solve for density using the ideal gas state
equation (5-11) and the newly calculated temperature
and pressure.

(d) Return to step (b) and repeat until the solution for
pressure and density converges.

(e) Solve the continuity equation (5-9) for the velocity
at the node boundaries.

(f) Return to step (a) and repeat until the entire

solution converges for the present time step.
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(g) Advance to the next time step and repeat steps (a)

through (f).

A significant advantage of this model is that its
numerical solution is relatively simple compared to the
previous model which includes the compressible momentum
equation and its associated wave phenomena.

Temperature profiles calculated using this expanding
conduction model are shown in Figure 5-12 at various
nondimensional times. 1In this case, the nondimensional
grid size and time step were Ay=1/50 and At=0.01,
respectively; variations of the grid size and time step
did not produce significant changes in the results. For
air initially at standard conditions and H'=4 inches, a
nondimensional time unit is equal to 342.97 seconds real
time. Temperature profiles for an equivalent rigid
material are also shown in Figure 5-12. It is observed
that for this geometry, the temperature of the expanding
gas is always higher than that of the corresponding rigid
material. The energy transfer from the heated wall,
however, is actually less for the expanding gas case since
the density, and thus the heat capacity, is lower near the
heated wall. Of course, once the final steady state
temperature is reached, there will be no difference
between the expanding gas and rigid material temperature
profiles. The bulk velocity for the expanding gas model

is shown in Figure 5-13. A nondimensional velocity unit
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is equal to 0.6994 inches per minute for standard air and

H'=4 inches. The velocity is highest near the heated wall
at short times. As time progresses, the peak velocity
occurs farther from the wall and begins to die out. At
the nondimensional time of 0.005, a small flow back toward
the heated wall to satisfy continuity is observed. The
steady state condition is zero velocity everywhere.

The expanding conduction model was extended to three
dimensions for the conduction terms in the energy
equation. Bulk velocity, however, was assumed to be
entirely in the y direction normal to the heated wall.

(It is, in fact, not possible to add the other velocity
components since the additional momentum equations can not
be introduced into the model.) It is believed that this
assumption provides a reasonable three-dimensional
approximation for the purpose of including side wall
temperature effects as long as temperature gradients
parallel to the heated wall (x and z directions) are not
too great. The results of the three-dimensional model are

compared with experimental results in Chapter 6.
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CHAPTER 6

COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

In this chapter, comparison is made between the

results of the experimental investigation discussed in

Chapters 2 and 3 and the results of the three-dimensional

expanding conduction numerical model described in
Chapter 5. Comparison is also made between the

experimental work and the numerical model of

Spradley, et al. [28]. Finally, the expanding conduction
model is compared with the results of the perturbation
analysis performed by Radhwan and Kassoy [22].
Experimental and numerical spatial temperature
profiles are shown in Figures 6-1 through 6-4 for various
times from 0.5 up to 10.0 seconds. The experimental
temperature profiles are corrected such that the measured
gage pressure equals the gage pressure calculated from the
temperature profile. The experimental results are the
same as those given previously in Figures 3-18
through 3-21. The expanding conduction numerical model is
three-dimensional for the conduction terms in the energy
equation (as discussed in Chapter 5). The time and
spatially dependent wall temperatures (heated wall, side

wall and bottom wall) were measured using thermocouples so

that the actual experimental boundary conditions could be
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included in the numerical model. The "extra" free volume
enclosed in the test apparatus (discussed in Chapter 3)
was represented by an equivalent "extra" test section
height H,, = 0.79H and was also considered in the numerical
model. Numerical solutions were obtained both with and

without the "extra" volume included and it was found that

the effect on the temperature profiles was insignificant.
Here, the nondimensional grid size was 1/25 in the
direction normal to the heated wall and 1/9 in the other
coordinate directions; the time step was 0.01. There was
no significant change in the results for finer grid sizes
or smaller time steps.

The experimental and numerical temperature profiles
agree quite well for short times up through 1.0 seconds.
After approximately one or two seconds, however, the
experimental temperatures are considerably below the
numerical temperature results. A possible explanation for
the divergence of the results is that bulk axial flow away
from the heated wall entrains cooler air from elsewhere
and brings it into the heated boundary layer region near
the wall. The source of the cooler air could be the
porous side walls or small cavities in the spring
mechanism above the heater element. Any effects caused by
flow through the porous side walls were eliminated,
however, since separate experiments were performed with
nonporous side walls with no significant difference in the

results. Another possibility is that acoustic-type waves,
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which are not considered in the numerical model, do indeed
have a significant effect on the heat transfer and flow
characteristics of the problemn.

The experimentally measured pressure and the pressure
calculated from the numerically determined temperature and
density profiles are shown in Figure 6-5 for each power
level. For times less than about two seconds, the
experimental pressure is greater than the numerical
pressure. At longer times the opposite is true. The
experimental results are always higher than the numerical
results for the high power case. The results of the high
power experimental run may be erroneous, however, because
of the charring of the insulation material during this run
(see Section 3.4).

The experimentally measured temperature profiles at
times 0.5 and 1.0 seconds and for the medium high power
level are compared with the numerical model of
Spradley, et al. in Figure 6-6. The numerical model uses
constant fluid properties and is one dimensional, but even
with these differences, it is clear that the numerical
results are not verified except maybe for small times when
conduction heat transfer is dominant and the heated
boundary layer is restricted to a small area near the
wall. Even here the better agreement at small times is
probably the result of lower wall temperatures during the
first few tenths of a second. This is discussed in

further detail in Appendix G. After one second the
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numerical results indicate a much faster rate of
temperature rise than the experiments. Furthermore, the
numerical model was unstable for heated wall temperatures
above about 1500°R (nondimensional temperature of about
2.8). The inadequacy of this numerical model was also
demonstrated from an analytical point of view in

Chapter 5.

Temperature profiles obtained by Radhwan and Kassoy
are compared with temperature profiles for the expanding
conduction numerical model in Figure 6-7. Radhwan and
Kassoy used the singular perturbation method with a small
parameter defined by the ratio of a short acoustic time
scale and a long conduction time scale. It was assumed
that k=T, c,=1, and y=1.4 for the dimensionless thermal
conductivity, constant volume heat capacity, and heat
capacity ratio, respectively. The boundary and initial
conditions are the same as those previously described for
the numerical model of Spradley, et al. except that both
of the infinite plates are instantly elevated to a
nondimensional temperature of 2.0 at time t=0. For the
purposes of comparison, the same fluid properties and
boundary and initial conditions are applied to the one-
dimensional expanding conduction model. Here the
nondimensional time unit 7 is equal to 480.17 seconds real
time for air initially at standard conditions and
H'=4 inches. This is a factor y=1.4 greater than the

nondimensional time unit previously used in the expanding
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conduction model. The temperatures obtained by Radhwan
and Kassoy are lower than those of the expanding
conduction model at short times, but become higher at
longer times until the constant temperature steady state
condition is reached.

For the purpose of qualitative comparison with the
results of Radhwan and Kassoy, the same temperature
profiles for the expanding conduction model with fluid
boundary and initial conditions as described above are
compared with temperatures for an equivalent rigid
material in Figure 6-8. It is observed that the
temperéture of the expanding gas is initially higher than
that of the rigid material, but at longer times the rigid
material temperature is higher than the expanding gas
temperature. This is because of the redistribution of
mass back toward the walls to satisfy continuity as time
progresses. These results can be compared to those given
in Figure 5-12 for only one heated wall where the steady
state density distribution is not homogeneous.

The velocity distribution at various times for the
perturbation analysis of Radhwan and Kassoy is compared
with that of the expanding conduction model in Figure 6-9.
For the perturbation analysis, the velocity is observed to
be everywhere toward the midpoint at short times before
changing directions so that the flow is everywhere back
toward the walls at longer times to satisfy continuity.

The expanding conduction model, however, produces flow
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back toward the wall at a location very near the wall at
short times. This back-flow progresses toward the
midpoint until the flow is everywhere toward the wall.

both cases, the steady state velocity is zero.
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CHAPTER 7

CONCLUSIONS

The effects of thermally-induced convection heat
transfer have been studied by measuring the unsteady
temperature profile of air enclosed in a cavity and
subjected to one-dimensional rapid heating at a boundary.
An optical method, configured in a new and unique design,
was employed for the purpose of measuring the temporal and
spatial variation of the fluid index of refraction. This
was accomplished by measuring the deflection of a laser
beam as a function of distance from the heated boundary
for a given time. The heated wall temperature was
measured directly by thermocouples and the cavity pressure
was measured with a pressure transducer. This data was
used to determine transient air temperature profiles for
various boundary heat fluxes.

A preliminary design for an in-space experiment to
investigate thermally-induced convection heat transfer
effects in microgravity has been presented. The design
incorporates the optical temperature measurement technique
and, to compensate for limited space for the experimental
apparatus, includes a prism system designed to amplify the
laser beam deflections. The ground experiments that have

been performed in this study verify the feasibility of the
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in-space experiment and provide gravity experimental data
for comparison with results obtained in microgravity
experiments.

A finite volume numerical model which predicts
thermally-induced convection heat transfer was developed.
The numerical scheme accounts for the bulk velocity
generated as the fluid responds to the changing
temperature and pressure fields, but does not consider
acoustic-type velocity perturbations. The three-
dimensional effects imposed by the side walls were also
accounted for in the energy equation. The experimental
and numerical results were found to be in agreement for
short times of about one or two seconds. For times of
about two through ten seconds, the numerical model
predicted temperatures higher than the experimental
results. It is possible that the acoustic velocity and
pressure perturbations, which are suppressed in the
numerical model, do have a significant effect on the
thermally-induced heat transfer phenomenon. Another
possibility is that relatively cool air is mixed with the
heated boundary region because of entrainment or another
unexplained reason. _

The numerical model described in Reference 28 was
also compared with the experimental results of the present
study. It was found that, except for very short times (or
relatively low heated wall temperatures), the numerical

model predicts much faster progress toward steady state
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than found by experiment. It was demonstrated that the
numerical model of Reference 28 is very sensitive to the
selected grid size. The model was improved by reducing
the grid size resulting in a decrease of the calculated
rate of temperature rise. The grid size dependence,
however, was not eliminated. The model was also improved
by including second order accurate methods at the wall,
revising the upwind difference scheme for the convection
terms, and using an implicit solution method.

Comparison was also made between the numerical model
developed in this study and the perturbation analysis of
Reference 22. The temperature profiles predicted in
Reference 22 are lower than those of the present model at
short times and higher at longer times, however, the

results are found to be in qualitative agreement.
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APPENDIX A

APPLICATIONS FOR OPTICAL TEMPERATURE MEASUREMENT TECHNIQUE

An optical temperature measurement technique was
developed and utilized in this investigation for measuring
the temporal and spatial temperature variation in air.

The effectiveness and accuracy of the technique as
described in Chapters 2, 3 and 4 has been demonstrated for
the specific application studied in this report. A range
of applications that may benefit from the use of the
technique and comparison with other gas temperature
measurement methods are briefly discussed in this
appendix.

The present optical technique is compared with
holographic interferometry methods and thermocouples for
temperature measurement in Table A-1. The present
technique has several advantages over thermocouples
including lack of intrusiveness, no radiation-induced
error, and better time response. The primary advantages
over holographic interferometry are significantly less
complexity and cost. 1In general, the present technique
seems to have advantages for applications where the
temperature and/or the temperature gradient are high. The

technique may also be especially useful for transient

problems.




o

Table A-1. Comparison of Gas Temperature Measurement
Methods
The Present
Optical Holographic
Technique Interferometry | Thermocouples
Intrusive No No Yes
Radiation No No Yes
Error
Time Small Small Large
Response
Complexity Moderate Complex Simple
Cost Moderate High Low
Good for Excellent for Excellent for
high low or low
Accuracy temperature moderate temperature
gradients; temperature and steady
also for gradient; also | state or slow
transient for transient transient
problems problems
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The present study successfully measured temperature
variations in one dimension. It may also be possible to
measure transient temperature in two dimensions by using
several laser sheets arranged in a grid pattern. Two-
dimensional measurements could be made for steady state
problems with an ordinary circular laser beam. Since the
technique measures the gas temperature gradient averaged
along one direction, three-dimensional temperature
measurements cannot be made.

The key to producing accurate temperature
measurements with the present technique is to obtain
accurate laser deflection measurements. This requires
deflections that are large enough that they can be
accurately determined. The laser deflection is given by

Equation (2-12) which is repeated here

n, -1
y, = - B P

aT
or A-1
PR T2 ° 0y (A=1)

where the variables are defined in Chapter 2. The
temperature gradient required to produce a laser
deflection of 1/2 inch and 1 inch as a function of the
experiment geometry Lz, is shown in Figure A-1 for typical
air fluid properties. It is clearly easier to produce
adequate laser deflection for high temperature gradient
applications, but it may be possible to obtain sufficient

deflection even for low gradient cases.
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APPENDIX B

DETAILED DRAWINGS OF HEATED CAVITY
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APPENDIX C

RELATIVE MAGNITUDE OF PRESSURE WAVE PERTURBATIONS

The temperature gradient in the air is related to the
laser deflection by Equation (2-13). Successfully
determining the air temperature gradient (and thus the air
temperature profile by integration from the known wall
temperature) requires knowledge of the local pressure.

The average pressure can be measured, but local acoustic
pressure disturbances are unknown. The following
argument, however, shows that the acoustic pressure
disturbances cannot be large enough to cause significant
error in the temperature gradient calculation.

An upper bound for a local pressure disturbance at
the heated wall can be determined by considering a one-
dimensional volume of heated air near the wall represented
by Ax. The energy transferred to this volume in a given

time At is given by

E = JAt = p,c, (AX) (AT) (C-1)

where E is energy, ¢ is energy transfer per time per
area, p, is the air density before the disturbance, c, is

the constant volume heat capacity, and AT is air
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temperature change. The pressure rise AP will be a
maximum if the density is assumed constant. Since the
pressure disturbance moves away from the wall at the local

speed of sound a, the time At is limited to

N (c-2)
where,

a = J/YRT (C-3)
also,

AT = :Oi (C-4)

Combining the above equations gives

AP = _‘l«’i (C-4)
CV Y

Note that AP is independent of Ax, so the pressure
disturbance is described by Equation (C-5) even very near

the heated wall.
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A maximum heat transfer rate d to the air at the
moment power is applied to the heated surface can be
conservatively estimated to be 200 (ft-1bf)/ft’-sec).

This is determined from the rate of increase of the
measured pressure at time t=0. With this heat transfer
rate, Equation (C-5) results in a maximum pressure
perturbation of AP = 0.071 1lbf/ft? which is just 0.003% of
the ambient pressure. This demonstrates that the use of
the average measured pressure in Equation (2-13) does not

introduce significant error.
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APPENDIX D

ERROR ANALYSIS

An analysis was performed to determine the maximum

error in the measured temperature profile. Several

sources of error have been identified and are discussed

below:

a)

b)

Laser Sheet Deflection =-- The least count
measurement of the video image is one pixel, however,
imperfect sharpness of the laser sheet at the screen
can increase the uncertainty.

Heated Wall Flatness Correction =-- If the heated
wall is not perfectly flat and parallel to the laser
beam direction, the end of the laser sheet nearest
the heated wall will not be exactly adjacent to the
heated wall. The end of the laser sheet will
actually pass an average distance h away from the
wall. This distance may change with time if the
heated wall deforms as it is heated. This changing
distance Af can be estimated by the change in the
location of the end of the laser sheet on the screen.
The temperature profile was corrected by assuming

that dT/dy at the wall is equal to 4T/dy at y=h.
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d)

f)

Wall Temperature -- Although thermocouple
measurements should be accurate within *2°R,
experimental measurements indicate larger uncertainty
even near the center of the heated wall where the end
effects are minimal. Heated wall temperature
variations were probably caused by a varying level of
contact pressure with insulation behind the heated
wall.

Test Section Length, L =-- A significant source of
error in L (see Figure 2-8) was the gaps between the
heated wall and the glass insulation on the two
transparent side walls. These gaps were necessary to
avoid heat damage to the glass. The error in L will
not be as large as the gaps, however, since the gap
space is not directly heated.

Other Dimensions -- There was uncertainty in the
measurement of the following quantities: the laser
path length z, to the screen, the angle 6 and the
width w of the laser sheet in the test section (see
Figure 2-6).

Three-Dimensional Effects =-- The temperature of
both the heated wall and the air will be affected by
the side walls. This effect was measured and
accounted for. Effects on the air temperature were
estimated by numerical approximation since their

experimental measurement was difficult.
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The uncertainty for the above sources of error has
been estimated and the effects on the temperature profile
determined. The error in the temperature was found by
adding the estimated uncertainty to the appropriate
variable and recording the change in the resulting
temperature. The results for the temperature profile for
medium high power at 5.0 seconds are given in Table D-1
and Figure D-1. Table D-1 gives the sign and magnitude of
the maximum temperature error as a percent of the heated
wall temperature rise for each source of error. Note that
the wall flatness correction is always positive, but it
results in increased temperature near the wall and
decreased temperature at the edge of the temperature
profile. The worst-case high and low percent error is
also given. Figure D-1 shows a plot of the temperature
profile with a worst case high and low band. The error
band is biased toward higher temperatures because of the
effects of the wall flatness correction and the

uncertainty in the test section length.
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Table D-1.

Temperature Error Analysis for Medium High

Power, Time = 5.0 seconds
Uncertain Amount of Maximum Temperature
Quantity Uncertainty Error as a percent of
Wall Temperature
Increase
Laser Sheet +1 pixel -2.8
Deflection -1 +3.0
Heated Wall 0.05 + Af +4.8
Flatness inches -0.5
Wall Temperature +40°R +2.8
-40 -2.8
Test Section +0.167 feet +3.6
Length, L -0.0 0.0
Laser Path Length | +0.1667 feet +0.2
to Screen, z, -0.1667 -0.2
Laser Sheet +1.0° +1.0
Angle, § -1.0° -1.0
Width of Laser | +0.025 inches -1.0
Sheet, w -0.025 +1.0
Worst Case High -- +8.5
Worst Case Low - -2.8
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APPENDIX E

ENERGY BALANCE METHOD FOR ADJUSTING TEMPERATURE PROFILE

The temperature profile can be adjusted by an
alternative method. Here T, is determined from an energy
balance between the thermal boundary layer and the core
region where it is assumed that air at the edge of the
thermal boundary layer flows into the core region at the

average core temperature. This yields

[po + Lo - po)]
TC = TO (E-l)
Pe = F(pe-00)
where p, is the density of the core at the time of
interest. Conservation of mass yields p, as
Yb
= + - (E-2)
Pe Po (po pb) (H +Hoy _yb)

The average density of the thermal boundary is
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Yb
-1 E (E-3)
Po = R fo Tady

Equation (E-3) is solved numerically using the measured
pressure and the adjusted temperature profile and the gas
constant R. Equations (3-8), (E-1), (E-2) and (E-3) can
be solved by iteration to give the adjusted temperature
profiles and the core temperature. The adjusted
temperature profiles, using this energy balance method,
are shown in Figures E-1 through E-4.

The gage pressure calculated from these adjusted
temperature profiles is compared with the measured gage
pressure and is shown in Figures E-5 through E-8. The
discrepancy between the measured and calculated pressure
at times above two seconds may be due to the
underestimation of the core temperature. Note that the
temperature profiles in Figures E-1 through E-4 are only
slightly different from those in Figures 3-18
through 3-21. This indicates that small changes in the
core temperature result in large changes in pressure. The
largest difference in the core temperature occurs at
10.0 seconds after the initiation of heating. The core
temperature as a percent of the total temperature rise is
1.2, 2.2, 3.3, and 4.8 percent for low, medium low, medium

high, and high power levels, respectively.
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APPENDIX F

DETAILED DRAWINGS OF THE SPACE EXPERIMENT DESIGN AND
SPECIFICATIONS FOR OFF-THE-SHELF HARDWARE




0gv

%0

S04 U vy

"T-d sanpyy

192




MOTA 9pPTIS ‘3node] sxempied juswutaxadxy aoeds *Z-d sanbty

90l "
|

193

SAOU] W SuOUau )




MaTA dog, ‘3nolke] saempaeq jusutasdxy aoeds ‘g-d aanbtyg

4 3
oreE
0oz
00
VIO 002 x
S \u VL sl o = ~
- L
I — -
Tal)
O
00T
o7y

S| U SU0BUaY] S




MITA juoad ‘ubrsag wojysis Teot3do

‘v-d 9anbirg

S U SuDuy )

&

127

00

«— 05—

« 0021

195




maTA dog ‘ubrseq weilsis tTeorado *G-4d 9anbt4g

TV 6T , h




¥-¥ uot3oos ‘ubrsaq wolsis TeoT3do *9-J 2anbtyg

V-V W0jeS

197

L0




g-g uotjoes ‘ubrsaq welsAs Teorado *L-4 aanbtd

g6 U0n08g

0Ctl

L 0rl
o00LE -

00or

M.
3

Edd SAUpA U SR




The specifications for selected off-the-shelf
hardware that could be used in the space flight experiment

are given below. These specifications were used in the
baseline design.

1) Laser
Supplier: Oriel
Type: 10 mW He-Ne Laser; Model #79274; Includes
power supply
Beam Diameter: 0.68 mm @ 1/e?
Beam Divergence: 1.2 mrad
Laser Dimensions: 1length=19.1 in., diameter=1.75 in.

Power Supply Dimensions: 5.5x5.5x2.5 inches
Cost: $1180

2) Laser Holder
Supplier: Oriel
Type: Precision Vee-Block Laser Base; holds a 1.75
inch diameter laser head; beam will be 2.25
inches above laser base.
Dimensions: 5.5x3.0 inch base
Cost: $236

3) Beam Expander System
Supplier: Oriel
Components:
a) Input lens model #15940, focal length=16 mm
b) Beam expander model #15900, focal length=80 mm
c) Laser Mounting Adapter #16140
Description: Provides 5x magnification

Dimension: Length=4.0 inches, diameter=2.0 inches
Cost: $475

4) Optical Components
Supplier: Melles Griot
Components:
a) Cylindrical lens #01LCP137,
focal length=300 mm
b) Cylindrical lens #01LCN125,
focal length=-19 mm
c) Prisms (qty 3) #01PRS037/066
Description of Prisms: Right angle prisms with 3
sides of length 55 mm and hypotenuse of length
77.8 mm. Includes MgF, coating for hypotenuse and
sides opposite hypotenuse.
Cost: a) $363, b) $210, <c) $329 per prism
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5) Data Logger

Supplier: Campbell Scientific

Type: Data Logger model CR10

Description: An example of capability -- can read 12
thermocouples and reference and one pressure
transducer and store the values about 5 times per
second.

Dimensions: 9.0x3.5x2.9 inches

Weight: 2 pounds

Cost: $1530

6) Data Storage Module
Supplier: Campbell Scientific
Type: Data Storage Module Model SM716
Description: Can store 358,000 data values
Dimensions: 7.8x3.5x1.5 inches
Weight: 2 pounds
Cost: $990

7) Video Camera
Supplier: Canon
Type: Canon E06 8 mm Video Camera
Dimensions: 3.75x9.7x3.9 inches
Weight: 2.5 pounds
Cost: $1300
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APPENDIX G

COMPUTER PROGRAMS
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program TacProcessd;
S G 0 S e s s 8 ettt tettcotttttsssssts st tsettttts ttetstss
TACPROC4 .PAS ﬁComplled with Borland Turbo Pascal 6.0)
version 5.5 can be used with little modlflcatlon)

-~ Experimental Data Processing Program --

This program combines several data processing steps for laser
deflection data and thermocouple data w1th conduct1on program
CONDSC.PAS to Trovx e a wide range of ’plotable’ data in one
$ggput file called TAC???2.0AT. All the input data is in

Add1t1onally, TacProcess2 allows numerous parameters to be
varied for error band determination.

Tacproc3 removes core temperature data from numerical work and
uses thermodynamic relationships.

Tacprocéd gets pressure from the unad#usted temperature profile
as well as the adjusted temperature proti
FEEXRRRREERELLXKRK KKK KKK KKE KKK KRR RK KK XXX KKK KKK KRR KK

uses crt,utility;
const gam : double = 1.4;

ype
profile = array[0..60] of double; dataout = array[1..201) of double;

var
indat,outdat : text;
tlmelout time2out ,timeavg,tmpavg,tavgcl : dataout;
tlmepress telout tczout,pressout,pressoutadJ dataout;
noutl,nslice : 1nteger,
tlmesilce,pressurel,pressurea walldtdy,wavydis : array([1..15) of double;
del,T,dtdy,Tal,Ta2 : profile;
walldls : array (0. 15,0, 60] of single;
ndef : array[0..15] of integer;
ydefav,ydefcl : array[1..15,0..60] of double;
discorr ,defcorr : arrayfi..i5.1. 30] of single;
L,Zs ydepth exvol ,tcoreal, tcorea? : double;
Lerror Zserror,pxxelerror walltemperror,pressureerror double;
testlengtherror angleerror : double;
addtowavydis : byte,

procedure TCPdata; forward;

procedure Deflect; forward;

procedure TempProf(n : byte). forward;

procedure Timeslice ut ut(n : byte); forward;

procedure Presscalc§ yte; temp:profile; var pressure:double); forward;
procedure Output2; orward,

procedure Go;
var
runnumber : string{3); inname,outname : string[12); n : byte;

begin
clrser; gotoxy(10,3);
write( ’Enter three digit run number (ex. 007 or 124) --) ')
runnumber : -GetStr(3 -1,-1,*); 1nname := *TAC’+runnumber+’_4.IN’;
outname := 'TAC'+runnumber+’ _4.DAT’;
Openflleilndat ,inname); if error () 0 then stop;
Createfile(outdat ,outname);
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writeln(outdat,’ Output Data for Run ’,runnumber );
1ff(outdat,1);

Readcomments( indat); readln(indat,L,lLerror,Zs,Zserror);
L:=Ltlerror; Is:=IgtIserror;
Readcomments(indat ); readln(indat,ydepth);

lfg(lf; )

writeln(® Working (TCPdata)’);
TCPdata;

writeln(® Working (Deflect)’);
Deflect;

for n := 1 to nslice do

gin
writelng’ Working (TempProf, time slice ’,timeslice[n}:6:2,')’);
TempProf(n);
Timesliceoutput(n);
writeln(® Working (PressCalc)’);
Pressca csn,T,pressurel[n})'
Sresscalc n,Tal,pressurea nf);
end;

Output2;

close(outdat );
end;

procedure TCPdata;

TCPdata reads in thermocouple and pressure data that is output
from the HP. The input is time (msec), thermocouple 1 (R),
thermocouple 2 (R), gboth thermocouples on the hot wall) and
pressure transducer (lbf/ft2). The first set of output is each
thermocouple value versus time. The second set of data is
average temperature vs. time and pressure versus time. The times
in each case are interpolated appropriately between readings.
Finally, the pressure is adjusted for the experimentally
determined pressure drop rate.

var
n,i,J,k,istart,ic,icl,ic2,ic3,ic4 : integer;
a,b,c,d,tsum,zd,f1,tm,ct,at,tepl,tep2,pr pradj : single;
timestart,timedif,midtime,adjtime : double;
timein,tcl,tc2,press : dataout;
leaksum,leakrate : double; )
timeadj, droprate : arraytl..lS] of single;
wttime,wta,wtb,wtc,wtd : array[l..25] of single;

begin
geadcomments?indatg; readln(indat,timestart);
Readcomments( indat );
n =05
repeat . L.
inc(n); readln(indat,timein[n],te1[n},tc2(n],press{n] );
until timein{n] ¢ 0.0;

n:izn-1;

timelout[1]):=0.0; time2out[1):=0.0; tclout;11:=tc1[1]; tc2out [1) :=tc2(1];
t;meavg[l{:=o.0; tmpavg(l]:= fc1[1$+tc2[1] 72.0;

timepress(1]:=0.0; pressout[1]:=0.0;

istart:=0;

repeat inc(istart); until timein(istart+1])timestart;
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o

ji=1;
or 1 := istart to n-1 do
begin

1nc(é)

time

t1me1n[1+1] t1me1n[1].
adjt timein 1]-t1mestar ;
1f t1med1f ( 100.0

begin writeln(’ tlmexn data error’); stop; end;
if timedif ¢ 180.0 then

begin
timelout J] = adjtime + 0.31xtimedif;
time2out(J] := adjtime + 0. 62xtimedif;
glmepresst] = adjtime + 0.93xtimedif;

en

else

begin
txmelout ] 1= adjtime + 0.56xtimedif;
time2out 1= thLme + 0.76xtimedif;
tlmepress j] := adjtime + 0.96xtimedif;

tclout[ = tcl{x}'

te2out [J] = te2

pressout ] press([i)

timeavg( f (tlmelouth]+t1m920ut[J])/2 0;

tmpavg Jj (tclout[J]+tc20ut[J])/2 0}

en
1nc(J), nouti:=j; adjtime := timein[n]-timestart;

t1me10ut[4 = adjtime + 0.31x140.0;
time2out = adétlme + 0.62%140.0;
txmepressf ] := adjtime + 0.93%140.0;
telout[j] := tei T

te2out [J] = te2ln);

pressout ] = press(n);

timeavg( f (tlmelouttJ]+t1me20ut[J])/2 0;
tmpavg Jf (tcloutéJ]+t020ut[J))/2 .03

for ; 1'to nouti

eg n
t1me10ut i]:=timelout[i]/1000.0;
t1me20u% :=time2out [1}/1000.0;
timeavy { -tlmeavg[l /1000 0;
txmepress i]:=timepress(i]/1000.0;

1f tlmelout 2] ( 0.0 then txmelout{z] :=0.0;
if t1me20ut 2] ¢ 0.0 then time2out(2]:=0.0;
if timeavg 2{ ( 0.0 then timeavg[2] :=0.0;
if timepressi2] ¢ 0.0 then tlmepress[zl =0.0;

{Adjust pressure for pressure drop rate)

Reagcomments(indat);

1:=0;

repeat . . crs .
inc(i)s rea?l (indat,timeadj[i],droprate[i] );

until timeadj T Y 100.0;

ressoutadjf1] : pressout[l];
eaksum := 0.0; j:=2;
for i := 2 to noutl do
begin
timedif := timepress[i]-timepress{i-1];
midtime := (timepress{i]+timepress(i- 11)/2 0;

while midtime ) timeadj[j] do j:=j+1;
leakrate:=Interpolate(timead; f tlmeadJ[J% ‘
dropratefJ 1] ,dropratel ] ,midtime);

\
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leaksum :=.{gaksum + leakratextimedif;
pressoutadj[i] := pressout[i] + leaksum;
end;

{ Find average temp. on centerline between glass walls.)

Readcomments(indat); 1i:=0;
repea%
inc
readln(lndat wtt1me[1] wta[i],wtb[i},wte[i},wtd(i) );
until wttime[ 1T
wttime[i]:=9, 9e9, wta t=wtafi-1 ; utb[l]-=wtb[1 1);
wte[i]:=wte[i-1]; wed(i]:=wtd{i-1

jc:=0;
for 1 = 1 to noutl do

egi
whxle timeavg(i) )= wttime[ict1] do inc(ic
-Interpolategwttxmeflc] wtt1me[1c+1 ,Wte

el e 1c] wtelictl tlmeavg[ };

d:=Interpolate{wttimelic] ,wttime ic),wtdlict1],timeavg
tsum:

0;
for k =0 to 20 do

20;
f1: -1 0 + cxzdxzd + dxzd;
if f1 > 1.0 then f1:=1,0;
tsum:=tsumtfixtmpavg(i];

end;
tavgcl(l] =tsum/21.0;

end;
ict:=0; ic2:=0; ic3:=0; :=0;
writeln(outdat,’'--- Heated Wall Temperature and Measured Pressure’);
1ff(outdat,1);
wrlteln(outdat .
' “"time Center Average TCi TC2 Pressure Adj Press’);
wrlteln(outdat
Temp. Temp. (gage) (gage)’);

wrltelnSoutdat
* (sec) (R) (R) (R) (R)  (1bf/ft2) (lbf/ft2)’);
fOY.l 1= 0 to 40 do
begi

tm '0 25%1;

while tm )= timeavg(i c1+11 do inc(jcl);
while tm )= timeloutt1c2+ do 1nc§1c ;
while tm )= time2out[ic3+1] do inc(ic3
while tm )= tlmepress[1c4+1 do 1nc(1c45
ct: Interpolate(tlmeav? } t1meavg[1c1+1],
tmpavg(ic tmpavg[1c1+1 tm);
at: Interpolate(txmeav ic1] timeavgfici#i]
?1 tavgc1[1c1+1 ,tm).
tepl: 'Interpolate(tlmetout 1c2 ,timeiout 1c2+1]
tefout [ic2] tclout [ic2+1] ,tm
tep2:=Interpolate( time2out ic3],time2out 1c3+1],
out [ic3] ,te2out [ica+t ,tm)
pr: -Interpolate(t1mepress[1c4] ,timepress{icd¢ 1]
pressout [1cd] ,pressout [ic4+1],tn);
pradj: -Interpolate(txmepress 1ca]tinepress(icd+i
pressoutad][1cd] ,pressoutadj{ica+1],tn);
grlteln(outdat ,tm:6:2,ct:8:0,at:9:0,tep1:9:0,tep2:8:0,pr:9:0,pradj:9:0);
end,

end;
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{
procedure Deflect;

DEFLECT converts (z,y) points of any scale of a deflected
laser line to deflection versus distapce from the hot wall. Note
that deflection is assumed to be completely in the y direction.

label 10;

var
testlength,angle,zratio,yratio : double;
time,imagelength,frac,hyp,z,yd,yi,udl,dfc,av,cl,wyds : double;
zo,yo : array[1..60] of double;

1,],n ¢ integer;
dettile © toxts

Readcomments(indat);  readln(indat,testlength,testlengtherror);
testlength:=testlengthttestlengtherror;

Readcomments&1ndat ;  readln(indat,angle,angleerror);
angle:=angletangleerror; . ) )

Readcomments{indat);  readln( indat,zratio,yratio);

Readcomments( indat readln( indat ,wyds,addtowavydis );

Readcomments( indat readln ;ndat,pxxeferror);

Readcomments( indat readln ;ndat,walltemperrorg;

Readcomments( indat);  readln(indat,pressureerror);

begin
Readcomments?indat}; readlngindat,exvol); exvol:=exvol-1.0;

wewe wa

E Read in a series of (z,y) points for the undeflected beam beginning }
at the top (i.e. next to hot wall).

Beagcomments(indat);
i:=0;
repeat

inc(i);
readln(indat,zo(i],yo[i]);
zo[i]:=z [i]/zratlo; yo{21:=yo[i]/yratio;
until zo(i] ¢ 0.0;
ndef (0] :=i-1;

angle := angle*3.14159265/18?.0;
imagelength := sqrt(sar(zo(1]-zo[ndef[0]] )+sar(yo[1]-yo(ndef(0]]));
for i :='1 to ndef([0] do

begin
?rac := sqrt(sar(zo{1]-zo[i] )+sar(yo[1)-yo[i] ))/imagelength;
hyp := tes;length*frac; gn{
galld1s[0,1]:= ypxcos(angle); in
end;

n:=0;

repeat
inc(n); ) ) )
Readcomments 1ndatg; readln(indat,timeslice[n] );
if timeslice[n] ( 0.0 then goto 10;
Readcomments(indat); i:=0; j:=2;

repeat
inc(i); . .
readln(xnda;,z,yd); yd:=ydtpixelerror;
z = z/7ratio; yd := yd/yratio; L
while (z ¢ zo{j)) and (z ) 0.0) do inc(J);
walldis{n,i] :=Interpolate(zo f-L] zo(J . .

o " wa]ldislo,~1] ,walldis[0,] ,2);

if i=1 then wdi:=walldis(n,1];

walldis{n,i]:=walldis[n,1]-wd1;
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yi:=Interpolate(zo[j-1],20(j],yo[j-1]),y0(J],z);
ydefav(n,i] := yd-yi;

untl{ (0.0;

ndef [n] :=i-1;

1f1fgdt?wag dls 1 then wavydis[n]:=wydstwdl else wavydis[n):=wyds;
walldis{n
for i:=1 to ndef[n] do walldis[n,i):=walldis[n,i]+wavydis[n];

Readcomments(indat); i:=0; j:=2;
repeat

inc
readln indat, dlscorrg n,i),av, clf
if av ) 0.0001 then efcorr[n i] t=¢cl/av;
until discorr [n,i
for 1 =1 to née [n] do

whlle walldis(n,i]  discorr[n,j] do inc(j); )
dfc:=Interpolate(discorr [n T 1T,dlscorr[n j ,defcorr(n,j-1],
efcorr [n, )] ,walldis(n, 1j$
édefcl(n ,1) :=dfexydefav(n, Lf
end;

10:
until timeslice[n] ¢ 0.0;
nslice := n-1;
end;

procedure TempProf; {n : byte}

TempProf uses deflection versus distance from the hot wall and
pressure to calculate dTdy versus distance from the wall using
the known relationship between dTdy and the refraction of the
laser. With dTdy and the known temperature at the wall, the
temperature profile of the gas vs. distance from the wall is
calculated.

Flnally, if dTdy reaches zero, it is known that the
temperature should be equal to the core temperature at that
point. Inaccuracy 1n the deflectxon data will fenerally cause the
integration to "miss", so the temperature pro ile is adjusted so
that the temperature far from the wall equals the core temp. The
core temp is found from an energy balance. This gives Tal.
Another adjusted temp profile, a2, is obtained by matching the
measured pressure to the calculated pressure.

const

indexml : double = 2.719e-4;

idensity : double = 0.0757; glbm/ft3;

Y : double = 53.34; (ft-1bf)/(1bm-R)}
var

i,J,nparam,ndn,ndnm,ndnp : integer;
press,pressc k1 Ttest Td1f Tdifmax : double;

frac,Toff, Tden ddtdy double;
rowbound rowcore tavg,wdis tcorealold tcorealdif : double;
tcoreaZoid tcoreazdi th ti"7 doub le;

begin

{Get hot wall temperature (R)}

-=2
?1} (tlmeav (i) ( times 1ce{ g) and (i (= nout1) do inc(i);
T[0] :=Interpo ate(tlman?

tavge

lmeavg

i],
1-1) tavgcl[1

,timeslice[n] Y+walltemperror;




{Get pressure (lbf/ft2)}

2.
whxle (txmepress[lz ( timeslice[n) ) and (i (= noutl) do ine(i);
press:=Interpolate tlmepresstl -1], tlmepressfl .

pressout [1-1] ,pressout [i],timeslice[n]) ) + 2117.0;
Press:=press+pressureerror;

ndn:=ndef [n); ndnp:=ndn+1;
for 1 =0 to ndn do

dtdy[x] =0.0; if 1 () 0 then [ i):=
éf 1 ¢) 0 then de1[1] =walldis(n, 1] - walldls[n i-1);
ena,

{First cut on temperature profile)

1 := -(idensityxr )/(indexmixpressxLxZsx144.0); {1/R-in2}
repeat

Qﬂmmmmmdmmmwm; {R/in}

t:=T[1];
T 1i l% 3? ; (o]
g =({te t-T1 {5/T? ?
53§¥élagsgrd-§gd§[g ke 0147 L0) );
ydefav(n,0] :=ydefcl {n 0] /defcorr [n, 1],
for i:=2"to ndn do
begin
e est =T (il
T[i] := gtl'l{ i]*(dtdy{i]+dtdy[i-1] )/2.0;
it ¥defav[n ,113

0001:
end)

{Final determination of temperature profile}

T(ndnrp] :=T{ndn]; dtdy(ndnp):=0.0;
del[ndnp] -del{ dn) ;
repeat

lefmax =0.0;

or 1:=2 to ndn do
%z
m =
del[i+1)/4.0)x(dtdy[i]+dtdy[i+l
=k1xT[i *T[l]*ydefavrn 1]
"y 0.1 then Tdif:=abs (Ttest T[i))/7(1) );
) Tdifmax then Tdifmax:=Tdif;

{T[ltl]jl[o3§{3tdy53 gty

=T[ dn] + del[ndn]*dtdy[ndn],
dnp] dtdy[n n;
max ( 1.0e-6;

ave wall temperature derivative for output)
walldtdy[n] =dtdy (1]

{Extend the derivative linearly until dtdy = 0.0 and extend temp.}
éf (dtdy{ndn] ¢ -0.1) then

ndef[n{ := ndnp; ndn:=ndnp; ndnm:=pdn- 1 ddtdy =0.0;
ydefcl{n,ndn] :=0.0;  ydefav[n,ndn]:=0.0
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dtdy[ndn] :=0.0;
O by 2=dgtay s (ddy (ndnn] ~dedy (ndn-i] )/
1= + ndnm] - ndn-i
! ’ gwal gis[n,ndnmf-walldxs[n,ndn-i]);
ddtdy:=ddtdy/4.0

if ddtdy ¢ 200.0 then ddtdy:=200.0;

walldis[n ndn]:=walldlsgn,ndnm] - (dtdy[ndnm]/ddtdy);

é[ndn]:=T[ndnm] + (walldis[n,ndn}-walldis[n,ndnm] }*xdtdy[ndnm]/2.0;
end;

{ get core temperature 1 }

tcoreal:=tavgel[1]; press:=press/2117.0; Tden:=T[0]-T(ndn];
repeat

{ Adjust the temperature profile to get Tal)

Toff := T{ndn]-tcoreal;
for i:=0 to ndn_do .
Tat[i] := T[i] - Toffx(T[0])-T([i] )/Tden;

rowbound:=0.0;
for i:=1 to ndn do
e vot=ave( Tai [i-1], Ta1 [i] /tavgel [1]
avg:=Avg(Tal[i-1],Tal[i] )/tavgel[1];
wdis:=(waildis[n,1 -wafldls[n,?-1{)/(ydepth*12.o);
roubound: =rowbound + (press/tavg Jxudis;

end;
wdis:=walldis[n,ndn)/( ydepthx12.0);
rowbound:=rowbound/wdis; . .
rowcore:=1.0 + (1.0-rowbound )*(wdis/(1.0+exvol-wdis));
tcorealold:=tcoreal;
tcoreal:=tavgcl[12*fl.0 + (gam/2.0)*Srowcore-1.0))/

. rowcore ~ (gam/2.0)x(rowcore-1.0));

tcorealdif:=abs(tcoreal-tcorealold)/tcoreal;

until tcorealdif ( 0.00001;

incindef[n]);
wal dlsin,ndef[n]]:=ydepthx12.0'
Tal[ndef[n]] :=tcoreal; T[ndef[nj]:=T[ndef[n]-1];

{ get Ta2 by matching measured and calculated pressure }

th:=1500.0; tl:= 100.0; tcorea2:=800.0;
press := pressx2117.0;
repeat

{ Adjust the temperature profile to get Ta2)
Toff := T(ndn]-tcorea2;
for i:=0 to ndn do
T 251 1= T[i] - Toffx(T[0]-T[i] )/Tden;
TaZTn ef [n]] :=tcorea2;
Presscale(n,Ta2,pressc);  pressc:=pressct2117.0;
tcorea2old:=tcorea2;
if pressc ) press then thi=tcorea2 else tl:=tcorea?2;
tcorea2:=Avg(th,tl);
tqoreaZde:=qbs(tcorea2-tcorea201d)/tcoreaZ;
gntll tcorea2dif (¢ 0.00001;
end;

procedure Timesliceoutput; {n : byte)
var i : byte;

begin

1f n=1 then
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iff(outdat 5);

writeln outdat ‘Deflection error = ' pixelerror:8:2,’ pixels’);
writeln{outdat,’Wall temperature error = ,walltemperror 8: 0;’ R);
writeln{outdat,’Test section length error = *,Lerror:8:5,’ feet

1 Zserror:8: 5 ' feet 3

writeln{outdat,’Laser path length error
,pressureerror :8:1,

writeln outdat ’Meg?ured iressure error

/ft2’
writeln(outdat, ’Uldth of

ches
writeln(outdat, :Angle of’laser sheet error

aser sheet error = ’,Testlengtherror:8:3,

*,angleerror:8:1,

es
grlteln(outdat,’Extra volume = ’,exvol:6:3);
end;

1ff(outdat,5);

wrlteln(outdat *--- Results for Time Slice *',timeslice(n):6:2,’ seconds’);

Iff(outdat,2);

wrlteln(outdat 'Wavy wall error = ’,wavydis[n]:6:3,’ inches’);

lff(outdat 1)

TF%{e g&ogtggt ' peflection & Temperature Data vs Distance from Hot Wall’);
outda

wrlteln(outdat * walldis Ad%usted Adjusted Temp. ydefav’,

ydefcl
writeln({outdat,’ Temp Temp.’);
writeln(outdat,’ match core match press’); .
writeln(outdat,” (in) (R; (R) (R) (in) ’,
(in)  (R/in)*);

lff(outdat 1)
or 1 :=0 to ndef[n]-1
if (1()0) or (wavydlsén] () 0.0) the )
writeln(outdat,walldis(n, 1] 8:5 Ta1[1 110:0 Ta251] :11:0,T{i]:11:0,
defav[n 19:2 ydefc n, 1% :§:2 td [i):9:0);
wrxteln(outdat walldls[n ndef n]] :5,Tal [n]]:10:0,Ta2{ndef (n]]:11:0,
T{ndef[n]]:11:0);
for = 0 to ndef[n]-1 do
1f (1()0) or (wavydls n] () 0.0) then .
writeln(outdat ,walldis(n 1] 8:5,’ nLTi):11:0);
writeln(outdat, walidls [n,ndef[n]]:8:5,’ ’,
T(ndef[n)]:11:0); )

nde

end;

procedure Presscalc; {n:byte; temp:profile; var pressure:double}

{ PressCalc determines the pressure from a given temperature profile. )}

var
cavdepth densitysum, tavg press,ph,pl,densdif ,tcoren : double;
: Lnteger, Y, tempn prof1 e;

begi
cavdepth = ydepthx12.0;
for 1 1= 1 to ndef[n] do

y[x] =walldis(n,i]/cavdepth;
gempntxl =tem£?1]/tavgcl[1]

enas;

tcoren := tempn(ndef(n]);

ph:=4.,0; pl:=0.5;

repeat
den31ty2um(:ﬂ Olg,
press:=Avg(ph,p
for 1 := 2 to ndef[n] do
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begin
tavg (tempn51]+tempn[1 1])72.0;
gen51tysum iz densitysum + press*(y[1]-y[1 -1] /tavg;
enda;
densitysum := depsitysum + presstexvol/tcoren;
if densitysum ) (1. 0+exvol€ then ph:=press else pl:=press;
densdif := abs(densxtysum- 1.0+exvol));
until densdif ( 0
pressure := (press-l O)*2117 0; {gauge pressure, lbf/ft2)

end;

}

procedure Qutput2;
{Output pressure and wall temperature derivative}

var i:byte;
?ff(outdat 4);
writeln{outdat,’--- Pressure (from temp. profile) and wall temperature’);
writeln outdat, derivative at each time slice');

ff(outdat,2);
writeln outdat * Time  Unadjusted Adjusted  wall dTd g
writeln outdat, Pressure Pressure (minus)’
writeln{outdat,’ igau?e) i ?
writeln(outdat,’ (sec)  (lbf/ft2) bf/ft2) (RZin)');
ff(outdat,1);
wrlteln(outdat, 0.00 0 0 0');
for i := 1 to nslice do
writeln(outdat, tlmesllce[ 16:2,pressuret [i] :1

y pressurea(i]:12:0,-walldtdy[1]: 13 0),
end;

begin Go end.




{s-,v-}
program condSc;
yses crt,utility,dos;
FEROCOER RO OO OOR XX R R
CONDSC .PAS (Eomplled with Borland Turbo Pascal 6.0) |
ver 5.5 can be used with little modification)

-- Three-Dimensional Expanding Conduction Model --
REEREXLEREEE XX RR XL KX R XK R K KKK KK KERRKKK Rk K

const

{----Geometrical data and initial conditions - Air initial properties)
cavheight : extended = 0.3333333; ft, j - perp to heated plate
cavwidth : extended = 0.3333333; ft, 1 - dis between bus bars
cavlength : extended = 0.3333333; ft, k - dis between glass walls}
laserlength : extended = 72.21; ft, - distance to screen}
irefrac : extended = 2.719e¢-4; unitless
roo : extended = 0.0745; 1bm/ft3
po : extended = 2117.0; 1bf/ft2
cvo : extended = 133.0; ft-1bf /Elbm-R)}
xko : extended = 0.00321; ft-1bf )/(ft-sec-R)}
alfo : extended = 3,238e-4; t2/sec
rgas : extended = 53.34; (ft-1bf /(lbm-R);.
agml : extended = -0.0256211; gamma - 1 curve fit constants}
biml ! extended = 0.431122;
a : extended = -0.0335744; .
bk : extended = 0.789609; {k curve fit constants)
¢k ¢ extended = 0.244055; .
acv : extended = (.074404; {cv curve fit constants)

cv : extended = 0.925596; )
xznodemax = 11; ynodemax = 42; {max size of arrays, not actual nodes}

type
nodeptr = “noderec; ) ..
noderec = record tn,told,toldi,toldii,v,rn,apo,save : extended; end;
nodes = array(1..xznodemax,1..ynodemax,1..xznodemax] of nodeptr;
ycolumn = array(1..ynodemax] of extended;

var
n : nodes;
aa, bb, ¢c, rhs, dtdy, ysccl, yscav, evr, evrold, evt : ycolumn;
evmassgainperlevel, evmassgainpernode, evdensgainpernode : ycolumn;
exvol ,exvperlevel : extended; {excess volumei

ikmax, ikmaxm, ikmaxp, ik, jmax, jmaxm, jmaxm2 : byte;

delxz, dely, xl,yl,zl, dxodt,dyodt,dzodt : extended;

dxody ,dxodz ,dyodx ,dyodz ,dzodx ,dzody ,delyo2,delyt2 : extended;
dytdz, dxtdz, dxtdy, dytdzodx, dxtdzody, dxtdyodz : extended;
dxtdytdzodt, dxtdztdt, dtod, dtody, dtodz, sor, dv : extended;
rdelt, delt, tend, rtend, ti, pavg : extended:

rsum, rsumnormal, rsumcheck, rowrsum : extended;
ppg,rts,walldtdy : array[1..200] of single; pcnt : byte;

intout : array(1..25] of longint;

routint,outint : array[O..ZS of double;

mxstep, nout, nstep, oldnstep : longint; ocnt,ocnt2 : byte;
time, rtime, oldtime, newtime, cputime : double;

hour, minute, second, fraction : word;

outdat,indat : tex

lout : arfay[l.:soi'of integer;
1o, 1z1, 122 : integer;
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wtime,wtemp : array(1..120] of single; icl : integer;
wttime,wta,wtb,wtc,wtd : array(1..25] of single; ic2 : integer;
bwtime, bwtemp : array[1,.10] of single; . 1e3 ¢ integer;
swetime, switime : array(i,.12] of single; ic4,1cS : integer;
swetmp : array[1..10,1..12] of single;

switmp : array(l..5,1..12] of single;

sweyd, swiyd : array[0..6] of single;

swexd @ array(1..3] of single;

procedure BoundaryConditions; forward;

procedure TDMA(iend,l,k : integer); forward;

function Powerlaw(peclet : extended) : extended; forward;
function Xk(t : extended) : extended; forward;

function Xcv(t : extended) : extended; forward;

procedure Grid; forward;

procedure Output; forward;

procedure Timer; forward;

procedure Init; forward;

procedure Go;

var

i,i.k,im,jm,km,ip,jp,kp,sides,itloop,ot]loop : integer;
gamml,tw,te kw, ke ,cvw,cve,cv,dw,de,aw,ae : extended;
ts,tn,ks,kn,cvs,cvn,ds,dn,fs,fn : extended;
ps,pn,maxfs,minfn,dsPl,dnfl ,as,an : extended;
tb,tt kb,kt,cvb,cvt,db,dt ,ab,at . : extended;
b,tdlf,max;dlf,lnnertdxf,1nnermaxtd1f,rcr1t : extended;
rdif maxrdif,center,flowchange,velchange : extended;
isv,Jsv,ksv : integer;

begin

nit;
Grid;

1fs(2); wrtln(’ BEGIN COND5C’);
repeat

nstep := nsteptl;
time := nstepxdelt;
rtime := (timexylxyl)/alfo;

BoundaryConditions;

for i := 2 to ikmax do
for j := 2 to jmaxm do {save old temps and apo}
for k := 2 to ikmax do
begin . .
nk;,q,k ~.told := n[i,j,k]".tn;
n{i, ], k1" apo := n{l,J,k]" .roxdxtdytdzodt;
end;
for j := 2 to jmaxm do evrold[j):=evr[j];
maxtdif:=9.9; otloop:=0;
repeat
otloop:=otloop+l;

for i := 2 to ikmax do . . .
for j := 2 to jmaxm do {save old iteration to adjust}

or k = fﬁto ikmax do = {relaxation parameter}
nli,j,k]”.toldiiz=n[i,]j,k]".toldi;
for i := 2 to ikmax do . .
for j := 2 to jmaxm do {save temps for outer iteration}

for k := 2 to ikmax do =
nli,j,k]".toldi:=n[1,j,k]".tn;
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------ Solve the energy equation for n(i,j,k]”.tn-----}
{ ..Solve at each (? k) and iterate.. (i }J

itloop:=0;
repeat
itloop:=itlooptt;

for i := 2 to ikmax do . . .
for j := 2 to jmaxm do {save temps for inner iteration)
for k i= 2 to ikmax do
. nli, J,k] .save:=n{i,j,k]".tn;
for i := 2 to ikmax do
for k := 2 to ikmax do
begin
mi=i- 1; ip: -1+1 km:=k-1; kp =k+1;
gammi := agmixn( i 2 k]®.tn + iml,
tw : Avg(n[lm 2 kI*.tn,n(i 2 tn),
if'1 =2 then tw iz n

%e i= Avg(n[xjg k17 .tn,n[ip, 2 kj tn),
s :=
tn := Avg(n[i,2, k] tn n[ .tn);
tb := Avg{ {1 2,kn)*, tx 2 L] .;nS,
= 2 then ; 1]
tt := Avg(n 1 2, kl tn n&x Rpf n
kw := k?tw ; 1= X 2 ks iz Xkétsg;
kn := Xk(tn); kb := Xk(tb); kt := Xk(tt);
cWW = Xcvgtw 7 cve = Xev te); j Cvs i= Xcvgts;;
cvn 1= Xev(tn); cvb = Xev(tb); cvt = Xew(tt);
=z cvw+cve+cvs+cvn+cvb+cvt /6 0;
dw S kw/cvw * t zodx,
1f = dwx2.0;
de := ke/cve *dytdzodx,
ds := ks/cvs *dxtdzody*z 0;
dn = (kn/cvn )xdxt zody.
db := kb/cvb *dxtdyo z;
1f k = 2 then db := dbx2.0;
dt := (kt/cvt)*dxtgyodz, - .
fn := avg(n(i,2, k] .rn,n{i,3,k]".rn)xn(i,2,k] " .vxdxtdz;
pn = abs fn/dn)
if fn ¢ 0 then m1nfn =fn else minfn:=0.0;
anl = dnxPower law(pn);
aw := dw,
ae := de;
as := ds;
an := doPl - minfn;
ab := db;
at ==

b zgamml/cv)*pavg*n[L 2,k]". vxdxtdz
+ n{i,2,k] apo*n[l,z,ﬁ .
bb {21 1= aw+ae+as+an+ab+at + nfx 2,k1~.apo;

rhsf b+ aw*n{xm ,2,K]". tn + aexn[ip,2,k]".tn

+ asxnli .1 R]
+ abxn[i.2,km* tn + atxn{i,2,kp]".tn;

for j = 3 to jmaxm2 do
begin
Jme=j- 1: Jp: 'J+1.

gamml = agml*n i .tn + bomi;

tw = Avg (nl 1m { Rf 1n n[1 K17 tn);
= 2 then tw i=n ﬂ ] .Ln;

te = Avg n[i ,4 k .tn,n 1th tn

tn = Avg(n tn n l,JP. ;

tb := Avg(n km] tn,nllg.k1"
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if k=2 then tb := nfi,j,1]17.tn;
tt = Avg(n 1 J ki tn n£ ﬁpT n),
kw == Xk(tw)s = X ;
kn := Xk(tn); kb := Xk(tb = Xk(tt);
cvi 1= Xev(tw); cve i= Xcvgte cvs 1= cvn;
cvn = Xev(tn); cvb = Xev(th); cvt := Xcv(tt),
cv i= cvw+cve+cvs+cvn+cvb+cvt /6.0
dw := (kw/cvw)xd tdzodx,
if i = 2 then dw := dwx2.0;
de := (ke/cve *dytdzodx,
dn := (kn/cvn xdxtdzody;
db := (kb/cvb )xdxtdyodz;
if k = 2 then db := dbx2.0;
gt kt/cvt)*dxtdyodz,
s

O —h
=9
ll noen

Avg§n[1 3. K17, n{i,jp, k)" .rn)xn(i, j,k]) " .vxdxtdz;
abs( fn/dn};

1f fs ) 0 then maxfs:=fs else maxfs:=0.0;

if fn ¢ 0 then minfn:=fn else minfn:=0,0;

dsP]l := dnPl;
dnPl := dn*Powerlaw(pn),
aw := dw,
ae := de;
as = dsPl + maxfs;
an := dpPl - minfn;
ab = db)
2° 12 Soamicy) [i,.K1".v=nli, dn, K ".v)xdxtd
= -(gammi/cy Jxpavgx(n(i, ven{i, gm, k)7 .v )xdxtdz
. rnli, gkl apo*n&1 Jy ﬁf‘.told;
aalj] := -as; o aa
bb{qj i= awtaetastantabtat + n{i,j,k]".apo;
ce = -a
rhsfj] = b ¢ awxn[Lm J,k1° tn + ae*n[lp Jok
+ abxnli,J, R tn + atxn{i,J, Rp tn,
end;
gamml gmixn{i, jmaxm,k]~.tn + bgmi;
tw = Avgen (im Jmaxm T n,n{i,jmaxm,k]”.tn);
ifi=2¢t :- n 1, jmaxm,k j .Ln;
te := Avg(n[1 Jmaxm k] .tn,n(ip, jmaxm,k]*.tn);
tn := nli,jmax,k]”
tb := Avgin[l,Jmaxm km] tnonli, jmaxm k]”.tn);
if 2 then tb := n(i, jmaxm, 11 tn,
tt := Avg(n 1 ,Jmaxm,k]~.tn,n ,Jmaxm pi”*.tn);
kw = katw ; ke iz Xk(te
kn := Xk(tn); = Xk(tb); 1= Xk(tt);
cvW = Xev tw ; cve t= Xev(te)s cvs iz cvn;
cvn = Xev(tn); cvb := Xev(tb); cvt := Xcv(tt);
eV = cvw+cve+cvs+cvn+cvb+cvt /6 0;
dw := kw/cvw)*d tdzodx;
1f 1 = 2 then dw := dwx2.0;
de := ke/cve xdytdzodx;
dn := kn/cvn *dxtdzody*z 0;
db := b/cvb X xt yod Z;
if k = 2 then db := dbx2.0;
?t = gk /evt *dxtdyodz.
S =T
if fs ) 0 then maxfs:=fs else maxfs:=0.0;
dsPl = dnP
aw = dw;
= de;
as i= dsPl + maxfs;
an := dn;

ab := db;




{....

at :
b

-(gamml/cv)*iavg*( n[i,jmaxmz, k] v )xdxtdz

i, jmaxm 1° apoxn(1, jmaxm. k]~ told;
aa Jmaxmi 'z -as;
bb[jmaxm] := awtaetastantabtat + n[i,jmaxm, k{ .apo;
rhstmaxm] := b + awxn[im, dmaxm,k] .tn + aexn[ip,jmaxm,k]*.tn
+ anxnli, jmax, L
+ abxn[i,Jmaxm,km]”.tn + atxn[i, jmaxm,kp]”.tn;
TDMA( jmaxm,i,k);
end;

innermaxtdif := 0.0;
for 1 := 2 to ikmax do
for j := 2 to jmaxm do
for k = 2 to ikmax do

egin
gnnertdxf :=abs(n(i,j,k]".tn-n[i,j,k]".save);
1f innertdif ) innermaxtdif then innermaxtdif:=innertdif;

until 1nnermaxtd1f ( 1.0e-6;
{....Relax temperatures..... }

for 1 := 2 to ikmax do
for j := 2 to jmaxm do
for k := 2 to ikmax do
n{i,j,k]".tn = n[i,j,k]".told] o aa )
+ sorx(n(i,], k] .tn - nfi,j,k]".toldi);

{... Set extra volume temperatures...)}

for j := 2 to jmaxm do evt([j]:=(Avg(n{1,],ikmax]".tn,1.0)}1.0;
Iterate to get new pressure and density ....}

repeat

{----Determine average pressure}

pavg = 0.0;
for i : 2

o ikmaxm do
fo; j:

to Jjmaxm do
2 to ikmaxm do e e
pavg pavg + (n(i,5,k]%.rnxn(i,j,k]".tn);
pavg := 4. 0*p
center -0 0;
for i:= 2 to ikmaxm do
for j i= 2 to jmaxm do .
qenter := center + (n[i,Jj,ikmax]”.rnxn[i,]j,ikmax]".tn);
for j:= 2 to Jjmaxm do
for k := 2 to ikmaxm do e . o aa
center 1= center + (nlikmax,j,k]”.rnxn[ikmax,j,k]”.tn);
center := 2.0%center;
for j 1= 2 to jmaxm do . . .
center := center + (n[ikmax,j,ikmax])”.rntn[ikmax,j,ikmax]”.tn);
pavg = (pavg + center )Jxdv;
for j := 2 to jmaxm do
pavg: -pav + exvpergevel*evr[J]*evt[J]
pavg:=pavg/(1.0+exvol

ll N('"'-

{~~~-Determine new density and correct}
for 1 := 2 to ikmax do
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for j := 2 to jmaxm do
for k =2 to ikmax do
n[1 J,k] = pavg/n{ ,5,k]7.tns
for j: = 2°to Jmaxm do evr[j] := pavg/evt[J],

Tsum := 0 0;
for i := 2 to ikmaxm do
for J 1= to Jjmaxm do
for Kk := 2 to ikmaxm do
rsum := rsum + n(i,Jj,k]".
rsum := 4,.0xrsum;
center:=0.0;
for i:= 2 to ikmaxm do
for j := 2 to jmaxm do
center := center + n[i,j,ikmax])”.
for ji= 2 to jmaxm do
for k := 2 to ikmaxm do .
center := center + n(ikmax,j,k]".rn
center := 2.0xcenter;
for j := 2 to jmaxm do
center := center + nglkmax .J,ikmax]”.rn;
rsum = (rsum + center )xdv; )
for j := 2 to jmaxm do rsum := rsum + exvperlevelxevr(j];
rsumhormal : 'rsum/(l Otexvol );
rsumcheck : abs(rsumnormal 1.0);
for 1 :=2 to ikmax do
for J =2 to Jmaxm do
=2 to 1kmax do .
n[1 j,k1%rn t= n(i,,k1".rn/rsupnornal;
for j i= 2 to Jmaxm do evrf ] = evr[j]/rsumnormal;

ll Nr""'

until rsumcheck ¢ 1.0e-9;

{---Determine nonacoustic velocity from continuity equation)
{.. get density per node into extra volume ..}
for j := 2 to jmaxm do

begin
evmassgaxnperlevet[ j]: —(evr[g]-evrold[Jle
4j :=evmassgainper leve

evmassgainpernode f
evdensgainpernode( ] :=evmassgainpernode(J]/dv;

end;

TxVﬁerlevel,

kmax do Ecalculate density of each node}
using old velocity

k] .vxavg( n onli,g, k-
- n{l 3,kI% v xAvg nii, j+1 k" g)xdtody

- evde nsgainpernode

,g, k]” sav n[1 k1" apo/dxtdytdzodt
gngx Js kT .rn,

{.. level by level or 1-D approximation ..}
for Jj = 2 to jmaxm2 do

be
%lowchange = 0.0
for 1 := 2 to ikmax do
for k := 2 to ikmax do
flowchange := flowchang + (nfi,] ,k% n-nli,j,k]".save);
flowchange := flowch ange/(1kmaxm*1kmaxm
velchange := flowchange/dtody;
for 1 := 2 to ikmax do
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for k := 2 to ikmax do
begin
Jpi=y
n[1,J kj vi=n(i, i, k"
L - vefchanie/évg(n[L # k1*.rn,n(i,jp,k]".rn);
nfi,], i .save:=n[i,j,k]" .save + {owchange;
{1 o, k1% save:=n[i,jp,ki".save - flowchange;
end;
end;

maxrdlf = 0.0;
for i i=2t¢to 1kmax do
for k 1= 2 to ikmax do

lef =abs(nl[i, é ~orn-nli,j,k]".save);
é rdif ) maxrdif then maxrdif:=rdif;
ena;

{....Determine outer iteration difference..... }

maxtdif := 0.0;
for 1 = 2 to ikmax do
r ji= 2 to jmaxm do
fog k. = 2 to ikmax do

tdlf =abs(n(i,],k]".tn-n[i,j,k]".toldi);

if tdif ) maxtdif then

4 begin maxtdif: -tdlf. isvi=i; jsvi=j; ksv:i=k; end;
end;

n{isv,Jsv, ﬁsv] told1 ¢ n[isv,Jsv,ksv]”.toldii)) or
(n[isv,jsv,k sv ( n[isv,Jsv,ksv]”.toldi ) and
n[isv,Jjsv h told1 Y nlisv,Jsv,ksv]”.toldii)) and
sor 2= 0.2) then sor := sor-0.05
else if sor (= 1.5 then sor := sort0.02;

if ((nfisv jsv,ksy]™.tn n[isv,jsv,ksv} toldl) and

Timer;
if pstep ) oldnstep then
begin oldnstep:=nstep; .
wrtln( nstep otloop  itloop maxtdif’+
maxrdif sor cputime’);

end;
wrlteln(nstep 5 otloop 8,itloop:9,maxtdif:13:8,
maxrdif:14:9 sor:9:2,cputime:11:0);
until maxtdif ¢ sor*l 6e -63

Output ;
until nstep = mxstep;

1ff( outdat,3); .
wr1teln§outdat i time vessure (minus) wall de; el’);

¥r1teln ogtgat ’ (sec) 1bf/ft2)

or j: 0

wrfteln(outdat rtS[J] 8:3,ppg(j]:11:0 -walldtdy[J] 19:0);
glose(outdat),

enda;

procedure BoundaryConditions;
var
1, f , icda, 1c4b, icka : 1ntege .
wa tm, ts, a,b,c,d, ikmaxmi5, xd, yd, zd f1 : single;
b sw1t swctm swcts @ array[0. 6j of single;
egin
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{.. TOP HOT WALL ..}

while rtime )= wtime[ic1+1] do icl := icl+y;
wall := Interpolate(wtlme[lc}],wixme[1c}+1]
wtemp[ic1] ,wtemp[ici+1],rtime);

h le rtime )= wttime[ic2+1] do ic2 :
'Interpolateéwttxme 1c2},wttlme£1c2+1],wta{1c2],wta[1c2+1],rt1me§,

b:=Interpolate(wttimelic2] ,wttime{ic2+1],uth[ic2] ,wtb{ic2+1], ,rtime);
:=Interpolate(wttime[ic2] ,wttime[ic2+1] ,wtc[ic2] ,wtc[ic2+1) ,rtime
d =Interpolate(wttime(ic2] ,wttime{ic2+1] ,wtd[ic2] ,wtd[ic2+1],rtime

ikmaxmi5:=ikmax-1.5;
for 1 = 1 to ikmax do

ilkmax 1)/1kmaxm15,
=1 to ikmax do
89

in

d:=(ikmax-k)/ikmaxm15;
f1 =1.0 + axxdxxd + bxxd + cxzdxzd + dxzd;
lf fi) 1.0 then f1:=1.0;
i,1,k]”%.tn:=flxwall;
end’
end,,
for i := 2 to ikmax do
gor k := 2 to ikmax do
e
?f nfi,1,k]7.tn¢n[i-1,1,k]7.tn then nfi k] An: =n[i-1,1,k]:.tn;
éf nli 1 k]~ tndn(i ,1.k=11"tn then n n:=nli,1,k-1]".tn;
ena,

{.. BOTTOM WALL ..}

while rtime )= bwtime[ic3+1] do ic3 := ic3+1;
wall := Interpolate(bwt1me[1c3] bwtlme[1c3+11
butemp [1c3) ,butemp[ic3+1] ,rtime);
for i :=1 to ikmax do
for k := 1 to ikmax do
n(i,jmax,k]”.tn = wall;

{.. CLEAR WALL ..}

while rtxme )= swctime[icd+1] do icd := icd+1;
for j :=1to 5 do
begin
swetm{j] : 'Interpolate(swctxme[1c4] swctime[icd+1],
swetmp [ 1c41 swetmp(j, ica+i],rtime);
swets[j]: 'Interpolate(swctxmeflc4],swct1me 1cat1],
swetmp[j+5,1c4] ,swetmpjt5,{cd+1] rtime);

Sl et s szl

icda := 0; icdb := 03
for j := 2 to jmaxm do
begin
yd =( j=1 /Jmaxmz,
while yd Y= sweyd[ic4a+1] do icda:=icda+i;
tm: Interpolate(sucyd[1c4a] ,sweyd[icda+i],
%m[1c4a],swctm[1c4a+1] ,yd);
ts: Interpolate(swcyd icda] ,sweyd(icdatt
swets[icda) ,swctsficdati),yd);
for i := 2 to ikmax do
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beg
xd =(i-1.5)/ikmaxm15;
while xd )= swexd[icdb+1] do_icdbi=icdb+1;
wall: -In;erpolate swexd{1c4b) swcxd[1c4b+1] ts,tm,xd);
n(i,j,117.tn := wall;
end;
end;

{.. INSULATED SIDE WALL ..}

while rtime )= switime[ic5t1] do ic5 := ic5+1;
for j :=1to 5 do
swit[j]: -Interpolate(sw1t1me[1c5] switime[ic5+1],
swit mp 1c51 ,switmp[j,ic5+1],rtime);
swit[0] :=swit (1] swit (6] :=swit[5];

icSa = 0;
for J = 2 to jmaxm do

beg
yd "(J 1 5)/jmaxm2;
while { )= swxyd}1c5a+1] do_ic5a:=ic5atl;
wall:=Interpolate sw1yd[1c5a] ,swiyd[ic5at1],
swit[1c5a) ,swit [ic5a+1],yd);
for k := 2 to ikmax do
n{1,3,k]".tn := wall;
end;

for j :=1 to jma .
n[1 J\1]7.tn &= Avg(n[z J,117.tn,n(1,4,2]".tn);

end;

procedure TOMA; {jend,i,k : integer)
var J,Jjm : integer; xt extended.

be
%or j =3 to jend do

eg};n .
. |
EL T

bb
Ehéf

n[1,4end k)~.tn : rhs[gend]/bb[Jend].

for J := jend-1 downto .
nl1, f .tn = (rhsjl-cc[§)xn(i, j+1,k])".tn)/bb(j];

end;

)-—‘ll 1}

unction Powerlaw; {(peclet : extended) : extended)
var pc : extended;

?f peclet ) 10.0 then Powerlaw :=
glse begin pci=1.0-0.t*peclet; Powerlaw 1= pexsqr{sqr(pc)); end;
ena;

gunct1on Xk {i ! extended) : extended}
begin Xk := akxsqr{t) + bktt + ck; end;

unction Xcv; {(t : extended) : extended)
begin Xev := acv*t + bev; end.

procedure Grid;
var J integer; ztest,sum : extended;

beg
dxodt := delxz/delt; dyodt := dely/delt;
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dzodt := delxz/delt; dxody := delxz/dely;
dxodz := delxz/delxz; dyodx := dely/delxz;
dyodz := dely/delxz; dzodx := delxz/delxz;
dzody := delxz/dely; dytdz := delyxdelxz;
dxtdz := delxzxdelxz; dx tdy := delxzxdely;

dytdzodx iz delyxdelxz/delxz; dv: -delxz*delyxdelxz,
dxtdzody := delxzxdelxz/dely;

dxtdyodz := delxz*dely/delxz,

dxtdytdzodt := delxzxdelixdelxz/delt,

dxtdztdt: -delxz*delxz* elt

dtodx := delt/delxz; dtody := delt/dely;
dtodz := delt/delxz; delyo2 := dely/2.0;
delyt2 := delyx2.0;

io :=1; iout[1] :
Ztes .03

2 to jmaxm do

t:
for J
éf (dely*J y ztest) and (ztest ¢ 0.0399) then
egin

ztest = ztest+0.005;
10 = 10+1,

ut [io
1f dely*J ) 0 0399 then ztest := delyxj;
else if (delyxj ) ztest) and (ztest ¢ 0.0999) then

begin
Ztest := ztest+0.01;
jo =i +1, i
iout{io

if delny ) o 10999 then ztest := delyj;
elsg if (delyxj > ztest) and (ztest ( 0.3749) then

ztest := ztest+0.025;

lo := 10+1.

iout{io 8

1f dely*J ) 3749 then ztest := delyxj;

glsg if (delyxj ) ztest) and (ztest ( 1.0) then
egin

ztest := ztest+0.1;

io := 10+1, P

1out[1o] = .

delyxj ) 1 0 then ztest := delyxj;
end.

end; N
io i= jotl; iout ;o] :
1o := lotl; 1loutlio
end;

Jjmaxm;
Jmax;

procedure Qutput;
var i,3,k,m,a,c : intege
A _percent, f1,vz,tnz t1012y1 dis,tavg : extended;
egin
?f izl =1 then
egln

= 03
percent 100. Ottlme/tend;
grlteln(nstep :7,’ ',percent:6:2,’ %’);
en;
izl = iz1+41;
if (iz2 = 10) or (nstep = nout) then
begin




iz2:=0;

pent: -pcnt+1,

rts{pcnt t=rtime; {sec}
ppglpent] :=(pavg-1.0 )xpo; {1bf/ft2}

{Calculate ‘average’ laser Deflection}

-1kmax, ¢ =ikmax;

t1012yl tisz(12. o*y )s gR/in{
f1 := -lrefrac*cavhelght*laser1ength*pavg*po/(roo*rgas), {ft2-R
for g = 1 to jmax do yscav([j]:=0.0;
gor t= 2 to Lkmax do
egln
dtdy := tiol2ylx(nfa,2,k]".tn-n[a,1,k]" tn)/delyoz, {R/in}
dtdy[z] 1= tiol2ylx S{ la:2, kl .tntnfa 3,ki*.tn)/2.0) .
-n(a,1, {R/in}

(‘P

2 do
dtéy[g] tgolzyl*i J a,jt1,k]”.tn- n[a j-1,k]".tn)/delyt2; {(R/in}
dtd( Jmaxm] tiol2ylx(nla Jmax,k (R/im)

jmaxm2, k]~ tn+n[a Jmaxm tn)/z 0))/dely;
a,Jmax, R] .tn-nla, jmaxm, k{ .tn)/delyo?2;

dtdy Jmaxf 1= t1012y1*(n
for J =1 to Jmax
d yscav[J] yscav[J] + fixdtdy[j)x144.0/sar(tixn(a,j,k]".tn); {in}
enq;

for j := 1 to jmax do yscav[j):=yscav[j]/ikmaxm;

{Calculate centerline temperature derivative}

dtdy[1]) := tiol2ylx(nfa,2,c]” tn-n[a,1,c n)/delyo R/in
dtdﬂz] = t1012§1*$§{ fa, 2]c1 tnEn[a 3]c]§ o 72705 { _ )
) t-n[a,l,c d' tn)/dely; {R/in}

0

dtg§éy£glm] _Eigigz%;i J g+§m§1 c}:p-n[a ,J=1,¢]”.tn)/delyt2; {R/in}
dn[a Jmaxm2,¢ tn+n{ a,Jmaxm,¢c]” tnE/z .0))/de] {R/in}

dtd jmax] = t101 yix & {a ,Jmax,c]*.tn-n{a, jmaxm, c] tn)/delyoz, R/in
walldtdy[pent] := dtdy {R/in}

{Calculate center line laser Deflection}

for j := 1 to # )
g YSCCI[J] 1*dtdY[J]*144 0/sqr(tixnfa,j,c]”.tn); {in)
end;

122:=172+1;

if nstep = nout then
begin
ocnt2:=ocnt2+1;
nout := nout+intout[ocnt2);

1ff(outdat,2); .
wrlteln(outdat "nstep = ,nsteT:é ' time=’,time:10:7,’ rtime=’,

rtime:10:4,’ sec twall = ’,nfa,1,¢]".tn:7:4);
1ff(outdat,1);
wrlteln(outdat '’ dis _ tavg  _tn(i) Ysc av. Ysccl’,

ro(i) (i) drdy 1')
wrlteln(outdat ’ (1n) SR) (Rg (1n) (in) *,
(nd) inssec) (R/in)’);

1ff(outdat , 1),
for m := 1 to io do

begin
J = fout[m];
vz := nfa,], cg V*Salfo/ 1)x12.0;
dis:=(delyo2+{( j-2)sdely Jxylx12.0;
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if j=1 then dis:=0.0; if j=jmax then dis:=ylx12.0;
tnz: -n[a j,e]” . tnxti;

tavg:=0. 0

for k = 2 to ikmax do

begi
tavg -tavg + Avg(nla,j,k-11".tn,nla,j, k] .tn);
then tavg: -tavg/z 0;

tavg -t?vg*tl/(lkmax 1.5);

writeln(outdat,dis:6:3,tavg:8: 0 tnz 8:0 yscav[J] 9:2,ysccl(j]:9:2,
nla,d,61~.rn:16:4,vz:9:4,dtdy [j]:9 5);
end;
for m := 1 to 4 do
begin

?f m=1 then j:=2 else if m=2 then j:=5
else if m=3 then j:=jmaxm2 div 2 else if m=4 then j:=jmaxm2;
lff(outdat 1); dis: 8dely02+((g 2)*de1y))*y1*12 03
wrlteln(outdat 'temperatures: j=',j: 13, di s-’ ,disi6:3,

i txme-’,rtlme 8:3,’ sec’);
wrlteln(outdat 'k i=)")
for k :=1 to 1kmax do

egin
write(outdat k:2,’ ');
for i := 1 to ikmax do
begin
tnz := n(i,j,k]".tnxti;
wrxte(outdat tnz:7:0);

end;
lff(outdat 1)
end.

en'
Iff(outdat,1);

for m:=1 to 4 do
begin
1f m=1 then j:=2 else if m=2 then
else if m=3 then 1=jmaxm2 div 2 else 1f m=4 then ji=jmaxm2;
f1s -(de1{02+((J 2)*dely))*y1*12 03
wrlteln(outdat veloc1t1es: vioj=*' gt 3 ' dlS- ,dis:6:3,
rglme- ,rtine:8:3,} sec’
wr1te1n(outdat ko1 =)');
= 2 to ikmax do

69
write(outdat ,k:2);
for { := 2 to ikmax R
wr1te(outdat n(i,J, k] vi8:3);
1ff(outdat,1);
end;
end;
end;
end; ' )
procedure Timer;
gar etime : double;
e
Gettlme(hour minute,second,fraction);
newtime := 60 O*mlnute + second + 0. 01*fract10n,
if newtime ) oldtime then etime := newtime-oldtime
else etime := newtime-oldtime+3600.0;
oldtime:=newtime;
gputlme tzcputimetetime;
end;
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procedure Init; )
var qutname,inname : str1n9[13l runnumber : string(3];
b i J,k,m ! integer; bw : single;
99
clrser; gotoxy(10,3);
wrt( *Enter three digit run number (ex. 007 or 124) -~y ')
runnumber :=GetStr(3,-1,-1, ”); 1nname 1= ’NTACC’ +runnumber+ JN'S
outname := ’NTACC +runnumber+ .DAT?;
OpenFlleSLndat ,inname); if error () "0 then Stop;
CreateF} e(outdat outname );
writeln(outdat,’ NTACC’ +runnumber+’ .DAT’);

Readcomments(xndat)
readln(indat,x!,yl zl),
Readcomments(ln )
readln({ indat, rdelt rtend ,S07 )3
delt: -rdeltxalfo/( l*yl), tend:=rtendxalfo/(ylxyl);
Readcomments( indat );
readln( indat, jmax, 1kmax), ik:=ikmax*ikmax; . .
dely:=1 O/Jmax. Jmax := jmax+2; jmaxm := jmax-1; jmaxm2 := jmax-2;
delxz:=1,0/ikmax;
ikmax: -((1kmax+13 div 2)+1; ikmaxm:=ikmax-1; ikmaxp:=ikmax+1:
if (jmax ) ynodemax) or (ikmaxp xznodemaxS then begin 1fs(2§
wrtin(’ *xx Too nany nodes xxx’); stop; end;
Readcomments( indat );
ocnt:=0; routint[0]:=0.0;
repeat
ocnt i=ocnt+1
readln( indat, routlnt[ocnt]),
until rout1nt[ocnt] ¢ 03
ocnt:=ocnt-1;
for m := 1 to ocnt do
begin
outint[m ] -(routlnt[m]-routxnt[m-l])*alfo/(yl*yl),
1ntout = round(outint[m]/delt);

Readcomments(xndat), readln(indat ,exvol); exvol:=exvol-1.0;
exvperlevel :=exvol/ jmaxm2;

for j:=1 to Jmax do begin evr[Jl =1.0; evt[j]:=1.0; end;
writeln(outdat,’ exvol = ', exvol:6:3);

Readcomments(xndate i=1

readln( indat ,wtime(1] wtemp[l]),
ti: -wtemp[l], wtemp[lj

repeat

readln(lndat wtime(i] ,wtemp(i]);
wtemp[1]: -wtemp i)/t
until wtime(i] ¢ 0; )
wtime[i]:=9.9e9; wtemp[i]:=wtemp[i-1);

Readcomments(indat); 1i:=0;
repeat
[:=i+1
readlnflndat wtt1me[1] wta{i),wtb[i] ,wte[i),wtd{i]);
until wttime( 11
wttime[i]:=9, 9e9, wta i=wtafi-1 ; wtb([i] :=wtb([i-1]);
wte(i]: -wtc[1 1]; wtd[i]:=wtd({i-1];

Readcomments(indat ); i:=1;

readln( indat bwtlmet { bwtemp[l]).
bw:=bwtemp[1 I bwtemp{1]:=1.0
repeat
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i=

readln 1ndat bwtlmef % ,butemp[i]);
butemp[i] :=bwtemp[i]/

until bwt1me[1 ;

butime[1]:=9.9¢9; bwtemp[1] =bwtemp(i-1];

Readcomments( indat); j:=0;
repeat

hE
readln(lndat swetime[j]  swetmp(1, §] , swetmp (2, ] ,swetmp (3, ]
swetmp [4, ] ,swetmp (5, ] suctmp (6, ] ,suctnp (7,37,
swctmp 8 J swetmp 9,J )
swetmp (10, J{ :=swet mp "
until swctime ;
swctime[j]:=9.9¢9;

for i :=1 to 10 do swetmp[i, j) i=swetmp (i, j-1];

sweyd[0]:20.0; sweyd[1]:=0.0475; swcyd{z} = 14; swcyd[3]:=0.2625;
sweyd[4]:=0.515; sweyd]5):=0.76; sweyd[6]:=1,000

swexd[1]:=0.0; swexd[2]:=0.075; swexd(3]:=1, 001,

Readcomments(indat); j:=0;
repeat

Jji=jtl;

readln(lndat switime[J] sthmp[ J1,switmp (2, ] ,switmp(3,]],
sthmp[4 ,switmp [5 JT

until switime[j] ¢ O

switime(j]:=9.9e9;

for i := 1 to 5 do switmp[i,j]:=switmp[i,j-1);

swiyd[0]:=0.0; SWleg 1:20.675; Swlyd52] =0, 1825i swiyd(3]:=0.295;

swiyd(4]:=0.55; swiy [5] =0.775; swiyd[6):=1.0
for i :=1 to ikmax do
for j := 1 to jmax do
for = 1 to ikmax do
ew(n(i,] ;
for J =2 to Jmaxm do . .
=2 to kmax ? . {sets adiabatic bc}
n[1kma XP,Jd, i : ikmaxm,j,k];
for 1 t= 2 to 1lkmax “do . )
= 2 to jmaxm do | {sets adiabatic bc}
n[1 Js 1kmaxpf := nli,Jj,ikmaxm];

for j:=1 to ynodemax do begin aa[i]:=0.0; bb[i):=0.0;
cct 1:=0.0; rhs[i}:=0.0; end;
for 1 := 1 to ikmax do
for j :=1 to Jmax do
for k =1 to ikmax do
egln

1.0;  nfi,],k]7.apo:=dxtdytdzodt;
= 1.0;  n[i,J,k]7.told:=1.0; fInthal Condltlons)
told1 =1.0; n{i,J,k]"

told11 =1.0; nli,j.k]".v 1= 0.0
mxstep = round&tend/delt)+1,
nout := intout(1]; ocnt2: ;
ic1:=0; ic2:=0; 1¢3:=0; ic4:=0 =0; iz1:=0; 1z2:=0;
ppg(1]: =0.0; rtsgll :1=0.0; walldtdy[l] =0.0; pent:=1; pavg:=1.0;
nstep := -1; oldnstepi=-1;
cput;me -0 0; Gettxme(hour minute,second,fraction);
oldtime:=60.0%minute+second+0.01xfraction;
glrscr,
end;

begin Go end.
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UTILITY.PAS

This unit contains some routines that are used in COND5C.PAS
and TACPROC4 .PAS

po 3000300320022 0082000000000t et ettt eitel st tsset ety

unit Utility;
interface

uses crt,graph;

type
stringl2 = string[12); string20 = string[20); string80 = string{80];
buffer = array[1..2048] of char;

var
comment : string80; c¢h : char; error : integer; funcl0,escape : boolean;

function Archsgx : extended; : extended;
function ArcSin(x : extended) : extended;
function Avg(x1,x2 : extended) : extended;
procedure Beep; . . )
procedure CreateFlleivar ffile : text; filename : string80);
function GetStr (maxlen,txtcolor,backcolor : shortint;

defstr : stringg0) : strings0;
procedure GraphErrorproc(s : string20);
function Interpolatgixl,x2,y1,y2,xm1d : extended) : extended;
procedure lfvaar filename : text; n : byte);
procedure 1fs(n : byte); | . .
procedure OpenFile(var ffile : text; filename : strxngeqf; )
procedure OpenFileBuf(var ffile:text; var buf:buffer; filename:string80);
function Power(Mantissa,Exponent : extended) : extended;
procedure PressaKey; )
procedure Readcomments(var filename : text);
procedure Stop;
procedure Stopg; .
procedure wrtln(s : string80);
procedure wrt(s : stringsd); . )
procedure WrtStr(x,y : 1nteger; s : string80; txtcolor,backcolor : shortint);

implementation
}
gungtion ArcCos(x : extended) : extended;
begin ArcCos:=(3.14159265/2.0 )-ArcTan( x/(sart(1.0-xxx))) end; }
unction ArcSin(x_: ext ndede : extended;
begin ArcS1n:=ArcTan(x/?sqrt 1.0-xxx))) end; )
unction Avg(x1,x2 : extended) : extended;
begin Avg:=(x1+x2)/2.0; end; )
procedure Beep; begin sound(350); delay(50); nosound; end; }
rocedure CreateFile(var ffile : text; filename : string80);
egin
assign(ffile,filename); {$i-2 rewrite(ffile); {$i+} error:=I0Result;
if error () 0 then begin lfs 12;
4 writeln(’Could not create *,filename,’ Error: ’,error:3); end;
end;
)

gunction GetStr(maxlen,txtcolor ,backcolor : shortint;

226



defstr @ strings0) : string80;
var

prlntables : set of char; s,clearit : string80;
x,y : integer; oldbcolor, olatcolor byte; c¢r,fc : boolean;

begin func10:=false; escape:=fals
oldbeolor:=( textattr and 112) shr 4, oldtcol ri=textattr and 15;
¢:=true; cr:=false; printables := x:=wherex; y:=wherey;
1f length(defstr) ) maxlen then def?tr[o] -chr(maxlen).
fillchar{clearit,81,” *); clearit{0]:=chr(maxlen);
f txtcolor ) -1 then textcolor{txtcolor);
backcolor ¥ -1 then textbackgroundSbackcolor),
wrt(c%ear1t), gotoxy(x,y); wrt(defstr t=defstr;
repea
repeat until kegfressed; ch:=readkey;
if ch in printables then

egin
1fbfc then (v )i wrt(clearit); got ) 4
egin s:='"; gotoxy(x,y); wrt(clearit); gotoxy(x,y); end;
if length(s) ¢ maxlen then begin s:=stch; wrt(c S; end else Beep;
gc :=false;
en

se
case ord(ch) of
0 : begin ch: -read
if (ch='D’ 3 and (length(s))0) then
begin cri=true; func10:=true; end
else Beep; end;
: begin if length(s) ) 0 then
begin fci=false; delete(s length(s; 1)
gotoxy{wherex 1,uherey); ; wrt(®
gotoxy(wherex-1 wherey ; end
else Beep;

end;
1f length(s) » 0 then cr:=true else Beep;
27 : begin escape:=true; cri=true; s:=defstr; end;

else Beep;
end;

until er;

gextbackground(oldbcolor); textcolor(oldtcolor ); GetStr:=s;
end;

}

grocedure GraphErrorﬁroc(s : string20);

egin error := graphresult

if error () 0 then begxn

q restorecrtmode; writeln(s,’ ’,grapherrormsg(error)); Stop; end;

end;
}

unction Interpolate(x1,x2, y% ,¥2,xmid : extended) : extended;
begin Interpolate := yi + ( xm1d-x1)/(x2-x1))*(y2 y1); end; |
procedure 1ff(var filename : text; n : byte);
var i : byte; ) )
begin for 1 := 1 to n do writeln(filename); end; )
procedure 1fs(n : byte);
var i : byte; .
begln for 1 := 1 to n do writeln; end; \

grocedure OpenFile(var ffile : text; filename : string80);

assxgn(fflle filename); {$i-} reset(ffile); {$i+) error:=IOResult;
if error () 0 then begin 1fs(1

writeln{ 'Could not open °’, }éname, Error: ’,error:3); end;
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end;

grogedure OpenFileBuf(var ffile:text; var buf:buffer; filename:string80);
egin

assign(ffile,filename); settextbuf(ffile,buf);{$i-} reset(ffile); {$i+}
error:=I0Result;
if error () 0 then begin lfsglf;

writeln( ’Could not open ’,filename,’” Error: ’,error:3); end;

’ )
iungtion Power(Mantissa,Exponent : extended) : extended;
begin Power := exp(In(mantissa)xexponent); end;

rocedure PressaKey; .
egin write(’xx Press any key to continue *x’);
repeat until keypressed; ch:=readkey; end;

rocedure Readcomments(var filename : text);
egin
repeat .
readln( filename,comment );
if length(comment) = 0 then comment := * °;
gntll comment [1] = ‘x’;
end;

{ }
grogedure Stop; .
{egln 1fs(1); wrt(® xx Press a key to Exit xx '); ch:=readkey; halt; endi

rocedure Stopg;
egin  closegraph; 1fs(1);
( wrt(’ xx Press a key to Exit %x ’); ch:=readkey; halt; end; )
grogedurg wrtlnSs : string80);
{egxn writeln(s); end; }
rocedure wrtSs : string80);
egin write(s); end;

}
procedure WrtStr(x,y : integer; s : string80; txtcolor,backcolor : shortint);
var oldtcolor,oldbcolor : byte;

egin
oldbcolor:=(textattr and 112? shr 4; oldtcolor:=textattr and 15;

if txtcolor ) -1 then textcolor(txtcolor);

if backcolor » -1 then textbackground(backecolor );

gotoxy(x,y); wrtgsg;

gextbackground(o dbcolor ); textcolor(oldtcolor);
end;

end.
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snofloatcalls
program tac2

CC RXRRXREREAE R IR R R XXX AR RRK
cc TAC2.FOR (complied with Microsoft FORTRAN7? ver 3.31

cc This is the ThermoAcoustic COnvect1on code originally written by
cc Adel Salah-Eddine for his Master’s Thesis. It is a reproduction of
cc the numerical scheme used by Spradley, et al. This version (TAC2)
cc includes the following deviations from the original:

cc 1) Conversion to IBM PC.

cc 2) *Clean-up® for better efficiency .
cc 3) Power law for variable v1sc031t{ (instead of curve fit)
cc 4) Changes in number of nodes and time step

cc

CC REXXXTRXRXELRORREXLEERERAKEERREE KRR RRR KKK EE LXK KRR ALK
cc

cc xx Definition of primary variables xx

cc

ccu: veloclty, r densxty, t : temperature, pressure

cc u : ruu : dru : (ru)/dx, druy : d(ruu)/dx

cc d d(t)/dx, : d?u) dp)/dx

cc d2u and dat : second derlvatlve wrt X

cc xl @ cavity length ; to : 1n1t1a1 temperature (R)

cc ro : initial densxty & bm/ft3), : 1n1t1ag viscosity (1lbm/(ft~sec))
cc cv : constant volume heat capacxty ((ft-1b lbm-RS)

cc xk : thermal conductivity ((ft-1bf)/(ft-sec-R

cc gam : heat capacity ratio, rb : gas constant ((ft-1bf)/(1bm-R))

(ologR S £ 3082020002200ttt st s te sttt st sotettetersetdetoriossererrettedsods

cc
mpilglg reS%O*Z) 22 2) 0,2),p(220,2),druu( 220),d2u(220),
rea u Y ruu U
) ruu2220 ru(g dp( 222% dr (250) dteézo) duf 2% 3 d2t(220)
cc
cc----Coefficients of the heater surface temp. curve fit equation
cc
ccw data aa, bb, cc, dd
cew ) /533.0, 1106.3, =-3469.71, 19630.0/
cewW data ee, 99, hh
CCHW ) /- 50652 3, 69893 7, -55832.9, 25944.8/
ceW data xii
CCHW ) /- 6520 7, 686.102/
data aa, bb, cc, dd
) /1066 .0, 0.0, 0.0, 0.0/
data ee, ff, 99, hh
. 0.0, 0.0, 0.0/
data xi1l, xJJ
) /0.0, 0.0/
¢cc
cc---~Geometrical data and initial conditions - Air initial properties
cc
data «xl, to
) /0.33333, 533.0/
cc
data o, v xk, gam, rb
) 70.0757, 1. 22é2e-5 133 4 0. 00318 1 4, 53.34/
ce

open(6,file="tac2.dat’)
wrlte(x 200
200 format(/ 1x,’Enter the number of nodes (maximum of 220)*)
read(*,x) imax
write(x,210)
210 format(/,1x,’Enter the time step’ )
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read(x,x) delt
write( x,220

220 format(/ 1x 'Enter real end time (sec)’)
read x x)

klout= Lntgs 0/delt)+1;*0
k2out=1nt(0.00334/delt )+1

cc

cc----Calculating Re and Pr
sqrto=sqrt(rbx32.2xto)
re-ﬁro*xl*sqrtoz/v
pr={ yxgamkey )/x

cc
cc----Number of node points and grid spacing
cc

imaxm=imax-1

imx2=imax/2

imx2p1=imx2+1

iwrtS=imax/5

wrt10=imax/10

wrt1S=iwrt5+iwrt10

wrt30=imax/30

fSlurt3O lt 1) iwrt30=1
elx=1.0/imax

rdelt=deltxxl/sqrto

intout=0.1/rdelt

mxstep-(rtend+0 0002 )/rdelt

nout=intout

nstep=0

cc
cc----miscellaneous constants

cc
delxsq=delxxdelx
delx2=2.0xdelx
delxo2=delx/2.0
gorepr=gam/( rexpr )
gmi=gam=-1.0
red3=4.0/(3.0xre)
f403=4.0/3.0

ce
cc---=Initial conditions

ce
do 1 i=1,imax
u(i, 0.0
t 1,1 =1.0
p(i,1)=1.0
T 1,1 =1.0
1 continu

1000 nstep=nstep+l
time=(nstep-1 Bxdelt
rtime=(timexxl)/sqrto

cc
cc----Calculate the heater surface temperature

tuall-aa+bb*rt1me+cc*§rtlme*rtlme)+dd*(rt1me*rt1me*rt1me)
) teex rt1me**4;+ffx rt1me**5)+gg*(r€xme**6)

Y +hhx(rtimexx7 }+xiis(rtimexx8)+xjjx(rtimexx9)
tw=twall/to

cew twall=2.0xto

cew twstwall/to

cc

cec----Write statement

cc

230




izt=iz1+
if1(321 lt 500) go to 110
iz
percnt=100.0x(rtime/rtend)
write(x 100) nstep, percnt
100 format ix 19,5x,19.4,°%’)
110 contin
if (nsgep .gt. klout) go to 130
iz2=
if (iz2 .1t. k2out) go to 130

1z2=0
uav=(u(imx2 1)tu( imx2p1,1))/2.0
write ? ) time,uav
120 format(ix,f6.3,1x.f7.4)
130 continue
if(nstep .1t. nout) go to 3
nout-nout+1ntout
write(6,4) nstep time,rtime,twall .
4 format(// 1x, ‘nstep -1116 4x ’tlme- )f8.2,4x,'rt1me=’,f9.6,

) " gect ,4x,'twa 1x,
writ ? ,21
21 forma *.5x, 'dlS 7x (i, 1)’ Sx pSl ,1)',5x,
) r(x, ) ) 5%, 't (
do 60 i=1, 1max 1wrt3
trr= f
dig= de1x02+2(1-1)*delxg) . .
write(6,61) 1,dis,u(i,1),p(i, 12 r(i,1).t(i,1),trr
61  format(1x,13,3x,f5.3,5x, 19.573(s x,$6.4),4x,§6.0)

60 continue
3 continue

ce
cc----solve the momentum equation

cc
ruuf =r(1,1 *uSl 1 )xu(1,1
2,1 xu(2,1 xu 2, 1 X
X

ruu

e

1)=

ruu 1) +ruu 2) /de

ﬁ, )-3 6*u81d1%)/delxsq

O sLmaxm

i
i
r r(1p *u(l ;*u(x ,1)
ruu ruu in

7

m

p

u

dr =

if 1 1) p( ruu(xf ruu(1p)-ruu(1))/delx
im,1

p ? (gp 1)-2.xu(1,1)+u(im,1))/delxsq

1.x(ryu( imax )+vuu( imaxm)))/delx2
dp( imax) E max(l g(1ma2m 3S}delx)))
d2u( 1max )=( zlmaxm 1)-3. 0*u(1max 1))/delxsq

ce
cc-~--Calculate rxu at the new time level

r
r
(i
1
l
{
u
u
3

3
(

u
=i+
u( i
? g
u i

(
2
1
1
P
i
i
)
nue
druu(xmaxg

do 8 i=1,imax
vcorr-v*(tgi ,1)% }
ru(i)=r(1i,1)xu(i 1) deltx(druu( i )+dp(i)-red3xvcorrrd2u(i))
8 continue

cc
cc~---Solve the continuity equation

dru(lg (ru(2)+ru(1))/de1x2
122,ima

dru(i)= (ru(1+1)~ru(1 1))/delx2
9 continue
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dru( imax )==1.0x( ru( imax )+ru( imaxm))/delx2

10 Pt et Les(ar( 1))
21 Zg-ru( r(i,2)

cc

10 contxnue
cc
cc----Solve the energy equation

e (K11 -tw)/de ldt(l)'(t(z 1)-t(1,1))/delx
it Y52 e :

d2t(1) f403* t(2,1)- 3 O*t(l 1)+2.0xtw)/delxsq
do_11 1=2,imaxm

im=i-1
ip=i+1
dt i)=(t(i,1)-t(im,1))/delx )
iflu 1 1) 1t, 0,0) dt 1)=it(1p,1)-t(1,1))/delx
du( i )=(y p,2 u im,2))/delx2
1" d2t(1)-(t(1p, )- 0 et(1,1)+t(im,1))/delxsq
dt 1max) (t imax,1)-t(imaxm,1))/del
if(u( imax,1 At 0.0 dt( imax (1 O-t(lmax 1))/delxo2

du max)--l 0x( u(1max 2 }+u( imaxm,2
dZtelmax) =f403x( t( imaxm,1)-3. O*t(1max,1)+2.0)/delxsq

cc
ce----Calculate the new temperature

do 12 i=
term2~(gm1*p(1 1 *du(L))/r(x 2)
term3-goreprtd2t g 2;
t(i,2)=t(i,1)-de t*(u 1,2)xdt(i)+term2-term3)
12 contxnue
cc
cc-----Calculate the new pressure

ce
do 13 i=1,imax
M12yd12kd12)
13 continue
cc
do 16 i=1,imax

=

1
1 =p§1,2
1

16 continue
if(nstep .1t. mxstep) go to 1000
stop
end




$nof loatcalls

program tac2g
CC FRXRRXKXETARRLXELXLEELXXLXTEEETEREE KL R LR KRR KRR R RO XRRRRRK
c¢ TAC2G.FOR (Complied with Microsoft FORTRAN77 ver 3.31)
cc
cc Thls was orlalnally the ThermoAcoustxc Convection code written by
cc 1 Salah-Eddine for his Master’s Thesis. This version (TAC2g)
cc 1nc1udes the following deviations from the original:
cc Conversion to IBM PC.

cc “Clean-up® for better efficiency

cc Power law for variable viscosity (instead of curve fit)
cc from TAC1 Changes in number of nodes and time step

cc from TAC2 Central differencing when u changes sign

cc from TAC2a
cc from tac2b
cc from tac2e
cc from tac2d

Variable grid size

2nd order accurate derivatives near the wall
rearrangement of continuity and momentum equations
implicit method

cc from tac2e constant grid size

c¢ from tac2f conservative form of equations

CC FREXXXLKRAXLKLEELEXEX XK IR REKKLRRERRR KRR RX KOO LXK E R XERRA XX KKK

Ped b P Poch P Pk pmd pb ) ) P

cc xx Definition of primary variables xx

cc un,uo,uold : new,old velocity; rn,ro : new,old density;
cc tn, to : new,old temperature. p : pressure

¢C run,ruo : neu old rxu

cc aa,bb,cc rhs : arra for tri-diagonal matrix solver

cc xl: cavxty length (ft); ti : 1n1t1al temperature (R)
¢c roo : initial density lbm/ t3); : 1n1t1a1 viscosity (lbm/(ft-sec))
cc cv : constant volume heat capacity (z 1bf )/ Slb m-R))
¢c xk : thermal condu 51v1t S(ft lbf; ft-sec-R))

cc rb : gas constant ((ft-1bf)/(1bm-R))

cc gam spec1f1c heat ratio; re : Reynold’s number

cc pr : Prandtl number; if thermal d1ffu51v1ty

(oloRR 8222202300203 3 033000008000 000000t00000000totttteettestttertestittetsss

implicit real x 8 (a-h,0-7)

dimension u 220), 2203 to(220) tn(Zzgz, rn(220), ro{220),
p(220) 2209, run(zzo), unold(220)

dimension aa(zzo) bb( 20),c¢(220),rhs( 22

common /cons/ imax,imaxm, 1maxm2 delt, dtdx dt2dx,dt3dx,tdtdx,

) hdtdx , fdtadx ,dtdx2, tdtdx2,edtdx2, fdtdx2,gdtdx2

cc output parameters
common /outpt/ dis(220), iout(50), iu, io

cc
cc----Coefficients of the heater surface temp. curve fit equation
ce

ccwW data aa, bb, cc, dd, ee, ff

cCu ) /126.5, =779.69, 1581.43, -880.48, -930.85, 1914.03/

cc
cc---~Geometrical data and initial conditions - Air initial properties

data xl, ti

) /1.0, 533.0/

data roo cv, xk, rb
/0.0757, 1. 2zeée-s; 133.4, 0.00318, 53.34/

open( f11 ='tac2g.dat )

write(*,4

40 formet(/ 1x ‘Enter the time step’)

)

read
write(x 60)
60 format(/, 1x,’Enter real end time (sec)’)
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read(x %) rtend
wrlte x,70)
70 t(/ 1x, ’Enter output interval [real time] (sec)’)

rea x,x} outint
rtend=rtend+0.001
k10ut=1nt§5 0/delt)+1
k2out=int{0.00499/delt }+1

¢c

ce----Miscellaneous constants

gam-l 4

gml=ga

sqr o-sqrt(rb*32 2xti)
re=(rooxx*sqrto )/v
pr=( vkgamkev )/xk
re43=4.0/(3,0%re)
gorepr= ?am/(re*pr)
alf=xk/(rooxcv)

call grid
write(x,75)
75 format(/ 1x,’Enter velocity relaxation factor’)
read(x,x) a
am=1, o-a
uconv=ax0,01
write(x,77
77 format(/ 1x,'Print Udifmax?? [0,1]°)
read( x,x 1up

vdelt=deltxxl/sqrto
intout=outint/rdelt
mxstep=rtend/rdelt
nout=intout

nstep=0

cc

cc

cc
ce----Initial conditions

p
80 continu
tw=2.0

write(x,90)
90 format(// 25x,'BEGIN TAC'’,/)
1000 nstep=nstep+1

time=( pstep-1 f*delt

rtime=( timexxl)/sqrto

cc
cc---—Calculate the heater surface temperature

ce
cew twall-aa*(rtxme**62+bbt(rtlme*xs)+cc*(rtxmexx4)+ddt(rt1me**3)
cew Yy teex(rtimexx2 )+tfxrtime+ti-460.0
cew twall=twall+460.0
twall=2.0xt{
cc
cc--~-Write statement
ce
izl=iz1+1
1f1(ézl Jdt. 25) go to 110

- percent=100.0%rtime/rtend
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100
110

120
130

135

140

145
150
199
500

510

)
write(6,14 0

write(*,100) nstep, percent
format(lx i7,5x,f6.2,’ ¥°)
conflnu

if nstep .gt. kiout) go to 130
122-12

if (iz2 lt k2out ) go to 130
iz2=0

uzl-uoéi)*l .0e3

uz2=uo( 1u x% .0e3

write(6,120) time, uzl, uz2

format(lx £6.3,2(1x,f9.3))

continue

if(nstep .lt. nout) go to 199

nout=nout+intout

write(6,135) nstep,time,rtine twall

format(// 1x; nstep =’ 16 4x tlme . f8.2,4x, ’rtime=",f9.6,
! L4, ’tualf = 1x f8.2 /}

format(3x 'dis’,7x, ’t(l)’ 8x,’'tc’,7x, u(i)e3’,7x,’p(1)’,
(D)7, 107
do 150 i 21,10
i=fout Lz)
uz=uo( 1 )x1.0e3
call conduc rtime,di If,te)
,teuz,pl i ).rog i),i
13x,£9.3,5x.2(6.4 Sx) i3)

)@
write(6,145) dis( 1)
format(1x,2(f6.4,5x}

continue

continue

icloop=0

continue

icloop=icloopti

do 510 i= % ,imax
unold(i)=un(i)

O*’\.-

s(i)
to(1
,f

cc
cc----solve the momentum equation for run(i)

rhs(1
)

1f(un(§3*un82) ltx*un(?)then
cc(1)= dt3dxxun(2)

1f u t. 0.0) then
( n(§) gg + tdgdx*un(l)

ce(l

lbb§ 3

endi

vgg Stn(l)**g

ruo(1

.0 - dtdxxun(1
dtdxxun(2 ﬁ un(1)

.666 )xred3
+ (dt2dxxp(3) - tdtdxxp $2) + hdtdxxp(1))
+ verex(gdtdx2xun(2) - fdtdx2xun(1))
do 9 1-¥ ,imaxm
1m-1

1f(un m)sun(ip) .1t. 0.0) then
aa ﬁ = - dt2dwxrun(im)

bb(i)= 1.0

celi)= dt2dxxun(ip)
I8 un(i) at. 0.0) th
if(un(i) .g en
aa(1)= - dtdxxun( im
bb{i)= 1.0 + dtdx*un(l)
ce(i

= 0.0
else
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aa(i)= o

bb = 1.0 - dtdxxun(i)
= dtdxxun(ip)

end1

endif
vcre-Stn(l)t*O .666 Ykred3

rhs(i)= ruo(i dt2dxx(p{ip) -
(i 2dtdx2*un(§gs e)tdtdx2>|:un(1) + dtdx2xun(im))

1f?unzlmaxm)xun(1max) t. 0.0) then
aa( 1max )= - dt3dxxun( im xm)
imax )= 1.0 - dtdx*xun(imax)

1f(un(1max) .gt. 0.0) then
aaglmax = - dtdx*un(xmaxm)
b(imax )= 1.0 + dtdxxun(imax)
else
aa( imax
bbiimax;
endi

endi

vcre-( tnSmax )Xx0 666 )xyed3

rhs(imax )= ruo(imax) - (hdtdx*p(Lmax) - tdtdxxp( imaxm)

dt2dx*prmaxm2 )

) + verex( -fdtdx2xun{ imax) + gdtdx2xun( imaxm))
call tdma(aa,bb,cc,rhs,run)
do 5%0 i=1,imax

520  un 1)-a*un(1)+am*unold(1)

cc
cc-~-~-Solve the continuity equation for rn(i)
rn(l)- ro(1) - dt3dxsrun(2) - dtdxsrun(1)

+ verex
9

0.0
1.0 - tdtdxxun(imax)

do 7 i=2,imay
rn(i)= ro(1% dt2dx(run(it1)-run(i-1))
7 ontinue
rn(imax )= ro(imax) + dtdxxrun(imax) + dt3dxxrun(imaxm)
cc
do 8 i=1,imax
un ;'run(1)/rn(1)
un( 1 )=axun( 1 )+amxunold(i)
8 continue

cc
cc----Solve the energy equation for tn(i)
cc
90 ern- ore r/rni )
f un 1 xu 0.0
dtdxxun(
n

)t
1.0 + 1) + gopernxfdtdxz
g

X%
cc 1 = dt3dxxu 1) - opern*gdtdxz
rhs(1)= to(l? + un(1)xfdt3dxxtw + gopern* dtdx2xtw
| - gmixp(1)*x(dt3dxxun(2) + dtdxxun(1))/rn(1)
else
if(un(1) .gt. 0.0) then
bb£13= o + tdtdx*ungl) + gopernxfdtdx2
ce(1)= - gopernxgdtdx
rhs(1)= to(1) + un(])xtdtdxxtw + gopernxedtdx2xtw
) ) - gmixp(1)x(dt3dxxun(2) + dtdxxun(1))/rn(1)
else
b

1)= 1.0 - dtdxxun(1) + gopernxfdtdx2
= dtdxryn(1) - gopern*gdtdxz

rhs 1)= to(1) + gopernxedtdx2xtw
- gmlxp(l)*(dt3dx*un(2) + dtdxxun(1))/rn(1)

endif
endif =
do 11 i=2,imaxm




im=i-1

ip=it] (i
oper n=garepr /rn( i
gf(un(im)*un(ip) .ft.

;.0.0) then
aa(1)= - dt2dxxun(i) - gopernxdtdx2
bb{i)= 1.0 + gopernxtdtdx2
ce(1)= dt2dxxun(i) - gopernxdtdx2

- dtdxsun(1) - gopernxdtdx2
1.0 + dtdx*un(lg + gopernxtdtdx2

else
if(un{i) .gt. 0.0) then
a =
2= - gopernxdtdx2

1.0 - dtdxxun(i) + gopernxtdtdx2

aal 1§= - gopernxdtdx2
= dtdxsun(i) - gopernxdtdx2

endif
rhs(i)= to(i) - gmixp(i)xdt2dxx(un(ip) - un(im))/rn(i)
1 continue /ro inax)
oper n=gor epr /r n{ imay
?ffun(imaxm)*un(lmax) ,1t. Q.0) then
aa( 1max )= - dt3dxxun(imax) - gopernxgdtdx2
b(imax)= 1.0 - dtdxxun(imax) + gopernxfdtdx2
rhs(imax )= to(imax) - fdt3dx*un(imax) + gopernxedtdx2
+ gmix Lmax)*(dtdx*un(xmagg .
+ dt3dxxun( imaxm))/rn( imax )

else

if(up(imax) .gt. 0.0) then

aa( imax }= - dtdxxun(imax) - gopernxgdtdx2

b( imax)= 1.0 + dtgx*un(lmax + gopern*fdtdxz
rhs(imax )= to(imax) + gopernxedtdx2
+ gn1xp( imax )x( -dtdxxun( imax) .

) + dt3dxxun( imaxm) )/rn( imax )

else

aas imax ;= - goper nxgdtdx2
bb( jmax)= 1.0 - tdtdx*un(imax) + gopernxfdtdx2
rhs(imax )= to(imax) - tdtdxtun(imax) + gopernxedtdx2
+ gnixp( 1max )x( -dtdx*un( imax ) )
+ dt3dxxun(imaxm))/rn(imax)

endif
endi
call tdma(aa,bb,cc,rhs,tn)
¢e
cC=~-~ Calculate the new pressure
cc
do 13 i=1,imax
p(1)=rn(1)xtn(i)
13 continue
cc
CCm==== Check for time step convergence
cc
if(icloop .eq. 1) go to 500
udgfmx=0?0 ? s
do 15 i=1,imax
if(dgbs(unold(ig) .gt. 1.0e-5) then
udjf=dabs((un 1?-unold(;2)/unold(1))
if(udif .gt. udifmx) udifmx=udif
endi
15 | continue

1f(1u? .eq. 0) go to 560
write(x,550) nstep,udifmx

550 formatglx,14,3x,f11.5)

560 if(udifmx .gt. uconv) go to 500
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cc
do 25 i=1,imax
ruo( i )=run(i)
uo{ 1 )=un( i
ro{ i)=rn i
tol1)=tn(l
25 contlnue
if(nstep .1t. mxstep) go to 1000
stop
end
©C e 4 e vt e st essnnasaensnnsessnnnsasnangsssasetsenanserannnns
subroutine tdma(aa bb ec, rhs xx )
implicit rea) g
dimension aa(220 bb(zéo) cc(220) rhs(220),xx(220)
common /cons/ imax,imaxm, inaxm2,delt ,dtdx, dt2dx ,dt 3dx ,dtdx,
) hdtds , Fdt 3ax .dtdxd , cdtax2, edtdx2 ,fdtdx2,gdtdx2

do 1 i=2,imax
RS
xt=aa(i)/
bb(13 & e-ccelmzxxt
rhs(1)- i)-rhs(im)xxt
continu
xx(1max)-rhs(1max)/bb(1max)
do 2 i=imaxm,1
xx(1)=(rhs( i )—cc(1)*xx(1+1))/bb(1)
2 continue
return
end
B e e et e st ansrensesansennntonssonsannstontanascnnsronncens
subroutine grid
implicit real * 8 (a-h,0-z)
common /cons/ Lmax,xmaxm imaxm2,delt ,dtdx,dt2dx ,dt3dx,tdtdx,
) hdtdx , fdt3dx ,dtdx2 tdtdx2,edtdx2 , fdtdx2,gdtdx2
common /outpt/ dis(220), iout( 50), iu, {o
cc
write(x,5)
5 forga (/ééSSx , "SET GRID CONFIGURATION (220 node maximum)’,/)
write(x
20 form t(/s ,'Enter number of nodes’)
read(x,x) imax

100 dlS(l)‘dlS(l 1)+delx
1maxm-1max-1
imaxm2=imax-2
dtdx=delt/delx
dt2dx=dtdx/2.0
dt3dx=dtdx/3.0
tdtdx=2.0xdtdx
hdtdx=1.5%dtdx
fdt3dx=4.,0xdtdx/3.0
dtdx2=dtdx/delx
tdtdx2=2.0xdtdx2
edtdx2=8.0xdtdx2/3.0
fdtdx2=4 .0xdtdx2
gdtdx2=4 .0xdtdx2/3.0

i0=0
iu=0
Ztest=0.0
do 200 i=1,imax
1f(dls(1) .gt. ztest .and. ztest .lt. .0399) then
Ztest=ztest+0.005

cc
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fo=iotl i
jout(io)=i
1f(d1s(12 .0399) ztest=dis(i)
elseif(dis ) .gt. ztest .and. ztest .lt. .0999) then
Ztest= ztest+0 01
1o-1o+
Lout =
if( dxs 12 . .0999) ztest=dis(i)
elsexf dis(i) .gt. ztest .and. ztest .lt. 1.0) then
ztest-ztest+o 1
fo=io+1
iout(io)=i
1f dis(i) .gt. 1.0) ztest=dis(i)

1f(dxs(1) .gt. 0.49 .and. iu .eq. 0) iu=i
200 contlinue
return
end
CC e e e e ame e e rasansnasnansessnnsasesassesrgasesaennnsrennanas
subroutine conduc(rtxme dis,alf,tc)
implicit real x 8 (a-h, o-z)
dimension f(127) ) .
cc from error function table in Kreith
data f/.00000,.02256,.04511,.06762,.09008,.11246,.13476,.15695,
.17901, .20094, .22270, .24430, .26570, .28690, .30788, .32863,
.34913, .36936, .38933, .40901, .42839, .44749, .46622, .48466,
.50275, .52050,.53790, .55494, .57162, .58792, .60386, .61941 ,
.63459, .64938, .66378,.67780, .69143,.70468, .71754,.73001 ,

.97635,.97804,.97962,.98110,.98249,.98379 98500,.98613,
.98719,.98817,.98909,.98994, .99074, .99147,.99216,.99279,
.99338,.99392,.99443,.99489,.99532,.99566,.99600,.99634,
.99668, .99702, .99724, .99747 , .99769, .99792, .99814, ,99828,
.99843,.99857 .99872,.99886, .99895, .99904, ,99913,,99922,
99931 ? .99942,.99948, .99953,.99959,1.0/

arg°dxs/(2 O*dsqrt rtimexalt})

i= 1+1d1nt(0 0001+argx50.0)

if 1 .gt. 126 erf-l 0
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if .gt. 126 gb .

erf= ((arg-o 02x(dble( i -1.0))/0.02)*(f(i+1)—f(i)) + f(i)
10 tc=2.0-er

return

end
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EXREXEE XXX XE KRR KRR KRR KK
READER

Basic Program for the HP Computer for reading thermocouples
and pressure transducer voltages and converting them
to temperatures and pressure

Notes: 1; Thermocouples are read on Channels 6 to 8.
2) This BASIC code is case sensitive. Commands are all
caps and variables have only first letter cap.

EXREREXEEEXEEEKEREXXKKE XK IR REKKERKEERKKRXRKE R KKK X

REM
20 s&n READ THERMOCOULES AND PRESSURE TRANSDUCER

40 REAL Volts(8,200),Time(200),Temp(7,200)
50 REAL Press(200)
60 CREATE BDAT "DATA1’,200,48
70  ASSIGN @Path TO "DATAL"
80 CLEAR 709
90  OUTPUT 709; "ARAF6ALBVR1SDOVAOSOL®
100 OQUTPUT 709; "AC000°
110 ENTER 709;Ref
120 ldata=20
130 FOR N=1 TO Idata
140 FOR M=1 TO
150 Volts(M,N)=Ref
EXT M

200 BEEP

210 Ti=TIMEDATE

220 FOR I=1 T0 Idata

230 Time(I)=TIMEDATE

240  FOR J=6 T0 8

250 OUTPUT 709; "AS"

260 ENTER 709;Volts(J,I)

270 NEXT J

280 _IF Volts(6,1)).0005 THEN GOTO 300
NEXT I

300 Isave=l

310 Loop=0

320 FOR I=Isavetl TO ldata
330 Loop=Loop+1

340 IF Loop=5 THEN

350 Loop=0

360 Jstart=4

370 OUTPUT 709; "AF4"
380 END IF

390 IF Loop=1 THEN
400 Jstart=6

410 OUTPUT 709; "AF6"

END IF
430  Time(I)=TIMEDATE
440  FOR J=Jstart 70 8
450 OUTPUT 709; *AS*
460 ENTER 709;Volts(J,1)
470  NEXT J

NEXT I
490 CLEAR 709
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BEEP
510 P0=-5,115307103E-2
520 P1=2.485028007€+4
530 P2=-3,826622822E+5
540 P3=9,966105673E+7
550 P4=-1,082062357E+10
560 P5=6.039285524E+11
570 Pé=-1.910899962E+13
580 P7=3.478234730E+14
590 P8=-3,399102821E+15
600 P9=1,382851398E+16

PRINT

610

620 FOR I= % Ida

630  Time I)-INT((Tlme(I)-T1)*1000
640 FOR J

650 Vt-Volts( 1)-Ref

660 T1=P6+Vtx P7+Vt* PE+VLXPI

670 T2=P3+VLx{ P4+VELX( PS+VEXT]

680 TF=PO+VEX( P1+VLX( P2+VEXT2

690 T$m§(3 ,I)=INT((T§+273.0)x1.8)

NEX
710 Mlvolt-Voltsss ,1)%1000000.,0
720 NEP_rress(I) INT(( .0557%( Mivolt=139)+.5))

740 FOR I= 1 TO Idata

750  OUTPUT OPATH,I;Time(I),Temp(4,I),Temp(5,1),Temp(6,1),Temp(7,1),Press(I)
760 NEXT I

770 FOR I=1 70 Idata

780 PRINT Time(I);

790 FOR J=4 70 7

800 PRINT TAB(15+(J-4)%8);

810 IF Temp(J,I1))510 THEN PRINT Temp(J,I);

NEXT J
830  PRINT TAB(48);Press(1)

NEXT I
850 OUTPUT 709;°SD1°
860 ENO
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