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DILUTION JET CONFIGURATIONS IN A REVERSE FLOW
COMBUSTOR

Abstract

by
JAMES ZIZELMAN

Results of measurements of both temperature and
velocity fields within a reverse flow combustor are
presented. Flow within the combustor is acted upon
by perpendicularly injected cooling jets introduced
at three different locastions along the inner and
outer walls of the combustor. The oddity of such
combustor configurations is best exemplified by
recognizing that flows within them accelerate both
transversely and longitudinally.

Each experiment is typified by a group of
parameters: density ratio, momentum ratio, spacing
ratio, and confinement parameter. Two more
quantities, Froude number and Mach number, although
calculated wvere found not to be important in these
experiments. Measurements of both temperature and
velocity are presented in terms of normalized
profiles at azimuthal positions through the turn
section of the combustion chamber. A rake of probes

that spans the combustor laterally allows for the
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presentation of some three dimensional plots giving
some indication of the lateral spreading. In
addition, jet trajectories defined by minimum
temperature and maximuom velocity give a qualitative
indication of the location of the jet withinm the
cross flow, Results of a model from a previous
temperature study are presented in some of the plots
of data from this work.

During injection from all three injection
locations (inner wall prior to the turm, outer wall
prior to the turn, and outer wall into the turn) a
migration of the injected fluid toward the innmner
wall is observed both from temperature and velocity
fields.

Penetration into the cross flow is shown to be
affected as follows: increasing injectiomn jet
momentum increases penmetration, increasing the ratio
of the jet density to the cross flow density
increases penetration, and increasing spacing
between jets in multiple jet injection increases
penetration.

Lateral spreading seemed to be groater during
higher momentum injection and during injection from
the outer wall.,

The above conclusions appear consistent with

ii



the flow field that sets up - in the combustor. The
flow is observed as inertially dominated and
charasacteristically irrotational as a pressure

gradient develops to support fluid turning.
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CHAPTER I

INTRODUCTION

In recent years, many studies have been made
that deal directly with the concept of jet
injection,. Both theoretical and experimental work
has been done. Much of this work dcals with one of
the following configurations: (1) jet injection
into a non—uoving-envitonlent. (2) perpendicular jet
injection into ¢ medium with constant velocity, and
(3)multiple jet and two-dimensional jet injection
into a medium with constant velocity.

Work of the above description can be viewed in
most of the references in the bibliography. It must
be remembered, however, that these studies are not
addressing the problem of tuorbulent jet injection
into an accelerating medium., The studies involving
a moving cross floware set up to provide a constant
area for the flow, and hence a constant velocity.
In most dilution jet applications in jet engine
combustors, this type of investigation is entirely
adequate because the chamber involved is really
nothing more than a straight-through annulus
resulting in cross flow velocities that remain
nearly the same from inlet to exit. However, in the

geometry of the reverse flow combustor, the cross
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flow negotiates a 180° turn while experiencing a

decrease in cross sectional area. This geometric
complexity gives rise to experimental studies such
as this one associated with determining both
velocity and tempera.ure fields throughout the
combustor. From this information, immediate
qualitatve conclusions are available as well as more
detailed infornatfon describing the flow conditions
for use as experimental input to a semi-empirical
model. As can be seen, then, this investigation has
some peculiarities resulting from the unigue
combustor design. By the nature of the geometry,
the flow must accelerate both longitudinally and

transversely as it negotiates the 180° turn,

cemyYEIR LINE
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Figure 1: Simplified Combustor Geonetrylls]



Vhen one examines the combustor more closely, it
becomes evident that one can identify two apparent
modes of acceleration. The first to be identified
is the transverse acceleration that must exist
perpendicular to the flow dirsction due to the fact
that the flow mnegotiates the turnm. The second
identifiable acceleration is that due to the cross
sectional area decrease as one approaches the exit.
This acceleration is in the direction of the flow.
By rotating the schematic in figure 1 about the
centerline, one can see that this combustor is
acutally an annulus turned inside of itself. This
gives rise to more acceleration in the direction of
the flow because the inner annulus (the exit) is of
smaller radius, and therefore carves out less area.
The following figures depict the two modes of

acceleration:

FLOW

Longitudinal Acceleration

Figure 2: Longitudinal Acceleration
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Transverse Acceleration

Figure 3: Transverse Acceleration

Due to this unique combustor design, little
theoreticsl, semi-empirical, or purely empirical
information is available tkat describes flow
conditions within the combustor. Piplhitztl’]. in a
recent study using a model reverss flowv combustor,
generated a large quantity of empirical information
regarding temperature fields throughout the turn
section of the combustor. However, an attempted
model to predict jet trajectories im single jet
injection showed poor agreement with trajectories
inferred from the temperature profiles apparently
due to the lack of informaiton regarding the cross
flovw velocity field. Ir the case of Lipshitz's
experiment, a thermal jet trajectory location was

defined as the minimum temperature observed between



the inner and outer walls of the combustor at a
given angular positiom in the turm section.
Individual trajectcry locations could thenm be
connected with a smooth line.

To more fully examine the complexities of this
combustor with its various cooling jet injection
configurations, an experiment was designed to gather
both temperature and velocity data from the end of
the primary zone (at the entrance to the turn
section) to the outlet of the combustor (at the
turbine blades). Both radial (from inner wall to
outer wall) and azimuthal (acgularly through the
turn) sampling points were set up so that both the
velocity and temperature fields could be well
represented.

In an actual turbine-engine situation, it is
advantageouns to know what effect changes in dilution
jet injection would liave on temperature and velocity
fields at the outlet of the combustor. Siuce the
outlet is the location of the turbime bludes,
knowing detailed information here gives one the
ability to operate the engine at a higher, more
efficient temperature with considercbly less
uncertainty as to when mechanical failure of the

blades will occur. Of course, the preferred



temperature profile at the blades is best
eremplified by figure 4.

center line

combustor exit

temperature profile turbine blades

Figure 4: Preferred temperature profile (tnrbine)lls]

Figure 4 shows a temperature profile that increases
in going from the root to the tip of the blade. The
reasoning here is based vpon centrifugal loading.
At the root, the blade structure must exert enough
inward force to support nearly the entire lemgth of
the blade thereby causing this locatiom to
experience the maximum stress. Now, choose a
position near the tip of the blade. Here, the only
centrifugal loading is that caused by that small
portion between your chosen position and the blade
tip. It follows that the stress in the blade at the
tip approaches zero. As one begins to operate a jet
engine near its allowable maximum, the limit is

usually set by the mechanical capability of the



turbine blades, so the lower tﬁe temperature at the
maximum stress location, the longer the blade can
maintain mechanical integrity.

Additionally, a known velocity profile at the
exit would allow & more detsarled calculation of
corvective heat transfer coefficients of the turbine
blades, resulting in a more thorough understanding
of the heat transfer taking place, again providing
the opvortunity to operate the enginme at 3 more
efficient temperature.

It can be seen, then, that if enough
information is gathered, it will be possible to
tailor both velocity and temperature profiles at the
outlet by merely changing the dilution jet initial
conditions. It is this tailoring that makes this

work so important.



CHAPTER II
PREVIOUS RELATED STUDIES

Since this research concerns itself with a
specific geometric design, there is relatively
little information regarding temperatiore and
velocity profiles and trajectories. In fact, one
previous study by Lipshitzlls] is all that is known
to exist. However, soms studies have been made that
relate in a generic way because the basic concept of
jet injection is investigated. As stated earlier,
these studies include: (1) free turbulent jet
injected into a non-moving medium, (2) turbulent jet
injected perpendicularly into a non-accelerating
medium, and (3) multiple jets and two-dimensional
jets injected into a non-accelerating medium. Since
these specific types of studies will not aid a great
deal in the understanding of this onme, they will be
reviewed here fairly quickly. In a later chapter, a
presentation of the temperatue study conclusions by

(18]

Lipshitz will be conducted.

2.1. The Free Jet

As is suggested in any work onm the fluid

ey o
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mechanics of jets, turbulent profiles are generally
considered to be self-similar, that is, the velocity
profiles remain similar with respect to the space
variable. Discussions on similarity solutions for
the free jet can be viewed in works by Abtauovichlll
and Albertsonlz!. Using the idea of the similarity
solution, it becomes evident that im the fully
developed region of a free jet, the jet boundary
layer grows linearly as a function of distance from

the origin, i.e.,

b = s (I1.1)

core transition fully-developed

i{nstantaneous picture

Figure 5: A turbulent free jetlla]
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In addition, the similarity solution allows ome to
recognize that the centerline velocity of ths jet
decays as the iunverse of the distance travelled from

the origin:
j = l (I1.2)

Investigating furtker, one can see from
Albertson[z] and Ricou and Spuldin.lzsl that the
gross volume flux for a single turbulent free jet

was found to be given by:

qi = 0,16°%s (I1.3)
jo bo

Something that goes hand in hand with the idca of
gross volume flux is the notionm of entrainment.
Qualitatively, it is a measure of how much fluid
experiences motionm imn the direction of an
injected jet. Rouse, Yih, and nllphtl]8[261 in an
early work investigated injection where the jet and
the ambient fluids were of different densities.
Their modification to the gross volume flux equation
(I1.3) manifests itself in a density correction

factor as follows:
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b,

aj . L._Lsm_[_g._”z (I11.4)
jo P

In the above analyses, the consideration is
given to the free turbulent jet pictured in figure §
above. In such a turbulent jet, the velocity
profile at the origin is nearly uniform. From the
origin outward, there are three distinct regions of
the jet: (1) the potential core, (2) the
transition region, and (3) the fully developed
region. The center of the potential core regionm is
referred to as the core. At this location, the
fluid has the same properties as the fluid issuing
from the nozzle of the jet. Still in the potential
core region, but moving laterally from the
centerline, a free shear layer must be encountered.
In this area, the fluoid smoothly returns to the
ambient conditions. This potential core region has
been seen to exist abovt four to five nozzle
diameters downstream of the jet. It is this type of
information that becomes useful in the analysis of
the data of this investigation as a guide to give
some rough idea about what to expect.

The second regiom is the tranmsitionm region,
immediately followed by the fully developed region.

It is typical for the transition regionm to dissipate

e, "l s
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ten nozzle diameters downstream of the injection
location. Of course, these estimated distances
depend largely on the initial conditions of the jet
as it issues from the nozzle. After tranmsition has
occurred in the second regionm, the jet remains

turbulent.

2.2 Jet Injection into a Non-Accelerating Medium

In studies involving s single jet introduced
into a non-accelerating cross flow, it is typical
for a round jet to be issued perpendiculaxly into
the oncoming flow with what is considered a uniform
velocity profile. Also, it is generally considered
typical for the cross flow duct to be of constant
cross sectional area to eliminate acceleration. As
the jet moves outward from the nozzle, a complex
deflection begins to occur. Figure 6 below

illustrates this typical injection configuraiion.

Figure 6: Injection configuration for a non-
accelerating cross flow,
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In ar. attempt to qualitatively describe how the
'"jet bending’’ is taking place, a number of
different mechanisms have been identified and can be
considered. First, as the jet issues from the
nozzle, it can be viewved as a slug of fluid, even a
rigid cylinder, that has associated with it a

(1]

coefficient of drag, CD. As the dynamic pressure
of the cross flév begins to exert force onm the
''cylinder’’ of fluid, it begins to experience a
drag in the direction of velocity of the cross flow.
Immediately, of course, a ’''bending over’'’' of the
jet begins to appear. As quickly as this occurs,

the drag force vector forms two components: one

tangentially along the deformed jet and one normal

to it.,
TANGENTIAL
. DRAG FORCE
CROSS FLOW
S
NORMAL
/’ DRAG FORCE
7
///

Figure 7: TJet bending due to the drag mechanism,
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Another mechanism which is attributed to the
complex bending of a jet imjected perpendicularly
into a cross flow is jet entrainment. As the jet
penetrates outward into the cross flow, it pulls
along with it particles of floid belonging to the
croes flow, due to the frictional force apparent
there. As these cross flow particles ace entrained,
so, too, is the momentum associated with them.
Since the momentum vector of the cross flow is
perpendicular to that of the issuing jet, it follows
that this becomes a mechanism responslble for the
direction change of the jet. This momentum
transfer, in other words, <causes the jet to acquire
a velocity component in the direction of the cross
flow,

The third mechanism is related to the first and
second inm that it considers the jet to be a
cylindrical slug of fluid, and gives some physical
meaning to entrainment. In this mechanism, thoagh,
one looks more in-depth at what occurs fluid
dynamically as fluid passes over a cylinder. JMost
obviously, there is a high pressure area where the
cross flow impinges upon the issuing jet. Secondly,
8 low pressure wake forms downstream of the cylinder

as the flow detaches. The cross flow, then, will

e, W
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begin to flow in the direction of the favorable
pressure gradient, or into the low pressure regicn
bebhind the jet. This action sets up a pair of
vortices, causing the jet to become kidney-1ikes in

shape as seen in the figure below.
,ﬁ

Vo———

AT

Figure 8: Vortex pair formation in a jet.

This induced vortex action is held partially
responsible for the entrainment that occurs in cross
flow injection situations. Platten and lcfforlza]
show that the increased spreading rate associated
with this injection configuration is attributable to
this vortex pair formation as well,.

Just as the free jet was disassembled into its

three basic regions, the single jet in a cross flow

=0 “d4f _ 2
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can be similarly viewed. This type of jet also has
three principal regions, the first of which is
referred to as the potential core and is based
mainly on the jet to cross flow momentum ratio but
is also somewvhat dependant om the jet Reynolds
number based on initial jet dll-otorlz‘].

The next region identifiable is dowvnstream of
the potential éoro and is fully turbulent.
Vorticity produced by the cross flow negotiating
around the c¢ylindrical jet gives rise to the
formation of the vortex pair within the jet, giving
it a2 kidney shape while average jet velocities begin
to diminish toward the ambient value rather quickly.
After a relatively short distance, the jet
trajectory becomes nearly parallel to that of the
cross flow., This zone is componly referred to as

o (24]

the ''zone of maximum deflection, or the

''curvilinear :ono."[17]

In the third zone, the ‘'far field zono.”lls]
the two vortices are literally overrun by the cross
flow and subsequently swept downstream at
velocities nearly that of the cross flow, although
such conditions are reached asymptotically.

Additionally, the amount of circulation sppears to

decrease as one moves dowvnstream. This zone is
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known to exist up to 1000 mnozzle dismeters
downstream. Again, these statements serve as crude
approximations of the reverse fiow combustor because
they do not consider acceleration of the cross flovw,
but a genarel ides of what to expect is presented.

The most successful modelling of a jet in a
cross flow includes some consideration for jet
entrainment,. In.this brief discussion on related
works, some of those are presented now, anllo]
developed an interesting model for the jet
entrainment. For this fluid mechanism, he suggested
an entrainment <coefficient, E. Using this
coefficient, the development was taken further, and
an entrainment velocity was defined as follows:

- v 4+ v

Vo = l-.(lbl(vJ - V)) = E((V

iz J

(I1.5)

In a turbulent jet, as mentioned above, macs
flux within the turbulenmt regionm increases by
entraining the surrounding fluid as progression
downstream occurs., In accordance with Kamctsei and

(14]

Greber ,» and using the coordinstes of figure 8,

the rate of increase of mass flux is given bdy:

2,1/2
y )
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da = p®lev, (II.6)
a3

where p is the density of the cross flow, 1 is the
perimeter of the turhulent region, and V. is the
entrainment velocity, or the velocity with which the
turbulent front is advancing into the cross flow at
a particular §.

Equation II.5 shows E being used as a
correlation coefficient for the entrainment velocity
that unses the vector difference between local jet
and local cross flow velocities. The value of E was
found to fall in the range of 0.4 to 0.5 for Vj/V
ratios ranging from five to 20. This correlation,
however, is intended for a uniform area cross flow,
and begins to break down under acceleration.

Hoult et .1(13] show an asymptotic solution for
jet trajectories compared to experimental values at
various velocity ratios. From this investigation,
yet another descriptioe of entrainment velocity was
developed. In this correlation, the description of
entrainment is dependant upon the difference between
local jet velocity and the parallel and normal
components of the cross flow velocity. It contains

two entrainment coefficients.

‘I=%)
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Figure 9: Diagram for Hoult's entrainment equation.
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The correlstion developed is as follows:

V, * PI(Vj - Vcos(®)) + E,(Vsin(®) (1I1.7)
The values for E; and E, are given as 0.11 and 0.6
respectively for a velocity ratio ranging from one
to ten,

In a similar development, Kamotani and

Grebcrli‘]

constructzd a wmathematical relation
depicting entrainment velocity which is also
dependant on croes flow velocities both tangential
and normal to the jet trajectory. In this
development, however, the valuoe of jet velocity used
was taken as the lnxilqn value of fluid zpeed in a
given normal plane instead of the average jet

velocity as had been inm earlier investigations.

Their relation is written:

V. = E (VJ-.: - Vcos(0)) + EZVsln(O) (11.8)
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wvhere © is defined in figure 9. The values of E,
and 82 were seen to vary with changing jet to cross
flow momenium ratio, J. For instance, with J =
15.3, E; and E, were found to be 0.07 and 0.32
respectivliey. As J was increased to 59.6, E, and E,
were found to be 0.067 and 0.182 respectivley.
Incidentally, Kamotani and Gxebot[14] showed *hat
for a single jet, a decrease in the channel height
did not have a considerable affect on the trajectory
of the jet unless the opposing wall was brought so
near that the jet impinged on its surface. They
also show that increasing momentum ratio caused
increased penetratic.. of the trajectory into the
cross flovw.

In addition to the above statements concerning
perpendicular jet injection, numerous other studies
have been done using a wvide array of experimental
techniques and theoretical approaches. As an
overview, some of these will be stated here. Chien
and Schotz[7] actually took the time to solve the
three-dimensional NaviJor-Stokes equations and energy
equation written in terms of vorticity, velocity,
and temperature. Specifically, they solved the

single jet perpendicular injection into a cross
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flow problem., Comparisons with a laminar cross flow
experiment did show good agreement. However, when
modifications were made to more closely model a
turbulent buoyant jet, less promising results were
seen. Analysis showed that trajectory information
was quantitatively acceptable, bdut the three-
dimensional informaiotn was only qualitativley
acceptable. Inaccuracies were blamed on the simple
turbulence model. Campbell and Schetzls] also
prodnced a three-dimensional analysis for the jet in
a cross flow. Their scheme for predicting
trajectories included buoyancy forces and
entrainment terms in the momentum equation
perpendicular to the trajectory. Finally, one of
the only investigations performed on a non-uniform
cross flow vas done by Sucec and Bovloylza]. This
investigatcn was not detailed combining drag and
entrainment concepts into a single force. This
approach uses the Abramovich idea that the jet can
be treated as a cylinder in a cross flow.

As can be seen, thenm, little work pertains
directly to flow within the reverse flow combustor
by the nature of its odd geometry. However, the
work described here does allow one to make some

intelligent judgements as to what might be expected.

o’
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2.3. Two-Dimensions]l Jets snd Mupltiple Jets

In a jet engine combustion chamber, it is
typical for jets to be injected inm rows that
normally run perpendicular to the length of the
combustor. In this work, the study of multiple jet
injection is conducted. Therefore, it becomes
important to s;ln quickly some related jet
investigations to get a notion of what to expect.

As spacing betwveen a multiple number of jets in
a row decreases, the behavior of the row becomes
increasingly similar to that of a tvo-dimensional
slot jet. Albertsonlz] showed both theoretically
and experimentally, that in the case of a free slot
jet, the velocity is a function of the reciprocal of

the square root of the distance from the jet:

vy = 1 (I1.9)
172

Also, spreading of the jet is a functionm of the
square root of the distance from the jet injection

point:

b« s1/2, (11.10)
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This behavior is quite different from that of a
single round jet described above. Lastly,

Albortsonlz] gives an expression for volume flux as:

- .62 1/2 (I1.11)
St e ]

In searching for literature on rows of single
jets, it was found that all of the work was
experimental in nature. Empirical correlations
generally accompanied the experimental results.
This type of work is inevitably useful only for
similar flow configurations, since the governing
correlations do not normally include a provision for
different cross flow geometry and injection
geometry.

One of the most important results from the
multiple jet investigations is the concept of vortex
interaction between adjacent jets. Vortex
interaction causes a downward movement of the jet
trajectory. However, in the limit where the spacing
between adjacent jets becomes very small, the vortex
formation is limited, hence the downwash is less.
Experiment shows the deteriorating trajectory is

followed by a higher trajectory as the spacing
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continues to decrease. In the following diagram,

Figure 10: Schematic of vortex interaction

each kidney shape represents a single jet. Each
shape contains two arrows indicating the vortex pair
associated with each jet. Upon examination of the
effects on jet two above, one can see that vortex 1B
has a downward effect on jet 2. Vortex 1A, however,
has an upward effect, but since the distance from
vortex 1A to jet 2 is larger thanm the distance from
vortex 1B to jet 2, the resultant effect is a
downward tendency. The effect of the vortices
associated with jet 3 on jet 2 are identical to
those of jet 1 on jet 2. It must be noted, however,
in the limit as one decreases the spacing between
the jets, the vortex formation is hindered and the
effect described above becomes minimal, During

injection into a confined cross flow, as one

e N
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decreases the spacing rltio and approaches the
geometry of a two-dimensional slot jet, & second
mechanism that has & downward effect on the jet
trajectory is defined. As the injected flow becomes
increasingly tvo-dimensional, the cross flow must
pass over the top of the jet and not between
individual jets . The resultant effect is a
supresseoed ttnjo?toty to allow the cross flow

sufficient area.

2.4. Reverse Flow Combustor Ezperiments

One previous study on jet inmjectiom in a
reverse flow combustor is avaiable. After
the presentation of descriptions of the physical
facility, experimental procedures, and relevant
parameters, conclusions from this study will be
supmarized. In addition, in the presentation of
datas from this work, trajectories from the model
developed in the previous work will be shown and

compared to experimental trajectories.



CHAPTER III

THE REVERSE FLOW COMBUSTOR:
THE APPARATUS, EXPERIMENTAL PROCEDURES, AND ERROR

3.1. Apparatus

For this experimental project, data was taken
from a 90° subsection model of a reverse flow
combustor. This model combustor was designed and
built exclusively for the purpose of performing
dilution jet injection experiments., Dimensions of
the combustor are similar to full-size rigs in
operation, Figure 11 shows a scheaatic of the
experimental rig fully dimensioned. From this
schematic, the aspect ratio of the apparatus ,

defined as:

AR = M C
Combustor Channel Height

is calculated to be 7.125 for the primary zome (that
section downstream of the fuel injectiom but
upstream of the turn) and 7.00 at the exit. VWith
such aspect ratios, it is expected that at the
centerline of the combustor, no secondary flows with
significance will &exist. The primary zomne of the

device is constructed from Inconnel-750X super

26
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alloy, allowing wall temperatures of up to 1200°F
(650°C) without significant warpage. The turn
section is constructed from split 90° stainless
steel elbows. Figure 12 shows a photographic view
of the entire set-up including supporting apparatus
required for device operation and data acquisition.

The fuel used in this model combustor is
natural gas. As is typical inusing natural gas for
fuel, air is used as the oxidizing agent in the
combustion process. In addition, air is used as the
primary cooling agent as well as the dilution jet
cooling agent. Consequently, all of these air
requirements are taken from the same source, a
centrifugal blower that develops one psig while
delivering two 1bs. of air per second. The natural
gas is supplied at 0.4 psig.

The Jinjection points of the combustor exist in
four distinct rows, three om the outer wall and one
on the inner wall. The spacing between the dilution
jet ports is different for each row., Each row is
placed perpendicular to the length of the combustor
on rays extending from the combustor centerline.
Each row contains 21 ports each with am initial
nozzle diameter of 7.11 mm.

The combustion process occurs 432 mm upstrean

{#)
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of the 180° bend in the combustor. At this point,
nine burners are situated that deliver a mixture of
natural gas and air that iz alightly fuel rich. The
mizing of sir and natural gas for the premixied
flame occurs outside the combustor. Although each
natursl gas burner has an adjustment to vary the
quantity of fuel delivered, no such convenience
exists for the combustion air delivery. It is
assumed that an equal amount of air is delivered to
each burner from the manifold-like apparatus that is
attached to the end of the combustion air delivery
pipe. Within the combustion chamber, the primary
cooling air is delivered from a series of small
holes that encircle each burmer. It is thought that
the hot combustion gas mixes with the primary
cooling air as it moves down stream. Once again,
there is no indication vhether or not each primary
cooling air delivery station is experiencing the
same mass flux from the cooling air manifold. It
may be seen later that this lack of information may
result in a skewved temperature or velocity profile
in the combustor before the turm and without
injection.

As was stated earlier, all of these

requirements are met by using a centrifugal blower.
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This centrifugal blower delivers air to four pipes
in a netwi:k. Each pipe is equipped with an orifice
meter to determine its flow rate. The natural gas
delivery is monitored in the same manner. Using
an ASIElsl standard on orifice meters, calibration
curves previously determined were verified.
The pressure taps used in the orifice meters most
closely approximate the corner tap type. The
orifice plates used are sharp edged. The following
table shows pipe and orifice sizes used for the

experiment:

Pipe(in.) Orifice(in,)

Combustion Air 4.297 1.400
Cooling Air 4.297 2.418
Dilution Jet Air 4.2917 0.904
Natural Gas 2.255 0.502

The procedure used to verify the calibration
curves uses empirical information. Required
information for this particular experiment includes
inlet pressure before the orifice plate, specific
weight of the floving gas, orifice to pipe ratio,
and a correlation coefficient taken from ASl!"l.
Each of the orifice meters were calibrated in this

way, and each matched within 0.5% the calibration
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equations found in the previous experiment.
Additicaally, the following salibration equations
represent the resulting curves:

)112

Combustion Air (Kg/s) = 0'0030“',co-b

Cooling Air  (Kg/s) = 0.0094(h, .o ,)1/2

Dilution Air  (Kg/s) = 0.0012(h, 4;,)1/2
y1/2

Natural Gas (Kg/s) = 0.0003(i"‘."..
In the above equations, the values of h  are the
manometer readings and must be given in mm of water
differential,

In a logical progression, the mext topic to be
discussed is the data gathering capability of the
system. As shown in figure 13 below, a rake of

probes is attached to a rotating and traversing

mechanism.

5(201],

Figure 1 Cutaway sketch of the combustox

s P
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Using figure 13 as a guide, a radial movement
within the conbustor is from wall to wall as shown
by the arrow placed beside the five-probe rake.
Azimuthal movement is an angular displacement
through the turmn as shown by the curved arrow,

The rake of probes consists of 10 distinct
probes at five locations (spaced at 3.57 initial jet
radii apart). As can be seen in figure 14, the
proves are located 0.50 inches (12.7 mm) spart
giving a total rake width of 2.00 inches (50.8 mm).
At each location exists a pitot-static tube, 0.167
inches (4.24 mm) in dismeter for the measurcment of
total and static pressure from which velocity can
be calculated. Tack-welded to each pitot-static
tobe is @& chromel-alumel thermocouple measuring 0.01
inches (0.254 mm) in diameter for temperature
measurement of the flow.

Total and static pressure values from each tube
are routed to five individual pressure transducers.
The transducer us d is Setra Systems High
Accuracy model 239 for pressure ranging from 0 to
0.2 psid. An excitation voltage of 24 volts is
required to operate each device. The output of the
transducer ranges from ze~o to five volts and is

directly proportional to the input delta pressure.

e, 4w
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Appendix 2 gives full details of the device by

presenting a factory specificastion sheet.
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Figure 14: Pitot-Sta'ic/Thermocouple Rake
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Each thermocouple is rauted to a switching box
and ultimately to a model 400A Doric Tremdicator
digital temperature measuring device. The Doric
Trendicator is equipped with an analog linesrizing
circuit. This circuit reads the LED display of the
device and outputs a voltage in millivolts identical
to the number on the display.

All fivo transducer outputs and the five analog
temperature signals are them routed to anm IBMN
personal computer, model XT, Since the signals are
analog, it is first necessary to process them
throogh an analog to digital conversion system. The
system used in this case is the Labmaster model
manufactured by Tecmar, Inc. This particular board
allows 12 bit accuracy. In additiom, it is possible
to channel the input signal through a programmable
gain so that it remains as near full scale as
possible for the most accurate conversions. The
softvare used to take and process the data as it is
converted or typed at the keyboard was written
entirely by this avthor. Additionally, programming
to output information as plots or in formatted form
was written by this author.

The system also has some supporting apparatus

that should be mentioned here. A major component

{4)
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that was designed and built is a safety mechanism,
Its basic purpose is to halt the flow of natural gas
by closing an in-line electric gas valve when flame
blov-out is detected. The schematic below describes

the apparatus:

Vce
SWITCH
THERMO N\ RELAY
COUPLE <—~\— .
Vce _
OP-AMP DIODE
3

Figure 15: Safety control mechanism schematic.

Through the use of anm operational amplifier, a
comparator circuit was constructed. One input to
the op-amp is the voltage generated across the
junction of a thermocouple. The other input is an
adjustable voltage for comparison. When the
thermocouple voltzge falls below that set by the
adjustable one, the op-amp shuts down. This, in

turn, cuts current to the relay that controls the



37

power to the natural gas valve thereby closiag it.
Three DC power supplies are used in this
experiment, as well. One is uw.ed to supply power to
the safety control mechanism, The other two are
mounted in the transducer panel supplying the

required excitation voltage fc~- them.

3.2. Experimental Proceduiss

Vhen one wants to run a1 experiment using the
model reverse flow combustur, one simply operates
through & compute: .md a series of computer
programs., This series of programs can be viewed in
Appendix 4. Found in Appendix 3 is a detailed
version of the experimental procedure including
crucial start-up and shut-down procedures. The
first general purpose of these programs is to create
a means by wvhich to acquire and store pressure and
temperature data and ocalculate velocities.
Secondly, proper storage gives the ability to later
retrieve this information and print it so that each
experiment can be properly and easily identified.

With the IBN XT at the experimental site, at
the outset of each runm, one must input relevant
information via the keyboard. This information

typically characterizes the experiment inm progress.

o - al * a
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Specifically, the following must be identified:

1. Filename

2, The row in which jets appear, if any

3. The number of dilution jets, if any

4. The number of unused jots between operating
jets

S. Choice of azimuthal datas taking incre-
ment.

6. Combustor pressure

7. Barometric pressure

8. Combustion air flow rate

9. Primary cooling air flow rate

10. Dilution jet air flow rate
11, Natural gas flow rate

12, Cooling jet temperature
13, Cross flow temperature

14, Six wall temperatures

The software saves these values for future
reference. Additionally, the software performs all
the necessary conversions to metric units as well as
placing the manometer readings inmto the
corresponding calibration equations. After
displaying each calculated value, a provision is
made for adjustments to the subsequent operating
conditions. If any are required, all calculations
are re-performed. Lastly, the softwvare then sets up
the data acquisition procedure. Automatically, five
delta-pressures are taken from the five pitcot-static
tubes while temperature data is taken one
thermocouple at a time. After the set is taken,

velocity is calculated and appears immediately on
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the CRT, and the whole group is sent to the storage
file.

Since the azimuthal spacing increment through
the combustor is chosen at the time of experiment,
there is not a fixed number of data point locations.
As an example, however, if one chooses 20° as the
azimuthal increment (this was by far the most
commonly used increment in this investigation), a
total number of 76 rake locationms results. With
five probes on the rake, this generates 380 data
points. In the chapter on presentation of data,
these locations are identfied in detail. In
addition, data point averaging and standard
deviation calculations will be discussed.

In the above discussion, radial rake movement
was defined. Figure 16 points out that this radial
movement is not really radial with respect to the
center of curvature of the inner wall or the outer
wall of the combustor. This is a result of the

probes extending into the flow 13 mm.

3.3. Ezperimeptsal Preliminarijes

As with any scientific investigation, there are
a group of important quantities that tend to

characterize the experiment. In this case, of
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course, pressure and temperature measurements are
taken so that detailed temperature and velocity

fields can be examined within the combustor.

Y
AN
/z
YA 10 g - MEASURING
EXHAUST STATIONS
JET
lhll;gg}w" ROTATING — TRAVERSING
A
| PITOT-STATIC TUBE
=l (]
1 THERMOCOUPLE RAKE
FLOW !
]
— NJECTION _
1| 2VpoiNT © X
INJECTION START OF
POINT B TURN SECTION

Figure 16: Combustor Coordinates and MNeasuring

Stltlonllzol

However, in addition, there are governing quantities
that provide uniqueness for each given procedure.

The first of these quantities is the density ratio,
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Dr, defined as:

[
Dr = jo

and is usually referred to as the ratio of the
density of the injectionm fluid to that of the cross
flow. In this investigation, this non-dimensional
parameter typically is about 2.15 or 2.75. These
two distinct values of Dr arise from using two
distinct cross flowv temperatures. Specifically,
about 710°F (650 K) and 1020°F (820 K) are the
common cross flow temperatures. The dilution jet
injection occurs at room temperature, generally
somevhere near 70°F(300 K). From this information,
densities of both gasses are calculable through the
ideal gas equation.

For each density ratio, experiments can also be

characterized by momentum ratio, J, defined as:

2
P30 Vio

J =
p V2

This quantity is typically referred to as the
ratio of the momentum associated with the jot
initially to that of the cross flow. It typically

ranges from zero (no injection) to about 11.7. The

-~ -
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cross flow velocity for this rig ranges from eight
to 12 m/s while jei. injectom velocities are
normally between 12 and 22 m/s.

Thirdly, a characterizing parameter, injection

jet spacing ratio, Sr, is defined as follows:

Distance between jet centerlines

Sr =

20,

This variable in the operation of the combustor
allows one to examine the effect of bdringing
individual jets closer and closer together. In
addition to this variable, there is a variable
concerning injection jet location. Inmjecticu can
occur from the inner wall (the wall with thn smaller
radius of ~urvature in the turmn seciiop) prior to
the bend or from the outer wall prior to the bend or
in the bend.

With these characterizing parameters, the
analysis of the acquired data is more sensibly
accomplished since detailed information is available
as to how the dilution jets compare with the cross
flow.

With the acquisition of temperature, total
pressure, and static pressure at five probe

locations, local velocity is calculated as follows:
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172
Z(Pcr = P')

vV, =
P1

This relation for velocity is foumd from the
Bernoulli equation. Of course, this assumes that
the measured flow is incompressible and suffers from
no frictional 1losses. Ian this investigation, MNa is
typically 0.02 for the cross flow and 0.05 for the
jet. VWith this inforlntion, it can be said that the
compressibility effect on the accuracy of the
velocity measuring device is negliglble for this
purpose. Also, since the Ma is much less than one,
it can be said that there is never a significant
deviation between impact and static temperatures.
One can now effectively characterize an
experiment in the reverse flow combustor and have
confidence in the quantities being measured.
Presentation of the data from this experiment
is done in a variety of plots. Informationm plotted
on them are generally normalized temperature and
velocity profiles. The normalization for
temperature is derived from the pattern factor Pf, a
parameter used to examine temperature non-uniformity
within combustion chambers. The pattern factor is

defined as:
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(Tgex - ave

- T

Pf =

(T.vo Jo)

The normalized temperature relation used here is
defined as:

The normalization of velocity is as follows:

This normalization gives the deviation from the
cross flow velocity anyvhere inm the combustor.
Cross flow conditions are the temperature and
velocity one findes at the first azimuthal measuring
station, midway betwveen the outer and inner walls.
Figure 16 shows that the first azimuthal measuring
location is the one immediately before the turn
section.

For purposes of plotting simplicity, the combustor
sketch shown in figure 16 vas unvrapped, such that
the inner wall became a straight line, and the outer
wall became a mataematical curve moving closer to
the innmer wall depicting the area decrease that

occurs in moving through the combustor. Shown in
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figure 17 is a set of radial normalized temperature
profiles characteristic of this combustor at the
iower Dr with no dilution jet injection taken from
the center probe of the rake. The numbers along the
bottom curve (the outer wall) are the azimuthal
abscissae locations corresponding to those im figure
16. Looking closely at the first azimuthal test
location, one can identify nine tests points that
move radially from the inner wall to the ounter wall,
The one nearest the inner wall is radial position
95, the next one toward the outer wall is 85 and so
on until one arrives at that point closest to the
outer well which is 1labeled 15. As one moves
azimuthally through the combustor, ome can see that
the number of radial positions decreases. At the
exit, for instance, only five radial positions
exist: position 95 at the inmer wall through
position 55 at the outer wall. The area decrease
can be seenm by noticimg that the ocuter wall has
moved significantly closer to the inmer wali. More
specifically, there arc nine equally spaced (1.56
initial jet radii) radial positions at azimuthsal
stations one thkrough five. Azimuthal stationm sizx
has eight radial positions, szimuthal statiom seven

has seven, azimuthal statiom eight has six, and
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azimuthal stations minae und.tcn have five radial
positions.

At the top of the plot is a set of information
that characterizes the particular plot. In tlis
case, ve see Dr = 2,23 jdentifying the cross flovw
temperature, and a zero J due to the fact that there
is no injection, and an Sr labeled ''no injection'’
to avoid confusion.

Upon examining the profiles themselves, opne can
see that at each azimuthal station, the profile can
move to the right or the left of the abscisss {(lines
drawn out by the probe tips during radial movement).
Moving to the right indicates a temperature that is
greater than the cross flow temperature. Moving to
the left of the abscissa indicates that the local
texperature has fallen below th;t of the cross flow
(and t has become positive). In the case of jet
injection, it ies not uncommon to observe profiles to
the extreme left of their respective abscissae.

Examining figure 18, once observes a set of
normalized velocity profiles for the ssme flow
conditions as those for the temperature profile in
figure 17. The plot is identical except ifor the
magnitude of unity for the normalized quantity. In

this plot, movement to the right of the abscissa

s Y B

#)
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indicates a velocity that is greater than the cross
flow velocity. Conversely, movement to the left of
the basoeline indicates s velocity magnitude less
than that at the cross f'ow location.

Figures 19 and 20 make use of the five-probe
rake. These plots are referred to as lateral
represeatations of the flow conditions. Both
figures 19 and 20 indicste normalized temperature
profiles, but those can bo made for velocity as
well., In the case of figure 19, reprecsented is the
lateral span of the rake at one particular azimuthal
location and one particular radial position. In
figure 20, a three-dimensional view is constructed
by using all the redial positions at a given
azimuthal stationm. As can be seen on these plots,
all the characterizing information is present
including data locations.

Each "'+’ sign showm om tk: plots is a data
point. Each data point, as discussed earlier, is
constructed from various temperature and pressurse
information. In this experiment, every temperature
and pressure measurcment is actually an average of
25 samples. The anmalog to digital comversion
softvare is set up so that 25 semples are taken, the

averago calculated and stored and the standard
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deviation calculated and pre;cntod. This method of
data acquisition allows the experimentor to obtain a
reasonable average from fluctuating conditions. In
addition, the calculation of standard deviation is
helpful in the error analysis. Also, a growing
standard deviation indicates some problem with the
data gathering apparatus and allows one to search
out the problem before it propagates through all the
data.
3.4. Presentation of Exzpected Ersor

Using a conservative error analysis clearly
documented in detail in Appendix 5, the following
errors are expected. The values listed are
percentages of the indicated quantity.

Temperature, T + 1.2%

Pitot-static pressure, Pp - P. + 4.2%

Velocity, V + 2.7%

Normalized temperature, <t + 6.5%

Normalized velocity, y *+ 6.6%

Momentum ratio, J + 18%

Density ratio, Dr #+ 6.4%
On the data plots, the error in v corresponds to +3
data point widths, The error inm y corresponds to

+0.25 data point widths.
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CHAPTER IV

CONCLUSIONS FROM PREVIOUS REVERSE FLOW COMBUSTOR
STUDY
Prior to presenting data and conclusions from
this investigation, a summary of the conclusions
found from the previous temperature ltudyllsl is
given belovw. As a presentation of the model
formulated in the previous work, calculated dilution
jet trajectories are shown along with the
experimental trajectories of this work where
possible in the next chapter.
The summary is as follows:

1. Incrcasing density ratio gives rise to a deeper
penetration of the jet into the cross flow,

2, Increasing momentum ratio gives rise to s
deeper penetration into the cross flow.

3 Inward drifting phenomenon identified due to
the nature of the flow accelerating along the
inner wall.

4. Longitudinal acceleration suppresses single jet
thermal spreading rate.

5. Confinement effect, measured by the ratio of
channel height to initial jet diameter,

suppresses trajectory as spacing ratio

53



54

decreases.

Smoothing of radisl temperature gradients
occurs far before the exit.

Tightly spaced row of jets injected from the
inner wall attaches to that wall, shielding it
frosm the outer hot stream. Injection from the
outer wall penetrates deeply into the cross
flow and does not attach to the outer wall,
Very low momentum flow injected from the outer
wall tends to stay there through the turnm.
Apparently, pxop‘t injection can result in a

desired temperature profile.



CHAPTER V

SINGLE JET INJECTION DATA AND CONCLUSIONS

In this chapter, a representative grouvp of
s!ngle jet injection configurations will be examined
in detail by looking closely at radial and lateral
plots., To obtain a representative group, one must
look at injection from the inner wall before the
bend (14.67 initial jet radii upstream, point A in
figuore 16), injection from the outer wall before the
bend (14,28 initial jet radii upstream, point B in
figure 16), and injection from the outer wall into
the bend (5.53 initial jet radii into the bend,
point C in figure 16).

Enough information must be examimed so that
trends associated with changing momentum and density
ratios become evident. In this sectiom, spacing
ratio is not important.

Below, find observations from individual tests
with conclusions drawvn from all of them at the close

of the chapter.

5.1 No Injection

To properly analyze the effects of dilution jet

55
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injection on flow conditions in the combustor, one
must first examine the results associated with no
injection. In figure 17, one can see that
temperatures seem to be skeved near the inner wall
just prior to the bend. Calculating the pattern
factor for this position, one finds that the value
never ecxeeds 0.07. Comparing this value to the
typical value of 0.2 {onnd in the exit patterns of
operational colbnntorlll']. it can be said the the
oncoming cross flow has a relatively flat profile.

With movement downstream, one sees a doecrease
in normalized temperature, indicating that
temperatures are falling below that of the defined
cross flow, This decrease in temperature 1is
attributable to heat losses through the combustor
walls,

Examining the normalized velocity profiles
presented in figure 18, the immediately obvious
feature is that the radiasl profile at the first
azimuthal station is quite uniform. As one moves
downstream, an increase in velocity is detected from
inner wall to outer wall. In addition, anm increase
in velocity at the inner wall with respect to the
outer wall is observed. This phenomenon is

attriboteable to the fact that the imertially
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dominated flow attempts to mnegotiate the turm 1ike
an irrotational one. For this to occur, a greater
acceleration at the inner wvall with respect to the
outer wall is necessary. It is also thought, that
due to this greater scceleration, a drifting inward
of mass is expected to satisfy conservation of mass.
Lastly, pressure must increase from inner to outer
wall to support the turning fluid.

Generally, to identify a temperature trajectory
of cool injected fluid, one connects the minimum
temperature at one azimuthal position to the minimum
at the next. However, in doing this, one must be
careful to comsider the profiles with no injection
to avoid choosing an inappropriate maximum tv. In
identifying velocity trajectories, omne connects the
maximum velocities. In this case, one must clearly
consider the increasingly skewed profiles that
appear through the turm section. Typically, duricng
injection, one sees a velocity decrese dovnstream of
the wvake created by the ''cylinder’’ of fluid that
obstructs the flow. As one moves from the injection
wall, & jump in velocity is detected indicating
probe movement out of the wake and into a region
where velocities become greater tham those expected

with no injection,.
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5.2. Los Momeptum Ipjection--Ounter ¥Wall--Priogx to Bend

Examining figure 21, one can see that at
azimuthal stationm ome, all values of t are affected
except the two nearest the inner wall. These
positions are shoving a temperature decrease, and
bence, a t increase. Radial position 65 shows the
maximum !; thereby qualifying for the trajectory
location.

At azimuthal statioer two, a significant
temperature decrease occurs at radial positions 45
through 95 with a maximum t occurring at 75. This
shows movement closer to the inner wall.

At azimuthal station vhree, significant
temperature deterioration occurs at positiomns 65
through 95 with maximum deviation occurring at
position 85, Azimuthal 10catiom four shows lower
temperatures at the inner wall with maxzimum <«
occuring agian at position 85, showing the thermal
trajectory quite close to the inner wall.

Azimuthal stations from this poinmt to the exit
show temperature decreases at the inner wall region,
bot no maxima can be identified. It canm be said
qualitatively that the injection jet does migrate

toward the inner wall even at these locations, but

vy o,
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due to mixing in the radial direction, a trajectory
is no longer meaningful.

Figure 22 shows the normalized velocity plot
for this case. As indicuted earlier, at the
injection point, the jet acts as s flow obstruction
to the cross flow, causing a low pressure, low
velocity wake downstream. As one exits from the

wake, one expects to experience a jump in velocity

followed by some velocity distribution within the

spreading jet. At the first szimuthal measuring
station, onme observes a significant decrease in
velocity at radial positions 15 through 45. The
jump is observed at position 55 with the mazimum
occurring at position 75.

At azimuthal stationm two, the jump is observed
again, with maximum y occuring at positiom 75.
This choice for the trajetory location is a little
less obvious. rosition 75 also shows the maximum
positive deviation from that for the no injection
situvation.

After azimuthal position two, some incressed
velocities can be detected bdut trajectories are no
longer definabloe. In comparison to the temperatur:
profiles, these show a much less drastic change due

to injection. Trajectories are definadble for a

fs)
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lesser Gistance downstream as well, WVhen one
considers a free jet as a very crude approximation,
one sees a deterioration in velocity proportional to
the inverse of the distance from the virtual origin,
giving velocities at the start of the turn section
already much less than that of the cross flovw, Vith
this in mind, these velocity deviations seenm

reasonable.

5.3. High Momentum Ipjection--Outer ¥Wall--Prior to Bend

Examining the temperature profiles for high
momentum injectic. from the outer wall (J = 9,74),
one observes that _11 the radial positions of the
first azimuthal station are show.ng s temperature
decrease. The maximum v occurs at radial position
65, qualifying this as the trajectory position.

Radial position 85 shows the maximum
temperature dezcrease at the second azimuthal
station, while the brumt of the cooling seems to bde
at redial positions 45 through 95, near the inner
wall, The indication here, again, is that the
thermal trajectory is moving toward the imner wall.

At azimuthal stationm three, radial positions 65

through 95 indicate cooling due to injection., In

HED
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this radial set however, the maximum v occurs at the
radial position mnearest the wall (95). This is
somevhat suspect, but when comparing this profile to
that for no injectiom, ome canm see that the
temperature deviation is also greatest at this
position. This verifies that with the higher
momentum ratio, injection from the outer wvall does
in fact migrate to the inner wall. Downstream of
azimuthal position three, one observes that cooling
is more evident at the inner wall, but due to
mixing, trajectory locations are no longer apparert.

Figure 24 gives the normalized velocity
profilss for this inmnjectiom configuration.
Examiming the first azimutkal location, the same
wake phenomencn is evident. Wake flow comditions
occur until a jump im velocity is detected at radial
positon 65, From 65 to 95, flow velocities are
higher than expected for the no injection
configuration. MNaximum y occurs at positiom 735, rhe
trajectory location.

Azimutbhal position tvo exhibits a small jzmp ix
velocity near the inner wall at position 85,
Alresdy at this position, a maximum is not really
detectable, nor is a maximum positive deviation from

the no injection profile. The velocity trajectory,

(+)
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then, is near the inner well at this point, but is
not technically definable.

Azimuthal stations three, four, and continuing
downstream have smoothed so that no velocity

deviation is detectable.

$.4. Lov Momeptus Ipjectiop--Jpper Wall--Prior to Bend
Examining t‘c temperature plots shown in figure
25 for inner wall injection at J = 5,80, one sees at
azimuthal station one, a large temperature decrease
in all radial locations but the one mearest the
outer wall, Maximum tv occurs at radial position 65,
labeling that position as the trajectory location.
Azimuthal stationm two exhibits s similar
variance from the no injectiom profile with the
greatest temperature deviation occurring at radial
position 75, near the inner wall, This indicates
that after a penetration into the cross flow, the
jet begins to migrate back toward the inner wall.
Continuing with this thought, as one examines
szimuthal positions three and four, one finds that
mazximum ¢t occurs at radial position 85 im both
cases. This shows a continued movement of the
thermal trajectory back toward the inmer wall with

movement downstream.
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Further downstream, a definite cool region
exists at the innmer wall for quite a long distance.
In fact, more cooling at the inner wall with respect
to the outer wall is evident even at the exit.
Apparently, mixing at the inmer region is less than
that at the outer wall,

Examining the plot of y shown in figure 26, one
should be avare of the profile for no injection.
Upon observance of azimuthal station one, the
expected wake is evident from the inmer wall out to
radial position 55. Recall that for injection from
the outer wali, the wake region was located from the
outer wall toward the center. The expected velocity
jump does occur at radial station 45. This station
also serves as the trajectory lccation since it is
also the local maximum 7.

Azimuthal station twvo indicates a similar
profile as above. Once again, the wake effect is
evident at the inner wall from radial positions 55
to 95. At position 45, one sees a peak velocity and
one that qualifies for the trajectory location.

After this point, smoothing of the velocity
profiles causes difficulty in identifying trajectory
locations. A quick observation Yere is that in the

inner wall injection configuration, velocity
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trajectories tend to deviate more from the
temperature trajectories thanm im the outer wall
injection case. Also, the velocity trajectory does
not migrate as perceptably toward the inner wall as

the temperature trajectory.

$.5. Bigh Momeptum Ipjection--Ipper VWall--Prior to Bend

Figure 27 indicates at azimuthal position one a
significant temperature deterioration near the inner
wall., In this case, the maximum t occurs at radial
position 55, the first trajectory location. Imn this
higher momentum case, all of the temperatures along
the station have been lowered, giving rise to the
idea of greater penetration due to greater momentum
ratio.

Temperature profiles at azimuthal statiom two
shovw a similar behavior but not quite as skeved as
station one. Here again, all temperatures seem to
be affected, but not to the same degree as in
staiion one. The trajectory location is at radial
position 5§5.

Azimuthal station three beginms to flatten
somevhat, but a maximum is still observable at
radial position 65. Even azimuthal statiom four

shows a mazimum, also at position 65. After this

.
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position, considerable cooling is seen throughout
the combustor, although cooling at the inner wall is
much more pronounced. This set of profiles shovws
that even at this elevated momentum ratio, a
migration tovard tte inner wvall is evident after a
deep penetration into the cross flow,

Radial velocity plots shown in figure 28 for
this injection configurationm show behavior
consistent with the temperature plots. Upon close
examination of the initial azimuthal station, the
lover wake velocity is observed at radial positions
55 through 95. At location 45 a jump inm velocity
occurs with y peaking at position 35, Position 35
is marked as the velocity trajectory position.

At azimuthal station two, the expected velocity
jump is seen near position 45 with the peak in vy
occurring at radial position 35, clearly marking it
as the trajectory location.

Downstream of azimuthal statiom three, the
profiles begin to flatten out and take the form of
those seen with no imjection: a positive velocity

gradient sets up from outer to inner wall.

$.6. Low Momeptum Ipjection--Onter Wall-Into the Bend

This injection configuration differs from all
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those presented earlier in that it delivers dilution
cooling air from the outer wall 5.63 initial jet
radii downstream of the start of the turn section.

Upon examining figure 29, the most obvious
change is that the first tvo szimuthal measuring
locations are nearly unaffected by the upstreanm
injection.

Dramatically at station three, there exists a
highly skeved profile with maximum v occurring at
radial position 35. Radial positions 55 through 95
show almost no temperature change wvhatsoever. This
shows that penetration here is limited in comparison
to the upstream injection locations. Obviously,
maximum t and the trajectory location are at radial
position 35.

Azimuthal 1locstion four shows significant
temperature reduction at radial position 55, the
recognized trajectory position. Note here that
temperatures at both walls remain near those
observed with no injection. Little spreading of
the jet has cccurred by this azimuthal location.

Azimuthal position five, howvever, begins to
show significant cooling along the inmer wall, while
the outer wall romains at its previous temperature.

This serves as yet snother confirmation of the

b =
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migration toward the inner wall, even with a
relatively weak imitial penetration. At this
location, one can observe maximum < and
consequently the trajectory location at radial
position 78,

Surprisingly, at azimuthal station six, s
trajectory location can visually be located at
radial position 78§. In addition, significant
cooling can be observed from radial positions 35§
through 95. After this azimuthal location; cooling
along the inner wall is clearly more prominent, but
trajectory locations are no longer identifiable.

Figure 30 displays the normaized velocity
profiles for this lov momentum injection from the
outer wall into the bend. First, no effect is
noticed at the first two azimuthal locations. At
location three, one sees the typical velocity
decrease at radial position 15 due to a flovw
disturbance at the injectiom point,. At radial
position 25, a marked jump inm velocity to above what
is expected in the no injection configuration is
observed. Although no maximum y is seen, it is
likely that the velocity trajectory location is near
the inner wall.

Azimuthal position four and those further

2y W s
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downstream show no evidemce of velocity
trajectories, with the profiles resuming the

typically irrotaional one of the mo injection plot.

5.7. High Momentum Ipjection--Onter ¥all--Ipto the Bend

The temperature profiles shown in figure 31
present results for J = 9,81, Just as in the case
of lov momentum {njoftion into the turm sectionm, no
detecable change occurs at the first two azimuthal
stations while the third sees a2 major temperature
decrease. Positions 65 through 95 appecar unaffected
at station three, with skewing beginning at station
55 and the maximum t occurring at position 35. Note
that this trajectory, as well as all the others, is
marked on its associated baseline.

Azimutbhal station four shows marked skewing as
well, with its maximum tv occurring at radial
position 75, showing a definite migration of the
high momentum injection toward the inmer wall.

Azimuthal locations five and six shov an
increase in v as one moves towvard the inner wall.
In both cases, maximums occur at the radiasl position
nearest the inner wall (95) or at most, one position
away from the inmer wall (85). Again, this is

strong evidence suggesting migration toward the
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innor‘vlll.

Figure 32 shows the normalized radial velocity
profiles for high momentum injectiom into the bend.
As is true with all the velocity profiles,
variations are somewhat subtle. At azimuthal
station three, the jump in velocity and maximum ¥y
occur at radial position 25. This, then, is the
location of the f:njoctory.

Exsmining azimuthal station four, one sees a
marked increase in velocity near inner the wall with
the jump occurring at position 75. The local
maximum is observed at position 85, giving it the
velocity trajectory identification. Further
dovnstream, some velocity increase is detectable
near the inrer wall, but not significant enough to

choose trajectory positions.

5.8. Copnclusiop From Normalized Radial Profiles

To this point, various representative flow
configurations for single jet injection have been
discussed in detail. In each subsection of this
chapter, normalized radial temperature and velocity
profiles were the basis of these discussions.
Thermal snd velocity trajectories were defined where

possible. At this point, it is necessary to look at
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all the profiles, and make conclusions concerning
the general bahavior. In summary, the follovwing
conclusions are evident from these profiles:

1. Vithout injection, temperature profiles show a
pattern factor within reasonable limits set up bdy
operational combustors. Generally, a 1lovw
tc-porltn;o region exists along the outer wall of
the combustor Jno to heat transfer through the
walls, Velocity profiles show a fairly uniform
condition at the inlet to the turn section. As the
inertially dominated flow attempts to negotiate the
torn like an irrotational one, particles at the
inner wall must accelerate with respect to those at
the outer wall., This gives rise to an increase in
velocity at the inner wall with respect to the outer
wall. In addtion, an areas decrease through the turn
section causes an increase im velocity. As the
sacceleration occurs along the inmer wall,
conservation of mass calls for a movement of fluid
toward this region. Also, pressure imcreases as one
moves from inner wall to outer wall in the turn
section.

2. The injection of cooling air at the inner wall
before the bend, the outer wall before the bend, and

the outer wall into the bend all cause significant
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changes in temperature and velocity downstream of
their respective injection locations.

3. The greater the momentum ratio, the deeper the
penetration into the cross flovw according to both
temperature and velocity profiles.

4. The greater the density ratio, the deeper the
penetraton into the cross flovw.

S. Migration of the injection jet toward the inner
wall occurs during injection from all locations.
This indicates that the centrifugal effect of a
heavier fluid naturally moving toward the outer wall
of a turning channel is overcome by the pressure and
migration effects discussed in (1).

6. Both thermal and velocity trajectories allow one
to make the same statements concerning jet movement
in the cross flov, although they rarely coincide.
for all azimuthal s¢tations.

7. Although still qualitatively consistent,
velocity and temperature trajectories show a greater
deviation from each other during injection from the
inner wall. The velocity profiles typically show a
deeper penetration and s slower return to the inner
wall than the temperature trajectories. This is due
to the recirculation zone that is set up downstream

of the injection location. During injection from

7N
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the inner wall the trajectory moves back through the
radial positons associated with the wake region,
but further downstream.

8. During injection from the inner wall, cooling
and increased velocities are more apparent along the
inner vall even at the exit giving rise to the
conclusion that a jet injected from this wall
experiences l.llhliliﬂ. due to its position.

9. Velocity and temperature profiles at azimuthal
stations nearest the exit for outer wall injection
prior to the turn and in the turn are quite similar
for similar injection conditions.

10. Lipuhltzlla] developed a model to predict the
centerline of an injected jet from conservation
equations and empirical relations. Three velocity
and three temperature plots from those discussed
above have computed model trajectories marked on
them for comparison. Agreement is poor for all
cases except velocity trajectory from the inner
wall, In this case, though, too few velocity
trajectory locations are identifiadble for a

conclusive compgarison.

5.9. Latera] Distributions

Also plotted for various azimuthal locations in
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the combustor are lateral plots that make use of the
five-probe rake. VWVith these plots, one caa vievw
laterally across the combustor at given radial and
szimuthal positions. In addition, ome can view
laterally all of the radial positions at a given
azimuthal station resulting in a three-dimensional
plot of combustor conditions. Ten of these plots,
each for one of the ten azimuthal stations, gives a
three dimensional plot of combustor comditions for
the entire turm section.

Plots of this type were generated for various
azimuthal positions downsteam of imjectionm to
investigate jet spreading bpebavior.

Upon examining the three-dimensional plots for
no injection (figures 33 through 36) plotted at 60°
increments from the start of the turm section to the
exit, one observes that there is s non-uniformity
leterally across the rake width. From prior to the
tirn continuing completely thrcugh the combustor to
the exit one sees that this three-dimensionality
takes the same form: an increase in t when going
from -7.14 initial jet radii to 7.14 initial jet
radii across the combustor centerline. Each plotted
line represents a probe location. Probe one is at

the far left and is -7.14 initial jet radii from the

e, v
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combustor centerline. Probe five is at the far
right and 7.14 initiel jet radii from the combustor
centerline. Probes two, three, and forr fall
logically betveen these tvwo.

As indicated in the radial velocity plots,
combustor velocity is fairly iasensitive ton single
jot injection more t(hanm two or three azimuthal
stations (40° to 60°) dovnstream of the injection
point. Thorefore, only thermal plots will be used
for investigating lateral spreading.

VYhen examining the plots for low momentum
injection from the outer wall (figures 37 through
40), the most obvious change occurs in figure 37
(first azimuthal station). Probes two and three
shov a significant temperature decrease, while the
others remain relatively unaffected. This results
in a three-dimensional look to the plot, and
indicates that jet spreading is still]l quite limited
at this point.

At 60°, the plot shows the flow returning to
the condition seen in the no injection plot, where
decrexrse in temperature is dotected in going from
probe one to five. However, upon careful
examination, one can see a definite increase in

temperature when going from probe four to five,

i A
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giving evidence that lateral spreading is not
cospleta, The plots for 120° gnd 180° show that the
tempercture distridbution hss retnrned to one similar
to that for no injecticm, indicating that spreading
across the reke width is complete.

The tet of piots for cuter wall injectiom at =&
high momentum retio (figures 41 through 44) shows
similar dehavior to the low =-4gentum configuration.
At the Ligh momentum ratio, though, lateral
spreading seems coxplete at ae azimuthal value of
60°¢, This is fuster than the low momentum
configuration.

Thkree-dimensions! lateral plots for injection
from tho inner wall ot a lov momentum ratio (figures
45 through 48) and at 2 high mcmentum ratio (figures
49 through 52) show similar behavior. In both of
these cases, lateral spreading does not seem
complete at 60°* ., By 120°, however, profiles look
no different tian those for mo injection, imdicating
that lateral sproading hes surpassed the width of
the rake.

Finally, from the plots above, individuai
radial positions can be identified and plotted. Two
plots with low momentum injectior from the outer

wvall and two with high momentum injection from the
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inner wall are presented (figures 53 through 56).
In figures 53 and 54 one can see that the center
probe temperature regains temperature in moving from
0° to 100° azimuthally. In this case, the outer
probes do not detect a significanmt change in
temperature. Figures 55 and 56 show similar plots
for high momentum injection from the inmer wall. In
this case, the center probe temperature 2lso showvs a
rebounding toward the cross flow value. The
outermost probes indicate a more significant
decrease in temperature this time, giving evidence

of wider spreading.

$.10. Additionmal] Conclusions From Latersl Plots

11, Lateral spreading rate inmcreases with
increasing momentum ratio. This is in agreement with
the experiment by Kamotani and Grobort14l.
12, Lateral spreading rate is greater for outer
wall injection tham fo. :mer wall injection. This
observation confirms conclusion eight above,
indicating that mixing is greater at the outer wall
region than the inner wall region.

In the foliowing chapter, multiple jet injecton

will be considered. There, lateral plots will

become important again in the determination of two-
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dimensional bebavior of a closely spaced row of jets

and how this affects trajectory.



CHAPTER VI

MULTIPLE JET INJECTION DATA AND CONCLUSIONS

All of the introductory information that
pertains to single jet injection such as definitions
for v and vy as well as numerical values for pattern
factors apply here as well. Once again, as the flow
irrotationally mnegotiates the turm section,
acceleration of fluid particles along the inner wall
with respect to the outer wall occurs. From mass
conservation, a migration of fluid inward is
evident. Additionally, an increase in pressure is
experienced when going from innmer wall to outer
wall to support the turning fluid.

As was true for single jet injection,
experiments were carried out at momentum ratios from
about 3.7 to about 11.7. Density ratios ranged from
about 2.15 to about 2.7S5. With multiple jets,
though, two more parameters become a part of the
investigation: spacing ratio and confinement ratio.
Spacing ratio, Sr, defined above, varied from 2.67
to 9.21., Each injection configuration was tested in
three spacing ratios: the smallest, followed by
double that, followed by triple that, Values for

spacing ratio differ from outer wall to inmer wall

78
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since injection ports are positioned on rays
extending from the combustor centerline.

Confinement ratio, defined as:

Confinement Ratio = BH_/b

is 16.77 for injection prior to the bend and 16.95
for injecticn into the bend.

Dala a:quisition procedures, plotting
procedures, and trajectory identification procedures
are identical to those used in single jet injection.

Upon examing the data and conclusions from
single jet injection, ome can see the effects of
changing @aomentum ratio and density ratio.
Therfore, it is unnecessary to present data that
displays the effects of changing these parameters.
Instead, injectionm location and spacing ratio will
be the variables here. On each plot, though, two
trajectories are marked. One is that for the row of
jets, and the other is for the single jet for

comparison.

6.1. High Momeptum Injectiop--Outer Wall--Prjor to Bend
This sectionm contains information om three

different spacing ratios for this flow
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configuration, First examining the normalized
temperature profile with the widest spacing ratio
shown in figure 57 one discovers as spacing ratio of
9.21. The profiles are inevitably similar to those
of a single jet. The trajectory location (maximum <
is at radial positions 55, 75, and 85 for azimuthal
location ome, two, and three respectively.
Comparing these locations to those found im single
injection, one finds that the obvious difference is
a shorter penetration, and a continued '’'lower’’
tra! ‘ctory. Even though some suppression of
trajectory is detected, a cooling region along the
inner wall is evident even as far dovnstream as the
exit.

The velocity profiles for this configuration
(figure S58) arxre also quite similar to the high
momentum single injection profiles. In this case,
the velocity jump at azimuthal position one occurs
at radial position 55, The maximum y occurs at
radial position 65. Looking closely at azimuthal
positions twvo and three, one can see that the radial
positions closest to the inner wall actually show no
change in velocity. However, at position two,
radial location 75 is seen as having the greatest

positive deviation from the no injectiomn velocity.
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At position three, radial location 75 is indicated
as having the largest positive displacement from the
po injection velocity. Although these positions do
not stand out as definite local maximums, they are
likely trajectory locations by comparison to
profiles with no injection., Further downstream, one
can no longer identify with any certainty any
trajectory locationm, but a noticeable velocity
increase along the inner wall is evident. From th:
velocity trajectory estimates in the previous
chapter, omne can see an apparent ''lower’’
penetration amounting to at least onme radial
position.

Remaining at high momentum injection from the
outer wall, the spacing ratio is decreased to 6.14
by adding four jets for a total of 11, The question
to ask now is how does this affect the flow withi=
the combustor.

Looking at the temperature profile diagram
shown in figure 59, a marked increase in <t is
detected about midway between combustor walls at
szimothal station ome. At radial positionm 55, <
peaks, giving the thermal trajectory location.
Similarly, position 75 at azimuthal statiom two

qualifies as the second trajectory location.
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Azimuthal position three becomes a little more
difficult to analyze since the maximum local <
actually occurs at the endpoint (position 95). By
comparison with the no-injectiom configurationm, it
can be seen that the trajectory really cannot be
pinpointed. However, positions 75 through 95
indicate the most temperature deviation. It is
likely, then, thit the trajectory falls somevhere
between these two radial positions.

At azimuthal measuring statiom four, a peak is
again detectable as a trajectory location at radial
station 8S5. Marked cooling is detected Jwnstream
across the combustor with the inner wall region
affected the most. In comparison with single jet’
temperature profiles, this spacing ratio does not
produce noticeably different results from the larger
Sr. The initial thermal trajectory location shows
some suppression. This mild suppression seems to be
carried downstream as well.

The velocity profile (figure 60) at azimuthal
station one displavs the typical jump in velocity at
radial point 55. Position 65 is near the peak y and
deviates the greatest from the no imjection
configuration, giving indicaiton as the trajectory

location.
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At both azimsuthal stationms two and three,
velocity trajectory locations are difficult to
detect. However, upon careful examination, it
appears that trajectories 1lie somewhere bDetween
radial positions 65 and 95 due to increased velocity
in this region. The initial trajectory location
shows evidence of some suppression by appearing one
radial position lower than in the single jet case.
Velocity trajectory locations downstream of the
initial omne cannot be identified clearly enough, so
a statement concerning suppression in this region
cannot be made.

Cnce again, keeping with high momentum
injection from the cuter wall, the number of jets is
increased to 21, producing a spacing ratio of 3.07.
This is the smallest value for this parameter for
jets injected from the outer wall before the bend.
Examining the normalized profiles for this case
(figores 61 and 62), trajectory suppression is
immediately evident.

The radial temperature profiles show a peak <
at radial position 25 for the first azimuthal
station, The second azimuthal abscissa shows an
obvious peak at radial position 45. Radial position

5§55 is the maximum v for azimuthal station three.
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These three trajectory locations marked on figure 61
show a significant suppression in comparison with
the single jet case. By the third azimuthal station
in the single jet case, the trajectory was
identified as existing along the inner wall. For 21
jets, though, the trajectory is located only at the
midpoint between the two walls.

Upon examining the velocity profiles, one does
not find such a dramatic change in trajectory
location. At azimuthal position one, the velocity
jump occurs at radial location 35, Velocities 55§
through 95 appear fairly uvniform. In contrast, with
no injection, velocity increases in going from 5§ to
95. The point with the largest deviation from from
the no injection profile is position 65, identifying
this as the location of the trajectory.

At azimuthal baseline two, onme observes the
velocity jump at radial positionm §55. Points 65
through 95 display an increase over the no injection
case, with no particular y exhibiting a maximum. It
is concluded that the velocity trajectory must fall
somewhere between radial points 65 and 95, with the
exact location unidentifiable.

Azimuthal station three is similar to two in

behavior with the trajectory 1locaiton falling
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between radial positions 75 and 95. As one moves
downstream, an increase in velocity is observable at
all radial locations. This behavior gives some
evidence of suppression, but nowhere near the
magnitude of suppression displayed in the thermal
profiles. In addition, with this large number of
injection jets (21), the increased mass flux is
indicated by the noticeably higher velocity as far

downstream as the exit.

6.2. High Momentum Injection--Ipner Wall--Prior to Bend
Due to a probe problem, only pressures were

obtainable from the rake for multiple jet injection

from the inner wall. So that some statement could

be made concerning the relative behavior of multiple

jets from the inner wall, temperature data was tsken

from Lipshitg (18],

This temperature data was then
used to calculate a local density which, in turn,
was used in the calculation of local velocity. Due
to probe geometry differenmces between the previous
temperature study and this study, it becomes evident
that probe tip location for each case differs by two
to thrve millimeters. It is estimated, that as a

maximum, this could result in a local temperature

error of 100°F near the injectiom point. This
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results in an additional error in local velocity of
about 5%, according to the procedure used in
estimating error in Appendix 5. The error in y then
increases to about 19%. However, this still results
in a error band on the normalized velocity profiles
slightly less than the width of ome data point.
Therefore, qualitative trends depicted by these
profiles remain believable.

Following the same procedure as earlier, using
a high momentum ratio (9.68) and the low density
ratio (2.18), each of the three possible snacing
ratios are investigated. The injectionm of seven
jets results inm a spacing ratio of 7.41, a
relatively large value. Normalized temperature
profiles seen in figure 63 show that at azimuthal
position one, the maximum T occurs at radial
position 75, indicating a shallow penetration.

Azimuthal position two shows a maximum at the
same radial position. Strikingly, from azimuthal
abscissa three and continuing downstream, the
maximum T occurs at position 95, against the inner
wnll. It appears as if the thermal jet trajectory,
then, is directed along the inner wall as well. In
corvarison with the single jot thermal trajectory

for & similar momentum ratio, considerable
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suppression of trajectory is evident, even at this
wide spacing ratio.

The velocity profiles, again in this case, do
not show such a dramatic suppression (see figure
64). The velocity jump at azimuthal baseline one
occurs at radial position 65, with the maximum
deviation from the no injection velocity occurring
at position 45,

Azimuthal staticn twvo shows similar bshavior
with maximum y occurring at radisal position 5S§.
Station three also has a trajectory location at
position 55. Downstream of position four, increased
velocities across the combustor are detectable.

In comparing these velocity profiles to
temperature profiles for the same set of flow
conditions, one sees that they predict a much deeper
peauetration than their thermal counterparts.
However, in comparing them to the velocity profiles
for single jet injectionm, one sees that a suppressed
behavior is evident.

Decreasing the spacing ratio to 4.94 by
increasing the number of dilution jets to 11, one
would expect further suppression in accordance with
what occurred during injection from the outer wall.

Examining the first azimuthal statiom of the



temperature profiles (figore 65), ome observes a
mazimum v at radial position 75. Position two shows
the maximum v at radial position 85, identifying
both of these positions as trajectory locations.

Position three and those downstream show the
maximum v falling against the inner wall, showing a
suppressive behavior in comparison with the s‘ngle
jet. However, this thermal trajectory suppression
is apparently no greater thanm the wider spacing
ratio configuration.

The velocity profiles shown in figure 66 depict
trajectorier appearing st radial position 55 for the
first three azimuthal baselines. This, again, shows
suppression in comparison with the single jet, but
no appreciable difference from the 7.41 spacing
ratio. Also, as above, the velocity trajectories
indicate a deeper penetration into the cross flow.

By using 21 cooling jets, a spacing ratio of
2.47 is achieved. Upon examining the temperature
profiles in figure 67, one finds the most striking
change in profiles thus far. At all azimuthal
baselines, without exception, the maximum t occuzrs
at radial posi.ion 95, indicatimg quite a
significant suppression of thermal trajectory.

Sing'e injection of the sam~ momentum ratio normally



produces a trajectory somevhcre near the midpoint of
the combustor.

Examining the velocity profiles given in figure
68 for this flow configuration, dramatic supprassive
behavior is ageain detected. At the initial
azimuthal stationm, velocity is seenm to peak at
radial position 55. Azimuthal positionm two shows
mazximum velocity occurring at position 65. Position
three indicated radial location 75 whils positons
four and five doth show radial position 85 as the
location for maximum vy. As can be seen by the
indicated trajectory for the single jet, these
profiles, too, show supression so great that
velocity trajectory as well moves very near the

inner wall,

6.3. Bigh Momeatum Ipjection--Ovier ¥all--Into the Bend

Again following similar prncedures as above,
the tfirst configuration to be discussed is the one
with the widest spacing ratio. UVUpon examiming the
temperature profile diagram in figure 69, it is
easily seen that injection occurs just upstream of
the third azimuthal station. A huge temperature
decrease is detected at this station, with v peaking

at radial position 35.
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Azimuthal stationm four gives the peak Tt at
radial position 75, indicating the trajectory is
moving toward the inner wall. Azimuthal station
four, then, depicts radial position 75 as its
trajectory location as well, while station five
indicates position 8S5. In comparison with the
single jet injectionm comfiguration, there is no
perceivable diffircnco in penetraion into the cross
flow as is obvious during injection prior to the
turn section.

The velocity profiles in figure 70 are just as
difficult to interpret as those were for single jet
injection. Although not clear, radial positiom 25
is the likely location for the velocity trajectory
at azimuthal position three. Even less clear,
azimuthal positon four indicates a likely trajectory
position as 75, the position with the maximum
deviation from the no injection configuration. In
agreement with the thermal trajectories, these do
not indicate any suppressive behavior.

Adding four jets to the earlier seven, one
achieves an Sr = 6,00, At the injecticn locations
prior to the bend, a decrease inm spacing ratio
generally -ed to a suppression of the jet trajectory

in the cross flow, Upon examining the normalized

&
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temperature profiles in figure 71, omne sees the
skeved temperatures at aszimuthal statiom three.
Incidentally, both temperature and velocity appear
unchanged upstream of imjectiom throughout the
course of multiple jet injection into the bend.

Azimuthal station three shows radial position
35 serving as the trajectory location by exhibiting
the maximum tv. Position four also shows quite a
skeved profile with its maximum Tt appearing at
radial position 65. Both azimubhtal positions five
and six showv trajectory locations st radial position
75. WVWith this trajectory, suppresive behavior is
becoming evident.

The velocity profiles (figure 72), as in the
pist, show nowhere near the dramatic change seen in
the temperature profile. At azimuthal station
three, the maximum local y occurs at radial position
25. The next azimuthal station shows a clear
trajectory location at radial positiom 75.
Downstream of this locatiom, it becomes impossible
to define a trajectory. Vith the trajectory located
as it is, however, s slight snpression of
approximately one radiasl position is observed.
Although some suppression is evident, migration of

the jet toward the inner wall remains intact.
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The final spacing ratio at this imjection
location is 3.00, It is achieved by injecting 21
jets. In figure 73, one sees the first thermal
trajectory location at azimuthal station three is
found at radial positon 25, Azimuthal station four
shows the maximuom <t at radial positiom 45.
Downstream of this location, a trajectory is no
longer dofinnblo} Although cooling exists across
the combustor, one sees easily a marked incresse in
cooling at the outer wall, The trajectory pointed
out by this set of data shows a definite suppression
toward the outer wall,

The velocity profile seen in figure 74 is
similar to those observed above. Azimuthal station
three shows the velocity trajectory at radial
position 25. Radial position 65 is identified at
azimuthal positon four as the trajectory location by
exhibiting the maximum vy. Downstream of this
azimuthal station, the trajectory is no longer
meaningful. However, with the trajectory shown, it
is easy to conclude the some suppression toward the
outer wall takes place. This suppression does not

stop the migration toward the inner wall,

6.4. Copclusions From Normslized Radisl Profiles
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To this point, a representative group of tests
examining the effects of spacing ratio have been
closely examined. Each test was looked at
individually. At this time, it is important to make
some general statements concerning these tests:

1. As was expectad from Liplhitllls]. trajectories
determined from velocities generally show a greater
ponotrntibn into the cross flow tham those
determined frow temperature. This seems to be a
result of the recirculation zone set up downstream
of the injection location by the issuing dense jet.
2. This deviation increases as spacing ratio
decreases since the low pressure recirculation zone
becomes more pronounced as the jet becomes
increasingly tvo-dimensional.

3. Iajection from the inner wall shows pemetration
into the cross flow, followed by a migration back
toward the inner wall, As spacing ratio decreases,
this penetration becomes suppressed. At miminum
spacing ratio, the maximum t occurs at inner wall
without exception.

4. For injection from the outer wall, ome can
identify migration toward the inner wall as well.
Again, as in the single jet configurations, this is

attributed to the drifting and pressure gradient
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effects overcoming the centrifugal effects. As Sr
decreases, there is a noticeable suppression toward
the outer wall, but migration toward the innsr wall
remains evident.

S. This suppression is attributed to two phenomena:
As spacing ratio decreases, it becomes increasingly
difficult for the cross flow to pass between
individual jets. Instead of penetrating through the
denser fluid, it passes over it, suppressing its
trajectory. Also, as spacing ratio decreases,
a significant low pres.ure recirculation zome sets
up downstream, since according to experiment, the
cross flow tends pass over the injected fluid. This
low pressure causes the injected jet to collapse
against the wall from which it was injected. In the
case of the inner wall, this lov pressure adds to an
already low pressure region resulting in significant
suppression., In the case of the outer wall, this
low pressures fights a high pressure region,
resulting in some suppression, but a continued
migration toward the inmer wall as the turm is

negotiated.

6.5. Lateral Profiles
Tc examine the notion of two~-dimensionality

downstream of the injection point, three-dimensional
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lateral plots were produced, making use of the width
of the rake. As in the single jet cease, since
velocity two or more aszimuthal stations downstream
of the injection point seems somewhat unaffected,
these plots make use of temperature distributions
only.

Injection from the outer wall at the higher
momentum ratio and wide spacing ratio is represented
in figures 75 through 78, At the initial azimuthal
station (0°), once observes the three-dimensionality
of temperature at that point. Since the set of
injection jets do not continuously span the
combustor width, cross flow has the ability to flow
inbetween them, thereby causing little or no
suppression, as observed experimentally.

Examining the lateral plots further downstream
(60°, 120°, and 180°), a degree of three
dimensionality remains, even at the exit. This
shows that the spacing is in fact wide enough to
allov the cross flow to penetrate between them.

As one examines the tight spacing ratio (J =
3.08) for high momentum injection from tk:o outer
wall (figures 79 through 82), one observes
immediately at 0° that the flow is nearly two-

dimensional. By 60°, the flow is clearly two-
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dimensional., The two figures showing downstreanm
locations sgain show little or no change laterally
from probe one to five.

From these lateral plots, the suppression of
jet trajectory can again be attributed to the low
pressure recirculation zone that forms downstream of
the injectiom location. This region is more
pronounced during injectiom with small spacing
ratios because, as shown here, because the the row
of jets causes the cross flow to pass over the top.

(14] show a suppression in

Kamotani and Greber
trajectory with decreasing spacing ratio until
spacing ratio falls below about two or three. At
this point, the issuing jet acts nearly like a slot
jet and the trajectory shows less suprression. In
this experiment, spacing ratio evidently cannot be

decreased to the point where suppression begins to

deteriorate.



CHAPTER VII
GENERAL CONCLUSIONS AND RECOMMENDATIONS

This is the second work using » reverse flow
combustor that investigates the perpendicular
injection of a cooling jet into a hot cross flow
that is accelerating both longitudinally and
transversely.

This work shows that there is, in fact, good
agreement between trends associated with thermal and
velocity trajectories. Both trajectories indicate a
migration toward the inner wall independent of
injection location, density ratio, momentum ratio,
and spacing ratio.

The semi-empirical model developed by
Llp:hitzll.] for a single jet shows similar
agreement as it did in his experiment, It is in
need of better entrainment information along with
knowledge of the pressure field throughout the
combustor. Considering the vortex structure that
sets up during perpendicular injection, a model
which uses this as its dominant effect is under
development.

With the experimental data available from this

study, from the previous temperature study, and the

97
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expected empirical information on entrainment, all
of the necessary components are available to carry
out a careful investigation to produce a semi-
empirical model for a single jet as well as a row of
jets.

From these experiments, then, it cam be seen
thatinjection from the outer wall allows cooling at
the inner wall due to the migration effect. This is
practically useful since injection from the outer
wall is more easily carried out. Since migration
toward the inmer wall is evident, cooler
temperatures and higher velocities can be developed
there. If coolirg of the outer wall is desired, the
leakage of cocling air from the outer wall injection
ports at lov momantum ratios will result in a cool
region along that wall,

Compact reverse flow combustors are a viable
alternative, Flow conditions within them are
predictable, and desiradle modifications can be made

through dilution jet injection.



CHAPTER IX

DATA PLOTS

The following pages contain all of the data

plots described and referred to above.
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APPENDIX 1

PARAMETER CALCULATIONS
1. Velocity is calculated from the Bernoulli equation
V = [2AP] Ve
[

where AP = pitot-static press-re difference p = den-

sity of oncoming flow.

2. Momentum ratio calculated as

& P et \6“

pv?

J

where p.V are cross fiow conditions.

Mot

sV =
jet Area jot

() [es]

Jot
2AP

Sodo=

S. Density ratio is caiculated as:



(2]
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P
Dr = —L!—'
r | P

()

Gidl®
r =

Other parameter caiculations are straightforward. and need no addi-

tional explanation.

]

> -
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APPENDIX 2

SPECIFICATION SHEETS
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Properties and Characteristics

MACH NUMBER RANGE

The lower usabie limit for Piiot-Static Probes depends on
the y of tha read device used with the probe
A differential pressure of 1™ of water, lor exampie is sbout
the minimum that can be messured with 1% accuracy with
ordinary slant gauges, 80 the lower limit is spprozimately
ol 8 Mach Number of 0.08 or & veilocity of 70 ft/sec for air
o1 slendard atmospheric conditions. There is no minimum
Mach Number for the tube heel! The upper limit Is ot
about Mach 0.95 for the iots! pressure reading and 0.70 for
the static as shown in Figure 1 The stalic reeding is ec-
curate 10 0.5% to a Mach Number of 0.50 and to 1.5% up
10 Mach 0.70. At thig point the calibration becomes emstic
due to the formation of local shock waves on end sround
the tip of the probe and the reading can vary as much as
10% with slight changes in liow conditions or proximity
10 solid bounderies Above Mach 1.0 bom the total and
static readinge vary consideradly from true stream velves
But they can be correcied theoretically.

VAW AND PITCH ANGLE RANOE

¥ tha livid stream is not parslie! to the probe head. errors
occur in both total and static resdings These sre the most
Important errors in this type of instrument because they
.28nnot be corrected withou! taking indepe resdings
with snother type of probe

vYaw

v; \

Figure 2 shows the errors in tota! and ststic pressure, ve-
locity, and weight liow 8t various yaw and pitch angles

Note that yaw and pitich angle affect the resdings exactly
the same. The errors In total and static pressure Incresse
quite rapidly for angles of sttack higher than 3°, but they
fend 1o compensale sach other 80 the probe yieids wioc!-
ty and weight liow readings sccurate to 2% up 10 angles
of sttack of 30°. This is the chie! advantage of the Pranct!
8sign over other types.

BOUNDARY EFFECTS

The static pressure indication is sensitive to distance rom
solid boundaries . Figure 3 shows how this error incresses
the indicated y ot 8 Mach Number of 0.25.
The probe and boundery form g Ventur! passage which ac-
enlerates the llow and decresses the sisiic pressvre on
one side. The curve shows that ststic readings should not
0 taken closer than § tube diameters from a boundary for
1% soccuracy and 10 tube dlameters s safer.

REYNOLDS NUMBER RANGE

Pitol-Siatic probes are not directly sffected by Reynolds
Number excep! at very low velocities Therefore, In liquids
where Mach Number effects are . their callbration i
substantially constant at all velocities

The minimum Reynoids Number for the total pressure
measurement is aboul 30 where the characteristic length
i the diameter of the impact hols. Below this velue the
indicated impact pressure becomes higher than the
stream impact p due to v ity effects. This emor
is only noticesdie in air under standard stmospheric con-
@itions for velocities under 12 M/sec with impact holes
0.010" dlameter of less.

TURBULENCE ERRORS

Pitot-Static tubes sppesr 10 be insensitive to Isotropic
turbulence which is the most common type Under some
conditions of high intensity, large scale turbulence which
make the angle of stteck st 8 probe vary over 8 wide renge,
the probe would presumably have an emor cormesponding
o the average yew or pich angle caused by the
turduience.

TIME CONSTANT

The speed of reading depends on the length and diemeter
of the pressure passages inside the probde. the size of the
pressure tubes 10 the manometer, end the displacement

4 of the m, . The time constant is very shon
for any of the stendard tubes down to 1/8 diameter; N in-
creases rapidly for amalier diameters, however. For this
mason 1/18° 0.D. is the amaliest recommended size for
ordinary vee - this will take 15 to 80 ssconds to resch
equititrium pressure with ondinary manometer hook-ups.
These tubes have been made as pmall as 1/32” 0.D., but
thelr time constent is as long 88 15 minutes and they
choke up very easily with tine dint in the air stream . i very
small tubas ere required, it is preferadle (o use separate
Sotal end static tubes rather than the combined totsl-atatic
type Where meinforcing stems are specitied on small
olzes, the inner tubes are eniarpad &l the same point 1o
eneure minimum time constant.

instafiation informaetion

Pyobes are instalied in the fuld stream with the impact
hole facing upstream, the head paraliel to the How direc-
tion and the stem perpendicuier. Types PA and P8 (Fig 4)
are well sulted to mounting on thin-walled ducts where
he probe is to be iIngeried from the ovtside. Types PC and
PO (Fig. 8) are desioned with removable pressure tshe-offes
for ingtalistion from within the duct, In thick-walied ducts
where Nt is not practical 1o make an insertion hole of diem-
240 equal 1o the length of the probe tip. Figure § shows
Mmiting lengths and diameters for instaliation .
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& “SBETRA S5YSTEMS,INC.
HIGH OUTPUT
PRESSURE TRANSDUCERS
=

Mode! 130

LOW RANQGE

PRESSURE TRANSDUCER
Differential Pressures 0-t0 01 peid to 0- 100 paid
(Reference pressure dry NON-COrMOsive pases)
Absciute Pressures o-vmu.o-sm

Features

® Instan! warm-up
® High output § volts

or 12 5 vofis
< 0 03% Repeatability
8 0 1% Hysteresis
8 0 1% Non-lnearity
® 00'%/"F Therma! effects
® 0 02% Output nose e, -
® Fast response iess than 1 millisecond v
® Withstand high overpressurs
® Many options including remots control

Description

The Moce! 239 18 8 compiete pressure Iransducer system
for accurate measurement o! low pressures The unique
Setra slecironic circuitry is combined with & rugged
capacitance-type sensor in this transducer The high
output ususlly requires no further mgnal conditioning

The pressure media may be compatible liquid or pas
The reference pressure media musi be cClean dry air of
non-condensable gas (The reference chamber for
absolute pressure uUNits s weid-sealed at high vacuum)

The high levei outpu! signal. excellen! stability
combined with fast d namic response make this
transaucer weil suiteo for many indusirial lstoratory
and serospace applications requiring the highes!
sccuracy This unii 0iffers from Mode! 239E in tha! the
Mode! 239 1 care'ully compensated to minimize both
rero and sensilivily shifts due to environmental
Bmpersiure vanations

Full Scale Ranges

-

Diverentl Prassure  Pressure messured redetrve 10 &
reforence pressurs Asierred 10 Sa/pOuUnds per Quere inch
(GWereriml) o pasd

Absohte Pressure  Pressure mossured reletive 10 Mgh
vacuun Referred 10 88 pounds poc sguere iInch (abechuse)
L

—

Applications

® For highest sccuracy. obtaining very mgh linearity
low hystaresis, last dynamic response. very small
temperature sfects. insensitivity to motion and
vibration. and high stability

® For tugh accuracy applications where low power
consumMplion, Instan! warm-up, and small size are
needed

* For sccurste low absoiute pressure (vacuum-welded
reference chamber) end for low dit <7« sl pressure
messurements when the reference preasure is clean
dry air or gas

* Standard units for most applications connect directly
into most A/D converters Can be sftenuated to match
low level indicators. scarners. and loggers

® Many options lsted on back page for special
Instrumentat.on needs. including remote control

* Replacing low output sirain gage type transducers
and associated signal conditioning . getting higher
accurscy at much lower cost

Construction

Setra s patentedt vanable capecttance sensors approach
the uftimate in design smplicity A stainiess stes!
diaphragm and an insulated electrode form & varable
capacitance As the pressury increases. the capacitance
changes This capacitance is oetected and converted 1o a
knear d c electric signal by Setra's unique slectronic
circunt

Low Pressure and Absolute Pressure

Low renge pressurs seneors have & thin stretched
stainiess steel diaphragm positioned ciose 1o the
electroce Positive pressure moves the diaphragm toward
the electrode. iIncreasing the capacitance High positive
OverpDressuTe pushes the cmphragm sgains! the slecirode
thereby providing high positive OVerpressure protection
Migher Pressure

Higher pressure range sensors have en insulsted
slecirode lastened 1o the center nf the diaphragm,
forming 8 variable capacitance As the pressure
Increases. the capacitance will decresse




Pressure Ranges
Umdirectiona! differertial
Bidirectional different.al
Absolute pressure

Posilive pressure media

Ralerence pressure media
Differentia! pressure
Absolute pressure

Pressure flittings

Excitation Power

Zero pressure output
Outpu! impedance
Non-linearily
Thermal effects

Zerc shitt (30°F 1o 150°F)

Sensitivity shitt (30°F to 150°F)
Volume increase due 1o F R pressure

Natura! Irequency

Oultput noise

Warm-up shift (typical)
Elecinical Connection
Weight

Maximum Working Pressure

Model 239 Specifications

0to002 02 1.5 10 20 100 psid

O010+001 01 05.25.5 10 50 psid

Oto1. Spsa

Gases or liquids compatibie with stainiess «tesl hard anodized 80€1
sluminum Buna N "0 ring (Stainiess stesl in place of sluminum
on special order)

Ciean dry sir or other gas (Non-cofrosive non-condensable)

Vacuum sealed no reference pressure needed

1/8° - 27 NPT in‘erna!

Nominal 24 VOC 8 milliamperes (0 25 watts) 22 to 30 VDC

Reversed excitation protecied Iniernal reguiation minimuzes affec!

of excitation varation with <=0 02% FS outpu! change Wiil operate

on 28 VOC aircratt power per MIL-STD-704A and not be damaged
emergency power conditions

Internally adjustanie 10 Omy Factory set within £20mv

<10 ohms

<20 1% full range output (Dest straight kne method)

Operable 0"F to 175°F

<21%FR100"F(<+2% for 0 02 and *0 01 p3id)

<*1%FR/100°F(<22% for 0 02 and +0 01 peid)

1x10%cu In

2000 Hz nomina!

<200 microvolts FIMS (In band 0 Hz 1o 10K Hz)

<:1% (018l <+0 2% resioual shift sher 5§ minutes

2 oot muMticonductor cable

8 ounces
Pressurs Renge of Tranaducer  Operabie Line Pressure
001 and 0-0 02 psi0 Near Ambient

10 1. 0-0 2 psi0 and wgher Vacuum to 250 peig

Prool Pressure. Acceleration Response. Hysteresis Full Range Output

Proo! Pressurs * Acoster ston Hysormma B Output™

Premure Aonges Ponnrve Mo~ Respones pei/g WA vors OC
Low Fronsure
00 =00" 01 08 25 S pae | ol Bkl <0 0002 @ iw 0w 128
010002 02 1 8 10pa0 JoxFR " [ Ll <0 0002 LAl Ows

Pressure

Oto =10 SO psic nFR hiR -« 08 @' Ow 2%
01020 100 puo hiRr hfR @0 <N Ows
Abtsoiute Pressurs
Do Spue R <0 0002 <€ 'N Ows

Notes

(1) Proot Pressure The mas mum pressure Tha! mey be BPORd wihou! Changng Periormence bevond

soRCIheaton (<0 SN FS teo st
@) For =0 002 Do end gt ranges Up 10 1000 FR prood poBive PrEEEUNY ON SPECHS Order
’nmml@we
M for 0 002 pad and hegher rangen J0:F R nagelve pr o
(4) Moy be sty hgher (uD 10 0.7%) ks renges 0 10 10 ped 0 10 23 paa

on Epechel or 0w’

L)

8) Coorpies meo

Onm Bed CPerabe o loade of S000 ofvre Of grester Internally adustedie 1%

—

Electronic Circult Information

Four-lc'minal squivalent circutt edher
negative output should be connecled IC Case
factory with negative sxcilation connected (0 Case

Options

¢ Remote cahtration signal Spectty peroent Al scale or adiusiable

* Remote 2070 preseure BdjUsImeni

* Remote sens vty adpstment

* 224 VDC or +15 VDC ground rederenced excitahon (Alows ground

reteranced output)

15 VDC 12 VDC 10 VDC sxciiation (lower output voflage)

¢ Nonslanderd outpu! level (maxmum 0-10V)

. o0 lempersture range ~85°F 10 « 250°F (T ypecal temper ature
oflects 2x mandard)

* intnnesx selety cesgn (Class 1. Dv 1. Groups C and D)

Ordering Information

Or0er a3 Mode! 239 pressurs transgucer
Specity pressure r

noting ditferential pressure or abso-
le pressue. desired slectrical outlpul and desired oplions

Outline Drawing
ailve excilgtion or S T 'l;all—ﬂ R

nit calibrated 8t the fT;i > 1S I‘l i
- 'i‘ Ll —a L] ]

T Lo

AR @vnareiors e W Ches

SouCHcalons aleec! 10 Change withowut notce

45 Nagog Perk, Acion, Messachusetts 01720 / Telephona (817) 3631400 g

~C
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APPENDIX 3

OPERATING PROCEDURES

1. START UP & SHUT DOWN
START-UP AND SHUT-DOWN INSTRUCTIONS
for the
REVERSE FLOW COMBUSTOR
Revised July. 1982

START-UP
1. Verity the operation of the hanging electrical outiets.
2. Plug power supply. Ignition syster:.., and temperature Iindicator

into the outlets.
3. Move blower main electrical switch to the “on® position.
4. Check to see that the “primary cooling air® valve is closed.
5. Open ‘dilution jet air* valve to 1 cm differential to prevent the

fiow of hot air into the blower.
6. Check to see that the main and small natural gas valves are

closed.
7. Set automatic gas shut-off system to “off* position.
8. Set 3-way natural gas valve to “upstream to main valve® posi-

tion (pointer to the left).

| B



10.

1.

12.

13.

4.

18.

17.

18.

19.

20

21.

171

Set temperature Indicator to monitor central probe of the rake.
Supply power to the pressure transducers for delta pressure ac-
quisition.

Start blowar by depressing the "on® button located on the re-
mote control unit.

Supply combustion air at 0.018 kg/sec (40 mm Hzo).

Chack to see that the exhaust system Is open and the ejectors
are operational.

Set the automatic gas shut-off systeam to the "manual® mode of
oparation.

Open the small naturai gas valve (allowing flow to the central
burner only) and supply gas to the ignitor at 20 CFH (as indi-
cated on the small flow meter).

Activata the Ignition system by depressing the right switch and
then the left switch.

Listen for the sound of igniting natural gas: verify the ignition
by monritoring the centrai probe temperature.

Increase the flow rate through the small natural gas valve to 20
CFH.

Open large natural gas valve. supplying gas to all burners at

0.007 kg/sec (18 mm H20).

Listen for the sound of ignition at the remaining burners.

Immediately supply primary cooling air at a r=te of at leas*

0.065 kg/sec (55 mm H20).

(+)
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22. Switch the 3-way natural gas valve to the "gas manifold® posi-
tion (pointer to the right).

23. Close small natural gas valve.

24. Take out ignition system plug from the hanging electrical outiet.

25. The combustor is now In the “operational® mode. Keep flow
rates within the ‘operational zone® while adjusting them to pro-
duce different icmperatures.
Do not exceod exhaust temperature of 1292*F (700°C).
Do not exceed bend wall temperatures of 932°F (500°C).
Do not force the scanning mechanism. |f It becomes Immov-
able due tc thermal warpage. allow it t0o cool. thrreby relieving
the stress.
Do not over-tighten dilution jet plugs. Ciose only slightly more
than hand tight.

26. Set automatic gas shut-off system to the "automatic® position.

SHUT-DOWN

1. Close natural gas main valve.

2. Allow blower to continue running until the wsll temperature has

dropped to 140°F (60°C).
3. Shut down the blower by depressing the “off” button on the re-
mote control unit. Close all air valves.
4. Move automatic gas shut-off system to “off” position.
§. Move blower main electrical switch of “off” position.
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B. OPERATING PROCEDURE
If using a muitiple probe. call program sectry 2. bas.

Before beginning. If pressure transducers are to be used. call
trantes. bas. Upon running it wiil ask for a channel number.
Channel numbers zero through four correspond to transducers one
through five. The act of typing a channel number and returning
causes 25 pressure measurements to be taken. and the average to
be calculated. The last number in the column is the average.
Write it down and save It for each transducer.

Load your choice of program for multipie or singie probes. It
will first ask what the zero values for the transducers are. It will
then ask for a jet raw location. Number one Is the location furthest
into the turn. number two is the second fun in the turn. number
three is prior to the turn outer wall, and number four is prior to the
turn inner wall.

The next question asked is how many operating dilution jets
exizi. Answer with the appropriate number. Following this. answer
how many non-working jets exist between each set of two operating
jets. The next question asks which azimuthai increment is desired.
Answer with 1 for 10 degrues. . 20 degrees. etc. The follow-
ing two questions ask you to name an Introductory fille name and a
data file name Do so.

Following that. manometers must be read for the various flow
rates. The program will then ask you to enter values and pres-
sures. The units are usually mm water differential and are men-

tioned In each question. Required entries are: combustor pres-
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sure. combustor air flow rate. natural gas flow rate, dilution iet flow
rate. and barometric pressure.

Following pressure Input. one must key in cooling jet tem-
perature. cross flow temperature. and six wall temperatures
(numbers five through ten) In degrees F.

Tne computer will give you back all of the input parameters In
S| units, and ask you for your first temperature. Locate the probe
where It asks (should be radial position 95, and zero azimuthal de-
grees). press button 11 on the Doric trendicator and press F5 on
the keyboard. On the Uoric. keying F5 on the computer after
each. After 15. the pressures are all automatically acquisitioned.
their values printed along with the calculated local velocities. The
computer will then tell you where to locate the probe. Do so. Re-
peatl the above procedure.

To plot out data radially. choose laspimpt. bas for temperature
and laspimpyv. bas for velocity. The prooram will ask for introductory

and data file namas. Supply them and the plot will be made.

C. Thermocouple Locations

THERMOCOUPLES

1. Right Burner
2. Middle Burner
3- Left Burner

4. Straight Inner Wall



10.

L

12.

13.

14.

15.

7.

i8.

Inner Wall at Middle Bend
Outer Wall At Exit

Outer Wall at Middle Bend
Straight Outer Wall

Side Wall at Middle Bend
Side Wall at Exit

Rake

Rake

Rake

Rake

Rake

Jet Injection Port

Exhaust Port

Singie Probe

0%
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APPENDIX 4

COMBUSTOR SOFTWARE
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ORIGHINAL PAGE %
OF POOR QUALITY

1. SECTRY2.BAS--Data Acquisition

1v DIm TF3I (2%,
oo pIm 2ERT:Y,
6. 1NFUT “zerc(0s"s ZERG(C)
T OINFOT “zerc(l:"t ZERT(1)
B INFLT “"zero\2)“t ZERC.(I.

S INTLT “szerc it 2ERGID)
1000 INFOT “zerct'4) "t ZERL .4
12 DIm 1(A,5,1E!
170 CIm F 4,585,186
140 LIm V(4,518
10 Tl 0 & 10T 1 M=o TIZ 1, O0eo0: T3, 1,00'=100:T(4,1,0) =1 00
191 TA.§,0 = 100
152 729,00 ® 300
127 T3S, = g0
124 T(4,5,.0) = (0
16 F oo 1.ComilT4, S0F (1,1, 0081204, S0F (2.1, ® 1274, 5:F(2,1,0)=)1274,.S:F (4,1,C =10
4.
170 VIO 1 0 ®m 1 11V i ®i 11V S, 1. e 11, 10:iVIS, 1,00 10,11V 4,1,0' =111
SE- X =
AT 0 INFLT “14 apclicatle. w'at 18 the et row locationil toc 4)"3JL
S INSUT "Nutber of operating eilutior jets”i NOQ
Q6. TFLT “"Numré ©Of re.s CLEtwein Opérating jets(use -1 for single jet ard no
te N
€70 1F JL = 1 THME« SF) = T ELSE IF JL = T THEN SR1 = 3.0Z% ELSE
IF JL = T THEN Sh1 = 2,07 ELSE IF JL = 4 THEN Ski = .47
475 RLM Rowm ONe starts at hIghest oute: wall locaticr with rows tws and three
progressively ét lower positions On the cutsicde wall. Row 40ur Incluce:
Gilut.c J@'f O the 1NN wall.
AT 1T Yke eTanthel inerecect OO veo washt 1, 1S, 2, T. o LV &1
&L, iF Al Tez B0 01 JLLEG-. INCRENEN” " GLTI 4B
Az Pl "Retel! that 1 = 10 dey 1.2 = 1% deg.. #tz."

43 RE ' Rece.l the. - o O8yTees imuttal position refers to ProuLe BOFILION l
$uliv AN corbustor. Alst, racial pesitior 95 refer s to probe positace
ot 1te fuli, & tended position at tre cuter wall. i
4% INFUT "What f1le nare a.c number 4or 17tro. irformation™: Fls

451 INFUT “What fi1le name and number ¢or data“: FDe
&£S7 DFEN F1s FDRE DUTFUT A% #1
455 OFEN FLS FDR DUTFUT AS @O
INFST "Combustor Fressure (Qage) .n ma of water-FF"t FK
INECT "Combustior. Air Flow Rate 1n mrm wate- differential=-mcr"i MCR
INFUT "Cooling Air Flow Rate 11 ae water diéderential=-M k" MR
INFUT “Natural Gas Flow Rate i1n mn water diééerential -MGR"; MGF ;
IF N © =1 THEN INFUT "Multiple calution jet ¢low rate in an water diffe cr
tial-ms,yr": MSJF
o IF NJ = =1 THEK INFUT “Sangle Jet Flow Kate ir S.C.F.M.=a_)r": Ms.k
INFUT “Barometric Fressure i1n inches of Mg-BFKk"i EFR
= INFUT “"Cocling Je: Temperature in degrees Farenteit=TIR": TJh
INFLY "Cross Flow Temperature in gegrees Farennmit-TR": TR
¢ INFUT “Wall Temperature in degrees Farenheit-TZ"i TSR
INFUT “wall Temperature in degrees Farenhsit-Té"t TeF
INFUY “Wal. Teaperature i1n degrees Farenhert-T7": TTR
INFL'T “Well Temperature in degrees Farenheit-TE"t T8F
INFUT “"Wall Temperature i1n degrees Farenheit-T5"; TOR
w INFUT “Wall Temperature 1n degrees Farennheit-T10": TICR
7% FRINT "PARAMETER VALUES GIVEN BELOW IN DESIRED UNITS ARE DESIG: ~TEL Ev MUL-
IFIEL VAFIABLE NAMES A5 FOLLOWS: PR BECOMES F, TF BECOMEE T, EIC.”
Tie ML = QU3 (SOR(MCR.): FRINT “mc = " MC “ Lg/sec”
To. M o= 00940 (BOA (M K)): PRINT “mi = “ M " Lg/sec”
. MG = L0000« (SOR(MGF)): FRINT “mg = " MG " kg 'se:
IF NJ .. =1 THEN M5J = (,001208)# (SOR(MEIR))/NCI: FRINT “mey = " P3O "G &
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ORIGHVAL PAGE ¥
OF POOR QUALITY

7T IF N = =1 THEN MSJ= MSJReS.JJ007E-0A: PRINT “msy; = “ MS) “ hg’sec”

7% REM Lines 71C to 730 are orifice meter calibratior equetions. These ano
cther equations i1n this section convert LO desired units.

* M e m> M <« MC: FRINT “m = “ M “ kg/sec”

7%, BF = TTTIeBFR: FRINT "pp = * BF " pascals”

7 F = 5 o 9, 7669%eFK: PRINT “p = * F “ pascals”

TeT T = 2TT.1% ¢ (%/5)e(TR = 32): PRINT “t = “ T “ degrees tel.in"

TeT TJ = ITI.1% ¢+ (5/F)0(TIR = 3202 PRINT “ty = * T) ' degress belvan®
TG TS ® 272,15 ¢ (/9@ (TSR = T2): FPRINT “tS = * 75 “ degrees lel.in"
78 Yo = 27T.1% « (Z/5)0(TeF = 32): PRINT “té = " Teo “ degrees Lel.an "
T 1T ® 27Z.1% ¢ (5.9 (T7R - 32): PRIKT “t7 = “ 77 “ degr-ees beluin'
B.. TE = 272.1% « (5/'§)e(TBR = 32): FRINT “t8B = * TE “ degrees hel.in"

* (£/6)0(TOR = 32): PRINT “t9 = “ T9 “ degress telvica"”

Bl 19 = 272,19

B, Tivs 272.1% ¢ (5/9)0(TIOR = 32): PRINT “tio= “ T10 " degrees kei.in"

T RC = F/(287eT): PRINY "ro s * R0 " bg/cubic meter™

B4 ROJ= F, (2ETeTJ.: PRINT “rojy = * RDJ “ Ag/cubic meter"

.V = M (RCe,C258:: FRINT "“v & * V " meter/sec"”

TIW) ® ML2(ROGJeT.9TAE-CE): FEINT “vy = “ V) “ meter sec”

BT FFINLY “The number of ets used for i1nectior a8 “NOS

65. D~ = RLI/R0: FRINT “Density ratio = “i

BET FFIW™ USING “6.®e": DF

BET J = (FLlewJe )/ (RDeve. : FRINT “Momentum ratic = *;

B33 FRINT USING "o, 8¢ 3 )

E?. 5/ = SFleiN)+]): FRINT “"Specaing ~atic = i

E"% FRINY USING “ea.0a i SR

5 oo FRINT "Azimuthal ancreme-t, Al = " 4]

S1uv FRINT "Int-o ando maticr 41le 18 naned " Fle

SZ. FFI1Y "Deta +1l¢ 18 namso " FL®

ST 1T “CHEC: CALCULATED VALUES. IF ALJUSTMENRTS ARE REJUIRED. MAIE THEM
GIVING TIMD FOr CHANGES TD TALE FLATE. WERE ADJUSTMENTS NECDEL"if..1

S4. IF Frmt = "ve@i" TwEn Suu

100 WRITEC @ &I FISFLS . LN FA TR, MCA M K ,MGR, TIR, MBIR, BFR, TSR, T6h. T7R, TER.

Toh . T i M (MO M T T . Te . TP . TR. T8 TICRD. RO VMBI, S DF D SR.ES (12

.
- "
e e

F
F:
[3

s FRINTpaict rac srgle  t11 L2 t1: t14

[ 4 2+

1vs. FRILT pil pic pic pla
p1s

10TV FRLT™ vil via vi? via
%

108. FRINT

106, FRINT

1120 FOR A2 = O TC B STEF Al

1150 FEM recall that § refers to radial position 93, S to 55, ctc.

120 FOE R = & TD 1 STEF (~1)
a9 GOSLE 6000
14 0, NE2T R&A

150. NEXT A
165, FOR A2 = A2 TO 100 STEF Al

1700 FOk R& = § TO 2 STEF (-1)
178 GOSUE 6000
1600 NE»T RA

SUa0 NEAT A2
210 FOF &I = A2 TO 12 STEF Al
219 FOF kA = § 0 T STEF (-1)
aTw GOSUE &

. NEXT R&
2% . NExT A2
2% FOF A2 = A2 TO 14 STEF Al
a0 FOF R = § TD 4 STEF (-1)
ab GOsUk eCUv
2500 NEXT R&
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OF POOR QUALITY

KLY AL
FCh Al = A2 TC 16 ETEF w1
FUF R4 = & TO & STEF (-1)
GLSCF o200
NE2»™ R&
NEXT AL
EnC
Cmlil = JUeAD
Rl = (RA + 51010
FihT = FINT «

s FRINY USING “tFIT S
FRIN, USING *"tRal:
FRINT USING “iANG:

GOS.F 7010 2 :

REI” At thas Jocazicn one must incluce the commarc tc have the corputer
revind the operastor which temLe aturs probe 18 being convertec.

RE™ he~& 18 where rocting $0r Qétrnering InCivicual temperature date maill a.

GISVE B 40

RE” her& 18 whe s the algorithe for calculating velocity mall go

FOF VE. = O TG 4 ETEF 1

VVEC R AZ. = (206500, 918 (ARE (F (VEL.RALAZ) M)/ (FU(DB7eTIVELLRALAZ) ) ) LT

NE»T VEL

FRILY U31NS “ean, "3 FR1:

FRI'!T USING "es. “3 RAlt

FRIJT UENG Y AN

o FRINT LRING "I T OLRAGAT I W T (IWRALAD) JTIZWRALAD TUZRAAL LT

208

FRIY WIINS a.senn "1 FlUR&, ~

FFINT UEin. ®W.eare "3 Ftiohemehs) JFiDeha b2) F (S, Rh.AS) > (8, RAAL. 8
BR3iY LB TR " VG RARLAD S
FRI. ULING "Gk w8 " VU RAVAT ) VIS RA AT VIS RR A2) V8 KA AT S
LT
FRI
PRI O ¢ A A XL P SRS R0 [T SO L T YOOuy ST, P T 7 - TR XN
T wefrime b (Fal Rl LRl Re me =i RALRD LT R bl F QR AT,

Vil Rl oy L RAL T oV e R AL VS R D (VA R A2
LS RELML,
H

e
7Ui. RE' Nerpersture sulrcast.ne starts here.
7« RE® g Lrooting tO EOreora teNns@rature ACQUISITION ¢rom catnne. o
7.2 WDDREZZ = 16.5
Tv4 UUT ADDHES: <4, 171
TOS O RE!N Lire T1 gives & gair. of B wmith value of 171
7ve DUT ADDRESS +%. &
7070 REM Line 40 gesigrates channe! % (Lemperature)
708 FOR 1 = ¢ TU &4 STEF 1
2033 FRINY g™ Je33 "7
709 BEEF
Tioe STOF
711¢ FOR M1 = 1 TO 2% STEF 1
Ti1Z. OUT ADDRESS <&, ©
7130 REM Line 60 starts the conversion process
7140 R = INF (ADDRESS <4)
T1S0 REM Line BC assigns status Dyte value to r. Below. 14 & Dao conversion 1t
encountered. 1t will attempt to convert again.
716 IF R . 126 THEN 7160
7170 R = R ANL 192
7i6 IF R = 128 THEN 721C¢ ELSE 719¢
T1S) FRINT "Bal CONVERSION": STOF
722 BOTC 7050
7210 REM Read oata ¢rom board 1n line 71470 ang 715..
Tadl LOW = INF (ADDRESS « 3)
7230 HIGH = INF(ADDRESS + o)
7240 KEM Below, we are converting to decimal numbe-s.
7250 VALUET = 2TpeM1GN ¢ LOW
Tae. IF UALUET > 32767 THEN VALUET = VALUET - 635%Z30°
Z7¢ VOLTAGET » VALUET 2ua.8
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ORIGHVAL PAGE 8
OF POOR QUALITY

TE3Z M1) = VOLTAGETe 11000 /B
Yy =y « TPSD(M])
NE»! Ml
EEEF
o FEINT “t%]e3l “a" x/(Ml=1)
RE™ Line 7375 has & conversion in it fcr Faren. to relvan.
1 (1.Rm.A2) = X/ml - 1)
+ FOk Mla = 1 TO 29 STEF 1
FSZ = FSD « ((TPED(MIA) = T(1.RAAZ)) 20725 - 1)
4 NE»T MlA
- 8L 1) = FSL .9
FRILY “Crannel “11+] " std. de.. is " SD(1)
S T RAAZ) = (5/§)0((X/(M]l=1) + &455.6%9))
o=
» FSL = ¢
o NECT 1
FETURN
2 REM Sutroutine tc pe-form A'D conversiorn of charnels O through 4 1n the
proge: sequerceé. The board must be in the 1/0 mapped mode. These
COrversicne are ¢0r pPressurs.

B.Z ADDREE:Z 16 ¢

6.7" OUY ALLRESS < 4, 1T

B TL RE! Lane 6.7 calls gein=4 gince 1nput 18 O to T volts (ma. 3% m. s
B S FOR Ce = ¢ TO 4 STEES 1

6 T DUT ALDRESE + 2, CH

B:5) REM Line E)S. cecigrates channel number.

& &% FOF F1 = 1 TC 2% SYEF 1

BT 0. ALDFESL < e.

B 7S RE' Line B.T sta“ts conversion procedure.

E& C = INk(ALLRE3. - £

el REM™ Line ECE. sesigne 4ronm BoeC tre condition of stetus Dite coicer ning

cor .erg1cr. Belcw, 14 ar uneZieptatle CO' versBil . SCourse. ther the
Ce..Ci- wis) #lienl® the COIE wIC!. B5k.0.

5. 17 1. THE!N B ~.

¢ = T &AIL 182

iv 3t € = JTE THE!. B:TY ELSE E:2

o FRINT "Bl CONVEREIC: : EYCT

22 6GIC bre

T. REF Reas cete 4r0c DoOArd below in lines BI4y and BIT .

6.4 LCw = INF(ADDRESE « S

615" MIGH = INF (ALDRE3S + &)

6167 REM below, we convert to decimal valucs.

' VALUEF = QJ%geMIGH + LOW

IF VALUEF : 32767 THEN VALUEF = VALUEF - 6ZZC:

VOLTAGEF = VALUEF/204.6

REM Calabratics is O.1 ps) per 2.% volts of output.

CALIBRATION = ,1,2.9

F(CH.RA.AZ) = VOLTAGEFeCALIBRATION, 4 - ZERDI(CH/

YV = Y « F(CH. RAAD)

NEXT F1]

F(CH.RA.AZ: = Y/ (FI-1)

Y= 0

NEXT CH

RETURN
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[l' PAQg %
R o”lL'TY

2. INFOUT2.BAS--Displays data in tables.

1 REM thas program 18 40 accessing Oate files and printing out neeced i1nfd -
nELION,

20 1HRJT “Wret 318 the f1le name and numter for intro. information"t Fle

So LaELT “"Wret 1 the file nams ano number for date": FD®

&2 OFEW FI8 FDR INFJT A5 @)

S. OFEN FLS FOF INFUT At @l

62 FRINT “ALL INFDF™MATION NOT ACUIRED B+ THE COMFUTER INCLUDINS THE IRTRO-
DUCTORY DATA 1E AE FOLLOWLI:"

T2 INFUT @1,A1.FIS.FLS. JL. NI.FR. TR, MCA. M R, MGR, TIR,MEJR, BFR, TSR, TR, T7R, TB5.,
TSE.TIOR MS. M MG, P F 1,7, TS5, 70, T2, 76.79, T10, R0, RLI . V. MB2, VI . DR, J,BF,
Br.NDJ

100 CIr T(4,.5.18!

110 Lim F(4,.5,18

120 LIF V4,916

c8E ST

afs C.t

282 FRILY "The neme o+ the antra. anformaticn fi1le as “Fl8

S¥4 FRIKNYT "Trne nate of the 0s%o 4ile 28 “"FDo

2% FRINT “Tre choser aiiauthel ancremert 1s " A

266 FEILT “The row 1f w*ach Operaticnal @arlutior jets acpear 18 “ JL

FRINY “Trhe numbér of dilution jets 1n operation i1s “"NOZ

FRIN® “Tre nusber ©f jets Detwes.. Ope-ation gilution jets i1s " NJ

- FRINT “The contustor Qage pressure 1n mn of water 1s " FF

FRIN® "The conbustyr cross-flow temperature 1s " TR

FRINT “CoubuBtion &1t 4)Oow rate 1in mn Of water citferential 1s " MCF

CFRINT “Lucling eir €loe rate an mn of water differential s " MF

L FRINY "Natur el Qes 10w rate 1n an of water dafderential 1s " MGT

FRINT “Cocling jet ter.erature in degress Farenheit 18 " TJIR

FEINT 'S.ngle yé. flon. rate 10 S.C.F .M, s " MSJR

- FF!'® "[e Gretlr1C Brefzord 1 anches of Wy 2t " BFR

JEOFFINY "hel) e cfvi e TS ur Cw, @kt Fare @it as " TSP

T6S O FFINT kell tenpe elure Tef an Oeys ees Farerhert 1s " Tof

4 7 FRILY “mell tenpe sture TTR an degress Farentcit as " TTR

FRINT “he!l teriereture TER ar cegrees Farenhert 1s “ TBR

CFRILT Maell tenpereture TSR an cegre Farenteat a8 “ TSi

FEIN™ "Well tenmperature TIOR 1n gegrees Farenneait as * TI10R

B4 FRIIT "0t aaetccssnssttttocintositsistoitsistontetinssssditasdssssciassss’”

AT PRILY 000000000 E00000000000000000000000000000000000000000000000000"

807 FRIKT "000000000000000000000000000000000000000000000000000072000000000000°"

46 PRINT “THE FOLLOWING VALUES ARE CALCULATEL FROM GIVENS AND INFORMATION SHOW!:

AFDVE. "
45. FRINT "COMEUSTION AIR FLOW RATE: oc = “MC" Ig/sec’
S FRINT “COOCING ALR FLOW RATE: | = "M hg/sec’
“NATURAL GAS FLOW RATE: mg = "MG" hg/sel’
"TOTAL M-SE FLOW RATE: m ="M ojg/sec”
“AKSOLUTE COMBUSTOR PRESSURE: p = “F" pascals”
“CRDEE FLOW TEMFERATURE: t = "7 gegrees bel.in’'
“DILUTION JEY TEMFERATURE: ty) = "T)"gegrees t&lvin”
- PRINT “Wail TEMFERATURE TS: tS = “TS gegress lelvan"”
FRINT "WALL TEMFERATURE Té: te = "Té"degress kelvin”
o FRINT “WaLL TEMFERATURE T7: t7 = "T7 degrees lelvin’'
FRINT “Wa.l TEMFERATURE T6: th = "TE"degress hei.an"
s FRINYT “WALL TEMFERATURE T9: tS = “TG gegrees belvir’
- PRINT “WaLL TEMFERATURE Tic: tio= "Ti0“"degrees hel 1"’
FRINT "CRDSS FLOW DENEITY: ro = "KD"iIg/cubic meter
6>y FRINT “DILUTION JET DENSITY: roy= "RDJ"Ig/cutiz meter’
64 PRINT *"CRDSS FLOW VELOCITY: v = “V'aster/sec”
6% FRINT "DILUTION JET MASE FLOW RATE (@ach jet): ms)= "“NEJ"I g se
66t FRINT "DILUTION JET VELOCITY: vy = "\VI'meter /sec”
e7. FRINT “DENBITY RATIO: gr = “DR
6B. PRINT “MOMENTUM RETID: 3y ="

o3 FRINT "SFACING RATIO: or & “5h
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Tva FRiWE "
Tow FRIIY “THE UNITS BELOW ARE LELVIN, FB] AND METERS 'SECONL.'
SuL BT e
AT FRLET
Toa FRIN "
240 BRINT
a8 PRINY &*

75 FRINT pEInt rac angle ti t12 tic ti14
t1%
ot AT (2§ piz (30 pia
pis
T, FRINRT" vil vil vil V314
vil®

TAS FRI'WT
TS.OFRINY
6 . FOR A2 = O TO B STEF Al

Eiv FOF R& = § TC ) STEF (=1)
[ GUSUE Zuv.

[ pal NE*T R

B4 NExT A2

BT FOM @l = A2 TO 17 STEF AL

Eo FOR R~ = § TC 2 ETEF (-1
6™ GUESJE i

EZ. NER® R&

by NE'T A
So. FOF A2 » W7 TC 12 STEF &)

L FCP Ré s § T0 T EYEF (-1,
S GUSVE S W
§%. NE* T R~

§4. NEMY AL
SL . FOF A2 = Wl YO 14 STEF &I

§e ¥ FOl R, = € 7L & ETEF (=1
ol 6248 o

Se HE L

§% . NLY AD

1 o FOr A = &2 TD 1E 57kF A&
i FC2 Re = 6 T3 & ETEF (=3,
| P GOSUE 2v. ..

f NEXT Ré

104 NEAT A2

19¢0 END

Zea INFUT 2. PNT  RADLANG, T (UL RALAZ) , T(1,RA,A2) T2, RALAZ) (T3, Rk, k2,
T4 RAAZ) F O RA L) F (1 RAAT) P2, Rk, A2) F (S KA A2 F(ARA LD,
VIULRAAD) VI RALAD) JVIDLRAAZ) VIS, RA,A2) V4, KA. A2)

2010 FRINT USIKG “ese., “1 PNT}

a 0 PRINT USING “ee, "t RAD:

S0T0 FRIRT USING “ese. "3 ANG:

2047 FRINT USING “eee, “3 TWOLRAAL)  T(1.RA.A2),TI2,RAA2), TIS,RAA2),Tia
Rm k202

0% FRINT USING * 0. .0000 “3 PO RA AL

S0e FRINT USING “a.00es "1 FUL,RAAZ) FI2,RA,ARZ) ,FI3,RAARZ) P4 RA, LIS
2070 PRINT USING * [T 1) “§ VIC.RA A2

208 FPRINT USING "0, .00 "} VI1,RA,AZ),VI2,RA,A2) VIS R, A2) VI& R\ ARD)2

Ve FRINT

210C PRINT

<110 RETUR!.
4]



183 G
RIGIVAL PAGE 1§
OF POOR QuALTY

3. LASPLMPT.BAS--Plots set of radial temperature profiles.

1¢ CL.S
112 VE+ OFF
115 DI™ FNT (9,18
12 LIn Rl 'S, 16,
129 DIm ANG 'S, 18
12¢ DI T(A,5,16)
172 DIm F 4,910
14 LIr VA, 9,18
S10INFUT “What 1s the introguctory i1nformation fi1lename™i Fls
410 INFUT “Wrat 18 the oate ¢i1lename”: FDs
L1 OFEN F18 FOFR INFUT AS ®)
DFE!: FDY FOR INFUT AE 02
INFUYT @1 AIFIS FLO . JL. W FR. TR, MCA. M R . MGR, TIR, MSJIR, BFR, TSR, TR, TR, 185, T5~
TIOR,MC.M MG M. F T, TI.T5,76.77,T6. 79, T10,RO, R30I,V ,M6J,VI,DR.J, Sk . BF ,NOY
All = Ale:
INFUT “What tvpe ©f plot 18 this"t FLTYVFS
FOF A2 = ¢ T0 & STE® (AID.1C)
FOR R&A = & 10 1 STEF (=)

GOSsuE S
. NEXT RA
NEXT A2

. FOR A2 = &2 12 10 STEF &)D 10,

FO R = € TO 2 EYEF (=1

GIzJF %

1E» b

- NE 1 &2

FOF &2 = AL TG 12 ETEF &1L 10
FOkh R = & TC T ETEF (=19
GOSJUEF Su.-
NE?1 R&

S NEMT A2

FOh A = AZ TD 14 STEF (AIL/10)
FOF FA = & T0 4 BTEF (=1)

GCBUE Zuiy
] NEXT K&
NEXT A2

FOR A7 = A TO 18 STEF (AID/1V)
FOR R = 9 TD & STEF (-))

BOSUE Suol
NEXT R&
NEXT A2

(4%

101 SCREEN 2

111V LOCATE 1, 30: PRINT "FILENAME: " FDs

1210 LOCATE 2. 20: FRINT “MOMENTUM RATIOD: *“5: PRINT USING “0e.00'3)
1310 LOCATE S, 3¢: FRINT “DENKSITY RATIO: “i: PRINT USING “ea.ee ';DF
1322 IF NDJ = C THEN GOTD 142S

125, IF NCJ = 1 THEN GOTOD 14%0

1410 LOCATE 4, 30: FRINT “SFACING RATIO: “3:FRINT USING "@0.08"iSF
1411 BOTO 1%10

142% LOCATE 4, 30: PRINT “SFACING KATIOD: *“$:FRINT “NC INJECTION':
1426 GO0 133C

14%. LOCATE 4, 30: FRINT “SFACING RATIO: “3:PRINT “SINGLE INJECTION &
1421 GOTO 1210

121C LOCATE S, 20: PRINT FLTYFs

1610 FSET (75,20

1710 DRAW “rST5 1240
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1&€:. FLF A2 = G TO 1 BTEF (AID. 1M
ASLOC = AZLOL « )
FUR KA = § TO 1 BTEF (=1

GABUE 6817
¢ HE: 1 Kem
ey A2

w185 ® wiS = (AIDeJe2. 14129 0%40 'S0
S50 FOR A2 & &l TC & BTEF (AID/3e
AILOC = A2L0C « 3
. BITOF B0
FOI R = § 70 1 SYEF (-
GCSUL 12402
' n" R
NE'Y A2
L FOR &l = A2 TC 1C STEF (&IDIV)
. A0 = AZLOC + )
.03.» ...\'
FOF ha = & TO 2 STEF (=),
GUS.E 12400
NE?T R .
S . NE.T AL
FOR A2 w A2 TO 12 S87IF (A1
AILbl » A5.00 + )
GOSUL €51
FUE B ®» § TL T ETEF -1,
GLSUL 1.4 Y
NE: T RA
S WY A2
FO' wl ® Wl T2 14 B1ET (mil 20
. kDl = AJLCL + 2
GOk 6%
FO™ R&a + § Y0 & EBTIE -3,

P Cladt a4 L

. ® e v k.

e ¢+ we VB2

TESL RSN A0 e 20 TO Je BIDF 0 G
T L P N B |

s, Gos.F E-i

k. FOR bi = & TD S STEF (=1
SE2e RISJI 1240

S NE?T Rm

TETL NCY A2

410 LOCATE 1.1,

4710 FSETJD..19008 Dhav"uY de we RILO T g0 Wl LTW": LOCATE 27.°8: PRINT LS
Ma. ISCL TEMFERATUFE = 1"

4734 LOZATE 1.1.¢

472¢ END

U0 LOCA & LOCA #)

oS IF EOF (2 TWEN GDTD 867

S0 INFUT @2, PHT(RA,AD) (RAD (Ko, A2)  AG (RALAZ) . TLORAAT) (T R AD) TIZ R, A

STISORALAD ) T RA,A2) F IO RAAZ ) F A RAAD) PID. Rh bl FIS,RALAY, JF (A RE AT

CoRm A2 ) VI RAAD) VID. R AL) VIS, R, AL) VIA KA AD)

020 RETURKL

6B). FOF THETA = O TD .174¢ STEF ((3/300)02e3, 1415924240, 0%

oViU XCOOF = (THETAe3eZT 290770510, « 78

Tl FPEETACOOr, 2es!

110 FON A1S = C TO .1 40 STEF (AIDelel, 1415926240 3¢

% a7 = XCOOI. B

TTIUYT = (Jee/B) ¢ 2

7410 IF AFZ .THETA - A1S: .00C1 THEN DRAW “ulls 0116°: LOCAYE YT, ¥7: PRI AZ.LL:
W 130/ 100 01 JO0=RAD (KA. A2) ' o50) L XVE (= (3000 (TIZS,RA.AZ) =T, (TJ=T: 1 exC0OF :Fal':
BO VA IEBET ANV, YV=1) SFSET (XV,YVe 1) IPBET (XVe) , VWIIPSEY (R /-1, V.,

TLI0 NDIT ALS

el KEM lés represe~ts starting ycoore at S50 plus tne primsr, zonc mioth o+ 5.

times its woaghting factor of O
WS UPY YWY
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TUIL THMETA = 2417954

TTI0 RETURY

B%1. FOR THETA = THETA TO S. 1415926540 STEF (50203, 141390:240/360)
S. 00 DeuTe. ® (130 4) = BINITHETS) ) /81

Cilv mbPMA & ATIHIDELTA (() = DELTA D) .80

S215 6 & (((1TeCOE .THETA)oCOS (THETA) o BIoCOB (AL™MA" === 'Typv -7 :
15 oB1 . THETA: o B1eZ08 (ALFHA) OBINITHTY? SHATAL =TT e (THET . .
STIC & s BoTii'THE TR

$4)0 A ® (& = JJe°°F =TYa 2 e ITeBINITMTTA)) T - #°F7 /0%
§&° BT S AR ® FTTRY 2 ¥

'.-‘ . .‘:‘.-.1‘.2

FRLh 28T 2 (MIETETem7 29T 10 ¢ 72

Wi WIS 0 (L = 3p)e] o 8O

RSP T, £

24 BIPT (SN, VECIS .

100 FOE 15 s AIEE TC T, 042 STEF (AIDelel, 1415806%40. 207

¥Y = YOROF 'E

: Y1 = (VCOS™ & o0

JUE 0 IF AISITHETA = ALE .o 1 THC' DRAW “"us,ct geyct™: LOCATE YT.XT: FRIKTY A2Lu
CITHETE » THETA o 087 0046.00:6lT0 10820

1751 NExY ALS

el NESY THRYA

-
4

Tasd FETURL

120t vwmi(lle 10 et tutieRal Ra bl 110G aVe (= 3000 (TS RA A2 =Ti/ (TI=T 1 reRCOI"
SFBET Ky vVISFSET O V=1 FBET AV Y o3 sFBET(XVe] VW) IFBET (AV=-], Y\

1241, RETUEN
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| DO
11
1%
o
-
122
15
1%
14
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LASPLMPY .BAS--Plots set of radial velocity profiles.

-

1E OFF
Liv KLY v, 08,
DIM RAL (8,38

S EBim AN 5.6

CIm Tia,8, 38
Cin F(a, 9,16
Dim V4, 3k

ORIGHIAL PAGE 1§
OF POOR QUALITY,

INFCY "What 38 the introouctory informatior 4ilename”: Flo

BT2T 05 AL FI0.FDE.Ju NI PR TR MCR. MR MGR. TIR . MEIF  DFR. TSR, Tok. T7R, TEA. 16
TICF .MM ML PP T T T T TP TR TS TIO,RE, ARSI VMBI (VI DR. I, SR, bk  ND2

A1 INFUT “Wruet 18 the oste falename™s FIN
S1° OFLIK FI18 FOF IWFUY A5 0)

el DFE'. FDO FCR O INFLUT A3 00

T

TIS AIL s Al

Bi INFUY “MWnat type ©F plot as tras™i FLYVES
E:S FOF &l » ¢ TO L B0 talo 1
&S FOR R ®» § Y0 1 BTEF (=3
- Cieuk S 0.

[ PN NEYY Fm

T ONEPT A2

ke FUR &0 & A2 °C 10 SYE' ARIDTLY
£.2 FCr F.. = & 0 0 STE* =1
- Gogui ¢

. (i I

e ! mg

PR S B PV PO 31 LR A |
s FOF Re o § 70 T EYE: (=)
(49 [ 1=1 37 g

e’ NEZY b

670 NEXT A2

672 FOF A2 = &2 10 14 BTEF (RIDYO
| i FOF R ®» & 7O &4 BYEF (=1

[ % GOSUR 2.0

(1] NEXT he

BkZ NEAT A

865 FO~ AL = 42 TO 16 STEE (AID IV
[ FGs RA = § TD & STEF (~-1)
685 SOSUF S0

[ 13} NE?T Re

852 NExT A2

9ic CLS

101¢ BCREEN O

1110 LOCATE 1, 30: PRINT “FILENAME: * FDe

1210 LOCATE 2. 20: PRINT “MOMENTUM RATID: “i1: PRINT USING “00.00";0
1310 LOCATE 3. 30: FRINT “DENSITY RATIO:

-y

S22 IF NCD = © THEN GOTOD 1422

13%¢

IF NOJ = 1 THMEN G270 1450

1417 LOCATE 4. S0t PRINT “SPATING RATIO:

8070 121

1427 LOCATE 4, 30(: PRINT “SPACING RATIO:
142¢ GO0 120
14%. LOCATE 4, Su: PRINT “SPACING RATIO:

142

S0OTD 1210

15:V LOCATE Z. S0: PRINT PLTYFS
1610 FRET(2S,50

“ma

L e L

“3: PRINT USING “08.08"i1DF

“§IPRILT USING “06.00"i156F
312 PRINT “NO INJECTION'S
“1: PRINT “SINGLE 11JEZTIDN
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« FOR A2 = O TD 1 STEF (AID. 10y
AIL0C = AZLOC + 1
FOF Kk = § TO 1 STEF (=1)

GOSUE eB1°
NE’T Ré&
NE'T wmi

A1SS = A1S - (AlDelel 141552054020
FOR A2 = A2 TD B STEF (AID 1
ALLOC = AZLOC + 2
= LOSUE B510
FOF R = § TU 1 STEF (-1)
BGOSUE 12405
HE)T RA
v NE?T &2
+ FOR =l = A2 TO 10 STEF (&ID. 1)
2LOC = A2LOC + 1
GOSUF Bc1.
FOR R = & TO 2 STEF (~1:
GOSUL 12408
NE)»T R:& -
NE»1 A2
FOh A2 = A2 TC 12 STEF (AILC 104
AZLDC = AILCD - 2
GOSUE &=.¢
FOF Rm = & TO T STEF (-1
GOsUL :24 T
NE:T F&
NE»T A2
PUS A ® A TO 14 STEF (wII 10
AZLOC = A2.0C « 1
GOSUE B51.
FOE F¢4 = § TC 4 Z7CF (-1)
Bt iléY
| FEORE
HE T AL
CFOF A2 = &7 70 18 ST1EF mil 3
AL0T = AILIL +
GISUE ES1.
FUR Ra = ¢ TO & STEE (-1)
GOSJY 1240
NE)T R&
NEXT1 A2
(' LOCATE 1.1.0
FSET (350,190 DRAW'WY o wT RIZ ol g6 wl LIT":! LOCATE 2C2.08: FRINT"NORFM-~
LIZED VELOZITY = 3
4714 LOCATE 1.1.C
EnD
LOCA = LOCA +1
% IF EOF (Z) THEN GOTD 887
.ovx.a INFUT 82, FNT(RA.AZ) RAL (RALAZ) JANG (R, A2 T(OFAAD) TUI RAAZ, . TIZ.RA A
TS RA,A2), T4 RA, c.',.no.m.a:).s-u.na.az;.sﬂc:.a.'..az'.s»(:.ﬁa.a.:».na.“.r-z..\‘:
o.n&..a:).vu.n.uz;.w:.rur..nz;.w:.ka.az).vu.n.az;
Sulu RETURN
6Biv FOR THETA = O TD .174s STEF ((1/360)0207,141%5926%40 " 0%
@910 XCODR = (THETAJeZ7,29T779%14) « 2%
7C¢1v FSEY (XCOOR, 166
7110 FOF AlS = O TO .1746 STEF (AlDele3, 141552540/ 260
7210 XT = xCOO® '€
TI10NT = (lee/Bi ¢ I
74,0 IF AFS(THETA - Al1S)- . 001 THEW DRaW "ullé dlle*: LDCATE Y1, XT: FRINT AZLOL:
YWeil1e/7100) @ (1D0=-RAD (Ka,A2)) e IAVE ((LIVIS,RALAZ) /v =1)025 «XCOCF ) tF3ET XV Y
JIPBET LAV YV=1)IFSET (XV,YVe 1) IFSET (Ve i YV IFBET (aV-1,YV)
TT1v NEXT AlIS
617 REM 16é represents starting ycoord at SC plus the prinar. Zoré widtn o¢ 23
!ll.l :n weighting factor ot 2

~N
\
\W
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TI1T THETA = ,Je17854
7720 RETURN
85:i. FOR THETA = THETA TD T.1415720%40 STEF (Selel, 1415526540367
7017 DELTA = (17e(] = SIN(THETA!)/B1)
G11. ALFrem = A1L(DELTA. (11 = DELTA 20" .90
Got B ® (((170Z0S(THETA)eCDS (THETA) « B1eCOS (ALFHA)®Z0S (THETA)) 2 ¢ (1TeC0Z 7L
T ®BINITHE i ¢ B10205 (ALEMRIOSINITHETA. ) "2) “ (TANTHETA ) e TAN(THETA: = 1)) .S
Li0 A = BeTAN(THETA)
) = ((h = 120C0S(THETAI )2 « (F ¢ 1TeEIN(THETA!) 2 - &I52:/26
v = (6%e1 = (A = 12 0 .9
bL® (22 e V' S
XCOOF &= (THETAeTeZT, 2605779210 o 20
YCOCF = (L = Je'el ¢ S0
t YC = YCOOr = Su
ILCC FSET «xLOUR, YCOOR
10115 FOR A1S = AISS TO .142 STEF (AlDelel, 14135 6%40/30)
1¢210 AT = XCOOR. E
1.710 ¥T = (YCOOR B <l
1041, IF ARL(THETA = &15: .0C1 THEN DRak “usmyci d=yci®: LOCATE YT, AT: FRINTY A2LC
C:THETL = THETS ¢ .CE"Zeb<elo®:G0TD 10e20
1021 NEZ2Y RIS
10617 NE'T THETA
1062 RETURL.
12305 Yum 1116 1w o3 =Ral R&A, A2 )14%0) s XV (LLIVISRALAZ V) =1) @S «yCODR  :FSL”
OV VI sFBETY (/v YV ) SFEET IV, Y=l 2PSET XV V) IFBET (XV=1,Y\)
12-1. RETU' I
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5. LATPLTES.BAS--Plots all rake temperatures laterally
for a given azimuthal and radial position.

1c CLS

2w SCREEN 2

St DIm PNT(S,18)

4C DIm RAL (5,18

<2 DIM ANG (9,16

el DIM T(4.9,18)

7¢ UlM FuA,9,.16)

B DI V(A58

S0 INFUT “STATE INTRODUCTOFRY FILENAME IN QUOTES": Fls

100 INFUT “STATE DATA FILENAME IN QUOTES"s FDs

110 OFEN F18 FOR INFUT AS @1

127 OFEN FD® FOR INFUT AS el

120 INFUY @1,A1,.F18,.FDO JL,NI.FR, TR, MCR, MR, MGR, TIK, MSIR, BFR, TSR, T6R, T7R. TBR, TST
JTIOR, M .M MG .M. F,T,T), TS5, 76,77, 76.79, T10,RO.R0I,V,M8J,VI,DR,J, SR, BF ,NDJ
14 INFUT “WHAT TYFE OF FLOT (lateral velocity or tesperature)"iFLTYFS
14% INFUT“WHMAT RADIAL PDSITION 16 DESIRED(9,B,...1)"1 RAF

147 INFUT"WHAT AZIMUTRAL FOSITION 1S DESIREL(16,16....2,0)"3 AZF

148 CLS

145 VEY OFF

150 FOR AZ = (¢ TO 6 STEF Al

et FOF. Rk = & TD 1 STEF (-1

e GOSUF 000

18 NEXT R&

150 NExT1 AZ

=% FOR A2 = A TO 1 STEF Al

FOF RA = & TD 2 STEF (-1)

GOSJUEF Soow
. NEXT K&
. NEXT A2

. FODR A = A2 TC 12 STEF &I

: FOUF R& = § TC T STEF (=1
GOZLE S ¢

NE*'"T Re

JONEXT A

+ FOF A2 = A2 TO 14 STEF Al

P g L1 FOF RA = & TO 4 STEF (-1
ool GOSUE S0

30 NEYT RA

SAC NEXT A2

3% FOR A = A2 TO 16 STEF Al

360 FOR RA = § TD & STEF (~-1)
ST GOSUF 3000

sen NEXT RA

90 NEXT A2

400 LOCATE 7.4S:FRINT"FILENAME: “FDs
410 LOCATE &, 9:PFINT"MOMENTUM RATIOD: "3:PRINT USING “ew.00": J
420 LOCATE #&. 9:FPRINT"DENSITY RATIO: “3:FPRINT USING “a®.®0" ;DR
30 LOCATE 7, 9:FRINT“SPACING RATIOD: “§:PRINT “"SINGLE INJECTION"}
447 LOCATE S,45:PRINT "AZIMUTHAL STATION: "3 :PRINT (AZFe10)::PRINT “DEGREES":
444 LOCATE 6,AZ:FRINT "RKADIAL STATION: "J:PRINT ((RAF +.Z)#10)1:PRINT “UNITS";
450 FPSET(296.176):DRAN “ri192 1384 ri192"
4%1 PSET (25.176): DRAW"US rd 1B rd d9% rd 1B ra":IPDITI(294,176)
A% DRAW "1192 uf d% r96 uS @5 r192 uS O r9% ud 0% 1384"
4e ' LOCATE 24,11: PRINT =7.14:
470 LOCATE 24,22: PRINT =3.57:
4BV LOCATE 24,37: PRINT 04
459 LOCATE 24,47: FRINT 3.%7;
S00 LOCATE 24,59: PRINT 7.14
S10 LOCATE 22.27: PRINT "Initial Jet Diameters”s
S%% LOCATE 9,1: FRINT"NORM. TEMF. = 0.3
Se” FSET (296,178
Se. LOCFTE 1,1
71, END
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S INFUT !:.PNT1&‘-.&21.RAb(Ra.ﬂZ;.MG(I\Q.AZ).'HO.R&.AZ!.1(1.'&.&2).1’(2.&‘..&;‘ .
TIS.RR,AD)  TA,RAAT) FLORA,A2) ,F(1,RAAR2),F(2,RA,A2) ,F(S,RAa,A2) F A RAAD) V1L
WRALAZ) VI RALAZ) VIS RA,AD) (VIT,RA,AZ) ,V(4,RA,A)

S010 IF RasRiaF AND A2=AZF THEN BDSUB 6000

L.oat RETURL

&L XCODF=104: YCOOR=(176-(192«(T(D,RA,A2)=T)/(TJ=T))?: FSET (XCOOR, YCOOR : DRSL
“us 04 ul rd 18 ra”

&uit XCOOR=2v: YCOOR=(17e~(1920(T(1,RA,A2)=T)/(TI-T))): FSET (XCODF.VCODR ) : DRk’
us 04 Ul rd 1B rav

6Ly A00R=*Z6e: YCOOR=(176- (1920 (T(2,Rn.A2)=T)/(TI=T))): PSET (XCOUDF..YCOOR: :DRiw"
us 04 ul r4 1E ra-

6.2V XCODR=T92: YZOOR=(176-(192e(T(3,RA,AZ)=T)/(TI=T))): PSET (XCOOR, YCOOR ) : DR "
Ul 04 ul r4 18 ra”

64,0 ACOOS=4BE: YCOOR=® (176~(192e(T(4,RA.AZ)=T)/(TI=T))): PSET(XCOOR. YCOOR ! : DRAW'
ul @2 ul rda 18 ra’

©J%. RETURN
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QE POOR QUALITY

3DLAT.BAS--Plots laterally all rake temperatures for all
radial positions at a given azimuthal location.

1. CLE

=1

HWFJT “wWrat azimuthal locataon™i Al

3¢ PIm ()

4. L
1C
115
b (Y
125
1%
1°%
140
SK
a1
Y0y
610
710

855
8s1

i x(®)
LE' OFF
DI™ FUT(5.16/
oM RAL (6 1E.
LIm ANG §5.18)
Lim T:4,9,18)
DIM ¥ (4,.5,.18)
Cir Ve 518
INFUT “Wrat 18 the introductory information ¢ilename”s Fle
INFUT “Wrat 18 the Oata ¢i1lename”s FDs
OFEN F1® FOF INFUT AS ®)
DFErn FD8 FOF INFUT AS @2
INFUT @83 AL FIS FDB QL. NI.FR,TR.MCA. M.R.MGR, TIR . MaJR , BFR,. TSR, TeR, TR, TBR, T&}
Tiok .M MG ™. F T,1),7T5,76,772.78,75,T10,RD,RDJ,V, M2, VI, DR, J, SR, Bl ,NOJ
Al = Alelc
INFUT "Whet tupe of plot 18 thas”: FLTVYFS
FOF A2 = C TC B STEF (&ID/1in
FOF RA = § 10 1 STEF (-1
[ - AR
NEA™ RA
NE*T AL
FOh AT ® K2 TO 1. STEF (&RID/!D)
FOR R = § TO 2 STEF (=1)
GOSUE Sun
NEXT KA
X S
Ei% 6. ® A YL 30 S'EF tmi
Fit Rm = & TL T STE:
GOS.E & .
NESXT Ré
NEV T A2
FOF A = &2 70 14 STEF (ARIL/I)
FOF R~ = § TD 4 STEF (-1)
GOSUEF S0 i
NEXT Re

- NEx1 A2

FOI A2 = AZ 10 16 STEF (AID'1O)
FOR R& = § TO S STEF (-1
GIOSUEF Suuvw
NEXT Ra

B892 NEXT A2
910 CLS

1010
1015
102¢
1029
1030
1100
111

1129
1150
121¢
1310
12195
122
1229
1230
1410

SCREEN 2

LINE (S0,190)=(3C,110)

LINE (50,110)=(352.30)

LINE (350,30)=(350,110)

LINE (330,110)=(50,190)

LOCATE 4,48: PRINT “INNEF WALL"

LOCATE 14,.50: PRINT "FILENAME: " FDs

AZ11 = AZ21e10

LOCATE 10,%0: PRINT “A2IMUTHAL LOCATION:™ AI1T"DEGREES"
LOCATE 11,%0: PRINT “MOMENTUM RATIO: “§: FRINT USING “06.08':)
LOCATE 12.50: PRINT “DENSITY RATIOD: "§: PRINT USING “®8.88";DF
LOCATE 20.4%: PRINT “NORMALIZED TEMFERATURE = 1"
FSET(300,16%): DRAW “US De US R300 UT De"

1F NOJ = O THEN GOTO 1423

IF NG2 = 3 THEN GOTOD 1430

LOCATE 13.%0: PRINT “SFACING RATID: “3:FRINT USING “#&.®a' iS5k

s -
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1425 LOCATE 13,50t PRINT “"BFACING RATIO: “3:PRINT “NO INJECTION':
1425 GOTO 1510

14%. LOCATE 13.50: PRINT “SFACING RATIO: “3:PRINT “SINGLE INJECTION":
1451 GOTO 1515

1910 RE!" now continue with data plotting

ielv FEET (B 10D)

10i% vi§ =302

1el( LIm = 3

o o= Eu
IF ALl 10 THEN LIN =
IF &21 12 THEN LIM =

IF A21 1o THEN LIM =
IF A1 16 THEN LIM =
162 FOR LAT = O TD A STEF 1
FOR Ra = 9 TO LIM STEF -1
VALUE ==300® ( (TWLATR&,AZ]) =T/ (T = T))
IF R& = 9 THEN GOTOD 165
GOTO leeov . .
X(RA'sy( « VALUE: PSET(X(RR),Y(RA!): DRAN"I=value: "™
GD*0 1eE7
Xi\R&) = X0 « VALUE
PSETL(RIRR) ), (N (RA)))
LINE ((2(RA ¢ 1)), (VIRA « 1)))=((X(RA)), (Y(RA)))
IF RA = LIMm THEN DRAx “L = VALUE:"
YR = 1) = Y(RA' » Ju
NE»T R&
FSET (&%, Y(9)):DRAW "dB. uB "
YIS, = YI§) =)o
X, = X e &
IF LAY = 4 THEN GDTD 1702
S FSET X, YU(§)):DRak “OF. uwb."
1.7 BECZTY iv(fa #2r, viRme)
1502 e -T U&7
4754 LUimTe 1a0ad
&=2 Bl
St LDIs = LOCE !
S0 S 1F ECT(2) THE!. GCTO BET
S0 INFUT @2, FNT(RALAZ) JRAD (RALAZ) LANG (RAL A2 . TIO,RA,A2) . TU1,RA.AZ) . TI2,RA AL
WTISRAA ) L TIARAARZ ' (F LU RALARD) FLILRALARZ) FIZ.RAAZ) FIS,RAAZ) FI4. RAARZ) "t
Ui RA AT VI GRALAD D WVISLRALAZ) VT, RALA2) VA, RA,AY)
S0ZC RETURL

=
=

IF A21 = 14 THEN LINn =
-
-

(LEUR N2 NS)
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APPENDIX §

ERROR ANALYSIS

This error analysis is based on the approximation that error
can be estimated using the first term of the Taylor Expansion.

Sources of error in this experiment are from:

thermocouple

conduction

pitot-static tube

flow fluctuations

Doric temperature indicator

Setra Systems transducer

Tecmar A/D board.

1. Temperature Error:

std. dev.

L(fr_a,[\l?i

+ Conduction error + Thermocouple error

() 1.2
L‘r = 100 [oool +0.18 +0.75 = 1.13%

Fluctuation must Include Doric flow fluctuations and A/D

board.

e A o .
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2. Pressure Error:

[atd. dev.
- .|25 + pltot-static arror

6
9“—::—’ = 100[%] +4=4.2%

Fluctuations seen In standard deviaticn must include Se-

tra transducer. flow fiuctuations. and A/D board.

3. Error In Velocity

Since velocity has multiple components. each having some er-

ror associsted with it. the Taylor formula will therefore be used:

v, = [2AP
Py

where V. - Py are “local® quantities.

Ve

a P -~ Pntm M Pcomb
Py RT, "~ mT,

where P.'m = atmospheric pressure

Pcomb = combustor pressure (gage)

e

2AP
..I v .
L Patm *Pcomb
AT,
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Using the Taylor expansion formula. and taking the absolute

value of each term:

ov _ 1[_av 1[8v
V= vizasy e ] ¢ v[ar‘ "1]
. 1 av 1 oV
+ = o(P )| ¢ = |0 B(P )
v [ap.m atm ] " [apcomb comb

After carrying out the differentiation In the first term. and multiplying

by 1/V and 5(AP). one gets:

1 [ 2RT1 ]

- 3 0(AP)
l[ av - e Pntm * Pcomb
via(apr) [ 2APRTl ]

Pllm e Pcomo

- 0(AP)

Similarly. term two becomes:

Similarly, term three becomes:
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1
_‘l_[ &V _ acp )] . 2 8 Patm )
v apm, atm . P.'m + Pcomb
Similarly. term four becomes:
1o, )
l[ 3V _ acp )] . 2 comb
v apcomb comb Pmn + Pcomb

Therefore. uncertainty In velocity Is

ov _ l[O(APi +.°(T‘) . °(Pgm) + O(Pcomb)

v 2| AP Tl e + Pcomb
(AP)

AP = 4.2% from above
O(T!)

7 = 1.13% from above

[}

Combustor and atmospheric errors are astimated by how well
manometers can be read. The barometer Is = 0.01 Inches Hg.

The combustor pressure manometer is £ 0.05 cm water. This gives

OPatm® * ®PFoumb’ _ 0.01 + 0.0014 inches Hg . o ouw
Poam * Poomd 20+0. 06 Inches Hg
Therefore
QVV . %[4.2 +1.18 ¢ o.04]
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9\,1-2.715

4. Error In Momentum Ratio

o, ¥
J = ' i | where p.V are cross flow conditions

oV
].ﬁ

[ﬁ:
J-__R_l_l

&) v

3'\ ~

where

therefore.

- 2 2
T
J-(ml) P A !

(m)? Pflr

Use this expression for J. and write the error equations as

follows:

8D . SR am) 0%-1%0(61)]
am, am



Just as In the
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1134 pepy ] o LI
’J[ap""’l tJlep

v 112

/

velocity error calculations:

r . 20(m,)
1las m.,,] . ke
Larnl ml
3 ’_ai o(m ] 22_

J
113y )
535 D(P)]
o(P,)
%‘a./ 8P| = -—LP
] /
o(T )
1[ay J
= T, | =
J|aT, / T,
1134 b(T)
Jlar o] =
Estimated uncenrtainties:
. 0.05CFM
m' = S S5CMF = 0.033

P 0 Smm 1mm Tmm

* I imm

+ +

80mm ~ 40mm

/

O(P’)

= 0.08205

|

lraJs
Jl[ar °‘TI’] +5l5f om ]



199

0.01 Inches M 1mm
P = inches Hg t 23mm - 0.0438

1
) " aa t 0.0075 + 0.00025 = 0.0096

(DORIC) (T-C) (TECMAR)

B

T ﬁlﬁ + 0.0075 + 0.00025 + 0.0018 = 0.01040

(DORIC) (T-C) (TECMAR) (CONDUCTION)

Add all of the above according to the Taylor formula. but using the

sum of the squares for a less conservative estimate to get

%¢ =2 18%
5. Error In Density Ratio
P
p, = =L
| = AT
/
z L
P = AT
)
AT PT
.’ _ A o
Or = [L] = 4
AT

(or) _ 1 [3Dr 1 _[aor
-E[-a%l ou»,,)] ’or[ap o(m]

r
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1 [aor 1 [80or

* 5 o, o(r,)] + 5 [SF oM ]
ooy . %% ee, OT)  er
Or PI P TI T

Using values from the momentum calculation

8L0r) _ , 6 4%

Or
6. Error in Tau
T, - T
R
where
=Ty
T, =T,
Tq =T

ar [-R4 1([3r ar
i [ar‘ o(r,) ] + [are 6(72)] + 1[81’3 O(Ts)]

Carrying out the differentiation:

ar O(T.l) O(Tz)

1 1
Sl B epp— + O(T)) |57 ¢t 57—
T T‘ T3 T2 Ts 3 [T.| 7’3 'f'2 73]

For conservative values. take
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Ir1 -T3|-150K

Ir,‘,- 3|-ssox

T.| = 500 K
72 = 300 K
Ts = 650 K
Recall
e(T,)
¥ =2 1.13%
1
btrz)
7 = 2 0.96%
2
b(ra)
7 =2 1.04%
3
This gives absolute errors as:
T‘ =2 5.65 K
72 =2 2.9K

T3 =+ 6.75 K

As a less conservative estimate. th¢ square root of the sum of the

squares of the terms in the Taylor expansion gives:
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°—‘1Tl-:o.s$

(2 3 data point widths)

7. Error in Gamma

v
v=—v£-1
oy . 1[2v 12y
y " v[av! °‘V1’] + 557 en ]
a %Y | s
Y V! " Vl -V
Recall
ov _
Y = 2.7%

Representative values of V. V_ are 8.15 m/s

[ ]
Using a less conservative estimate of the square root of the sum of

the squares to get
0y
y =2 6.6%

( £ 1/4 data point width)
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