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ABSTRACT

Heal transfer experiments have been carried out in air on
a turbulent boundary layer subjected to a strongly accelerated
free-stream flow, with and without surface transpiration.
Stanton number, mean temperature and mean velocity profiles,
and turbulence intensity profiles were measured along the
accelerated region, The tests were conducted with favorable
pressure gradients denoted by wvalues of the acceleration

au_
parameter K( =-—£§ EE_) of 2.0 x 10_6 and 2,5 x 10_6. The
U .

[24]

blowing fraction, F( = p V /p,U,), ranged from 0.0 to 0.004,

The flow was incompressible (U = 86 fps) with a moderate

o
temperature difference, 25 F, aé??ﬁs the boundary layer.

One objective of the program was to obtain detailed
heat transfer data in strong accelerations, to both increase
understanding in this area and to provide a base for future
prediction procedures. A second, and equally important,
objective was to determine whether or not relaminarization
of the boundary layer occurs at K = 2.5 x 1076.

The experimental results demonstrate that the Stanton
number, as a function of enthalpy thickness Reynolds number,
falls increasingly below the behavior observed in unaccelerated
flows as K is increased, with or without blowing. The
profile traverses show that, at the end of acceleration, the
boundary layer 1s still fully turbulent.

Further heat transfer results are presented which il-
lustrate the effects of various conditions at the starf{ of
acceleration (notaﬁly the thicknesses of the thermal and
hydrodynamic layers); step-changes in blowing within the
accelerated region; and an ilncrease in the free-stream
turbulence intensity.

The experimental results reported here, as well as data

taken by other experimenters at lower values of K , have

iv



been used to calculate the distribution of turbulent Prandtl
number across the boundary layer. These calculations suggest ™
that a correlation of turbulent Prandtl number which is use-
ful for flow over a flat plate is equally valid in accelerated
flows. )

Using a numerical solution of the appropriate boundary
layer equations, the experimental results are predicted with
reasonable accuracy, including the effects of various initial
conditions and free-stream turbulence intensities.
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Dimensional constant (= 778 £t 1bf/Btu)
y U

Acceleration parameter (= -—2-dx—°°)
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Iength scale (defined by Egqn. (2.10))
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3/2)

Acceleration parameter (= -K/(Cq/2)
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CHAPTER ORE

INTRODUCT ION

A. General Background

The purpose of this research has been to gain insight,
through experimentation, into the heat transfer behavior of
turbulent boundary layers subjected to a strongly accelerated
free-stream flow, Recent studies in this area have clearly
indicated that the interactions between the hydrodynamic and
thermal boundary layers under these conditions are not under-
stood to the point where adequate predictions of the heat
transfer are possible [1,2]1. It has been demonstrated by
numerous experimenters that when a turbulent boundary layer
is subjected to a sufficiently large negative pressure gra-
dient (free-stream acceleration), the layer will display
laminar-1like characteristics, apparently experiencing a re-
transition from a turbulent boundary layer to a laminar one.
This phenomenon is accompanied by very substantial reductions
in Stanton nmumber and, for this reason, is of considerable
technical significance, )

It was originally thought that the abrupt decrease in
the Stanton number, when a high acceleration is applied,
was evidence of the retransition to a laminar boundary layer,
and the term "laminarization", coined by Leunder [3], has
frequently been used in connection with such decreases in
Stanton number, More recently it has been demonstrated [4]
that even a relatively mild acceleration can cause a re-
duction in Stanton number, and that the degree of reduction
increases continuously with the strength of the acceleration
even though the layer remains turbulent. It is thus impos-

lReferences will be denoted by brackets throughout this
report.



sible to determine from heat transfer data alone whether
laminarization is taking place.. Examination of mean velocity
profiles, and the success of a theoretical model of the ac-
celerated boundary layer, is used by Kays, et al. [4], as
evidence that a turbulent equilibrium boundary layer can
exist even though Stanton number is decreasgsing virtually as
it would were the boundary layer entirely laminar. It appears
that acceleration causes a substantial increase in the thick-
ness of the sublayer (an increase that ultimately will en-
velop the entire boundary layer at sufficiently strong ac-
celerations), while at the same time the thermal boundary
layer penetrates beyond the momentum boundary layer such

that it encounters a region of very low or negligible eddy
conductivity.. The relative importance of these two different
phenomena to the reduction in heat transfer is unknown, dut
it i1s expected that the growth of the sublayer is the dom-
inating factor,

The ability to theoretically predict the effect of strong
acceleration on the heat transfer in turbulent boundary layers,
be it the result of relaminarization or a less dramatic
phenomena, 1is a necessary prerequisite to design appiigations.
Reasonable success in thls regard has been achieved by Kays,
et al. [4] for boundary layers subjected to accelerations up

au
to a value of the acceleration parameter XK{ = —X§ —2Z ) of
U dx

<0

1.47 x 1070 (relaminarization is thought to commence some-
where between K = 2.0 x 10"6 and K = 3.5 x 10‘6). The
most important factor in any prediction'method for turbulent
boundary layer behavior is how one chooses to model the
turbulent transport terms. In flows approaching relaminariza-
tion, particularly in heat transfer where the free-stream
turbulence level has promise of being an important parameter,
the simultaneous solution of the turbulent kinetic energy
equation in conjunction with the.momentum and energy egua-
tions shows considerable promise as a prediction method

2



because the turbulence is invoked explicity. In this method,
the turbulent'transport of heat and momentum can be related
to the turbulent kinetic energy in several different ways.

One technique, which has been pursued in this study, is to
utilize the eddy diffusivity concept for momentum, and a
turbulent Prandtl number to relate the eddy diffusivity for
heat to that for momentum. In such a treatment, it is
important to know the effect of external parameters, such as
acceleration and transpiration, on the model for the turbulent
Prandtl number.

Because a requirement for wall cooling often accompanies
strong accelerations in current applications, positive tran-
spiration, or blowing, at the wall is sometimes used to pro-
vide thermal protection at the surface. Thielbahr, et al.
[6] conducted an extensive experimental investigation of the
combined case of transpiration, both blowing and sucking, and
moderate accelerations, up to K = 1.45 x 10“6. The results
of that study show some interesting interactions between
blowing and acceleration. To pursue that aspect of heat
transfer in sccelerated flows, this study has been extended
to cover the combined case of strong acceleration and blow-
ing. It 1s recognized that practical problems often include
variable-property, high velocity flows, whereas the experi-
mental work reported here has been taken under conditions
of constant properties and incompressible flow. Experience
with current prediction methods, however, has repeatedly
shown that the knowledge gained from this simpler case 18
generally applicgble to more complicated flow conditions.

B. Report Organization

The present research covers three separately definable,
but interrelated, topics.

First, the essential question of the relationship of
the reduction in heat transfer to the possible occurrence of
relaminarization has been investigated. Detailed measurements

3



have been obtained of both surface heat transfer, and boundary
layer profiles of mean temperature, mean velocity, and stream-
wise Ffluctuation velocity, up to a value of the acceleration
parameter, K , of 2.5 x 10-6 . The experimental data also
include a series of tests which examine the response of the
heat transfer in the accelerated turbulent boundary layer to
changes in initial conditions and to steps in boundary con-
ditions. The results of this test series provide some in-
sight into the importance of the laminar-like outer region,
where the thermal boundary layer has grown thicker than the
hydrodynamic boundary layer.

Secondly, the effect of an inlet free-stream turbulence
intensity of 3.9 percent on the reduction in heat transfer,
at an acceleration of K = 2.5 x 10'6, has been tested. The
measured heat transfer provides additional information about
the iImportance of the outer region. Because the theoretical
model has been found to adequately predict these experimental
results, the effect of a still higher initial free-stream turbu-
lence .intensity of 10 percent is also theoretically predicted.

The third topic treated here is an experimental evalua-
tion of turbulent Prandtl number, for no transpiration and
one case of strong blowing, over a full range of acceleration
from the flat plate boundary layer (K = 0.0) up to
K=2.5%x 10"6. This information 1s necessary to provide a
reasonable basis for the turbulent Prandtl number model used
to calculate the turbulent transport of heat in the boundary
layer.

" This thesis has been organized into three major chapters,
each treating one of the topics described above. All periph-
eral information, such as a description of the experimental
apparatus and testing technigques, and tabulation of the
experimental data, i1s presented in supplementary sections.
While there will naturally be some overlap between the three
topics, each chapter is essentially treated as a self-contained
unit. In a given chapter are presented the experimental and

n



theoretical background pertinent to its subject, the

objectives of the research, the presentation of results, and
conclusions.

C. ILaminarization

It was in the mid-fifties that the reduction of surface
heat transfer in an accelerated turbulent boundary layer was
first noted, leading Wilson [T7] in 1957 to suggest that the
turbulent boundary layer may revert to a laminar layer in
acceleratved flow. Since that time there have been numerous
studies of this phenomenon, starting with detailed investiga-
tions of the hydrodynamic aspects by Launder [3] in 1964 and
a basic heat transfer study by Moretti and Kays [8] in 1966.

One of the inherent difflculties in this subject arises
because laminarization, the reversion of a turbulent boundary
lgyer to a laminar boundary layer, is a vaguely defined oc-
currence., Like forward transition from laminar to turbulent
flow, there is a range in which the boundary layer is neither
laminar nor turbulent, i.e., it is "in transition'. Strong
accelerations usually take place over short distances, and
no experimenter has been able to maintain a laminarized
boundary layer. Only laminar-like characteristics, both
hydrodynamic and thermal, have been observed, with no distinct
line of demarcation between turbulent and laminar conditlons.
It stands to reason that it is quite difficult to define the
onset of the K reversion process.

Experimental hydrodynamic studies [9,10,11] have con-
centrated on both the characteristics of laminarized boundary
lagyers, and on criteria for the onset of laminarization.
Noting the accumulated knowledge from several Ilnvestigations,
including their own, Badri and Ramjee [11] tentatively noted
threé states in the decidedly gradusal procesél: (1) disap-
pearance of the large eddy structure near the wall at a

lsummsrized in this form by Bradshaw [12].
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critical value of the acceleration parameter K , (2) a
departure from the inner law velocity profile at critical

v 4P . -+ v Ot
values of —z g » i.e. PT, or — 5 and (3) a decay

U% UT3
of turbulence intensity starting at a critical value of the
momentum thickness Reynolds number. In regard to item (2},
it has been observed that, in strong favorable pressure
gradients, apparently approaching relaminarization, the shape
factor H reaches a minimum value béfore increasing sharply
[10], and the boundary layer becomes fully, but intermittently,
turbulent [13]. Additionally, it has been shown by Julien
[14] that departure from the inner wvelocity law occurs in
moderate accelerations before any laminarization effects can
be expected. One of the most pertinent observations remalns
that of Shraub and Kline [15], who noted, in a study of the
turbulent structure in the sublayer, that the frequency of
turbulent bursts, associated with the production of tur-
bulence, decreases in accelerated flows. At a value of K
of about 3.5 x lO’6 bursting ceases entirely, leaving only
the normal dissipation procesges.

Bradshaw [12] has recently formulated s model which dis-
plays significant promise, both in its proposed explanation
of the underlying physics in laminarization, and 1its agree-
ment with previous observations., Bradshaw argues that tur-
bulent flow will become directly dependent on viscosity when
the shear-stress-producing and dissipating ranges of eddy-
size overlap. Laminarization will occur when the region in-
dependent of viscosity has disappeared, He develops an
eddy Reynolds number, /Tt/p I/v , which is a measure of the
degree of overlap, where Tg is the turbulent shear stress
and L is a typical length scale of the shear-stress-pro-
ducing eddies. Since the edge of the sublayer in a turbulent
boundary layer is a region where viscous effects are just
appreciable, the critical value of the eddy Reynolds number

6



can be evaluated there. Setting I, = xy , Bradshaw deduces
that when dﬁi;75 y/v is below 30 throughout the layer,
laminarization will occur. Launder and Jones [16], by in-
corporating the Van Driest hypothesis into the length scale
L , find a critical value of about 15. Bradshaw shows general
agreement between a maximum eddy Reynolds number and such
earlier criteria as a minimum momentum thickness Reynolds
number (320) or a critical value of —Eg-%§-(about ~0.009
(101, o

It is very difficult to deduce the onset of relaminariza-
tion from observationg of a reduction in the Stanton number,
because even in mocderate accelerations a reduction in Stanton
number  proportional to the magnitude of the acceleration
is evident. The acceleration parameter, X , shows no dis-
tinctive promise as a criteria for laminarization, but it is
closely related to that phenomenon and has a marked advantage
in that can te externsglly controlled in experimentation.
Particularly sharp reductions in the Stanton number are noted
above values of K = 2,0 x 10“6.

D. Constant-K Boundary Layers

The integral momentum and energy equations can be written

in the form

dReM Ceo .
i =5 - K(1 + H)ReM + F (L.1)
and
dReH
3 =8t + F (1.2)
R
X
where _ Udx
dR, = —
o= povo
" Poloo



For the case where F and K are maintained constant,
Eqn. (1.1) shows that an asymptotic condition can be reached
where the momentum thickness Reynolds number will remain
constant if the shape factor H does not change. This state
is, in fact, attainable and in such a boundary layer Eqn.
(1L.1) provides a particularly simple means to determine the
wall shear stress. Equation (1.2) is applicable only to
the case of constant surface temperature. It implies that,
for zero or positive F , the enthalpy thickness Reynolds
number will continue to increase. 1In view of the asymptotic
nature of the momentum boundary layer, one observes that the
thermal boundary layer will grow outside of the hydrodynamic
boundary layer under these conditions.

The state of the hydrodynamic boundary layer for constant
K 1is more precisely defined by consideration of the differ-
ential equatilons of the boundary\layer. Townsend [17] has
shown that a "sink" flow, which is equivalent to a constant
K , leads to a similarity solution of the continuity and
momentum equations. Launder and Jones [18] have recently
presented a solution to the resulting ordinary differential™
equation by utilizing a Prandtl mixing length model for the
turbulent Reynolds stress. The important point is that com-
plete similarity can be expected for prolonged accelerations
at constant K . ZLaunder and Lockwood [19] have also de-
monstrated that a similarity solution for the energy equation
is possible for the case where the surface temperature varies
in & special way. For the case of constant surface tempera-
ture, however, the similarify solution is the trivial case,
St = 0 and ReH = °

It should be noted that the asymptotic boundary layer
discussed-here is a particular case of the equilibrium
boundary layer, which in general displays self-preserving
outer-region defect-velocity profiles and is defigiddgs a

layer in which the equilibrium parameter, B = - T ax
w



remains constant. By definition, B = %ME s 80 that B

is fixed in an asymptotic constént-K layer because each
varlable remains separately constant. In view of all these
considerations, the parameters X and T were maintained
constant for all the experimental tests conducted in this
study, in an attempt to control the state of the hydrodynamic
behavior of the turbulent boundary layer.
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CHAPTER TWO
EXPERIMENTAL SURFACE HEAT TRANSFER TO STRONGIY ACCELERATED
TURBULENT BOUNDARY LAYERS

A. Previous Experimental Findings

It has been well established that the Stanton number
markedly decreases in strongly accelerated flows. The experi-
mental evidence suggests that a fundamental change in structure,
perhaps relaminarization of the turbulent boundary layer, occurs
under these conditions. In 1965, Moretti and Kays [8] conducted
the first detailed investigation of heat transfer in the turbu-
lent boundary layer with strong favorable pressure gradients.
They showed that the reduction of Stanton number was propor-
tional to the magnitude of the acceleration parameter, K ,
which varied from 0.52 x 10° to 3.51 x 10°® in their
tests. At the strongest acceleration, however, the drop-off
in Stanton number was particularly steep in St—ReH coordinates,
suggesting that relaminarization of the boundary layer was
taking place., Thls concluslon was substantlated by the hydro-
dynamic findings of Shraub and Kline [15], in which the turbu-
lence generation near the wall was apparently completely in-
hibited in a boundary layer at about ¥ = 3.5 x 10~ . Profile
data were not obtained by Moretti and Kays in conjunction with
the surface heat transfer data, and it was difficult to spec-
ulate about the underlying mechanism for the reduction in
Stanton number in their experiments.

More recently, experimental studieés in rocket nozzles
have also been concerned with understanding the heat transfer
behavior. Boldman, et al. [20] report surface heat transfer
data and mean profile data for average values of X up to
30 x ILO"6 in the convergent section of a conical nozzle.

Using the criterion that laminarization will occur when
ReM_g 360 , in conjunction with the momentum integral equation
for an axisymmetric geometry, they derive a critical value for
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the acceleration parameter K equal to 2.88 x 10_6. The

reduction in Stanton number in the nozzle, which is below
the level normally associated with turbulent flow, consist-
ently occurs at values of X above this eritical value. It
should be noted that the convergent portion of the nozzle
measured 4,7-inches along the axis, giving the boundary layer
very little time to respond to the imposed acceleration.
Short regions of acceleration, however, are to be expected
with high levels of K , even in an apparatus designed solely
for basic experimental studies of accelerating flows.T
Back, et al. [2] conducted a series of tests on a cooled,
conical nozzle, also including surface heat transfer data,
mean velocity profiles, and mean temperature profiles within
the nozzle. Low rates of heat transfer were noted when X
was above 2-3 x 10_6 s, lying approximately 50 percent below
turbulent correlations at the higher values of X . Average
values of X in the nozzle, which measured 10 inches along
the axis in the convergent portion, ranged from 1 x 10~
to 8 x 10“6 . Both temperature and velocity profiles appeared
to approach predicted laminar shapes near the wall at the
highest levels of K . Theoretical predictions of the experi-
mental results were not successful in either of the nozzle
studies in cases where effects attributéd to laminarization
were observed,
Caldwell and Seban [1] discuss experimental and theoret-
ical results dealing with boundary layer tests in a rectangular

lThis point is seen more readily by writing the definition
of K , for incompressible flow, in the form

-y __dA
U,, 1A &

K =

where 1 denotes the start of acceleration.
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channel, Acceleration took place over a 5-inch section in
which a blister was installed on one wall. Maximum values

of K reported in the three tests ranged from 5 x 10-6 to

12 x 10'6 . Surface heat transfer data were accompanied by
mean velocify profiles, mean teﬁperature profiles, and stream-
wilise fluctuating velocity profiles. The mean profiles showed
the same trends reported by Back, et al. [2]. The profiles

of JE;E%/Um indicate a reduction in the peak through the
region of acceleration in any given test. They found that

the measured minimum value of the peak, i.e., near the end

of acceleration, was approximately equal to 0.06 in all three -
tests. To predict the experimental results, Caldwell and
Seban utilized a simultaneous solution of the momentum,

energykrand turbulent kinetic energy equations. Thelr model,
however, was not able to predict the measured decrease in
Stanton number,

An extensive test program to study heat transfer in
. moderately accelerated boundary layers, over a wide range of
transpiration, was reported by Thielbahr, et al. [6] in 1969.
This program, conducted on the same apparatus as the present
study, was carried out over a range of the acceleration
parameter, X , from 0.57 x 10-6 t0 3.45 X 10_6 , and a
range of the transpiration parameter, F , from -0,004 (sucking)
to +0.006 (blowing)., In conjunction with the parallel work
of Julien [14], the data included mean velocity and mean
temperature profiles in addition to surface heat transfer.
The acceleration was imposed over distances from 2.5 to b
feet, allowing the boundary layers to attain near-equilibrium
conditions in many of the test runs. The significant feature
of the no-blown results is that, for increasing X , the re-
duction in Stanton number, and the shape of the /profiles,
displayed a gradual progression towards the behavior normally
associated with laminarization of the turbulent boundary
layer. For example, the profile data show a substantial in-
crease in the thickness of the sublayer in the accelerated
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region, and a growth of the thermal boundary layer outside

the hydrodynamic lgyer. The reduction in Stanton number is
attributed to these two features, with the expectation that
the sublayer growth is controlling, and a theoretical model
based on these observations successfully predicted the
experimental resulits [4]. For moderate blowing, acceleration
usually decreased the Stanton number, just as in the unblown
case., At certain combinations of strong blowing and moderate
acceleration, however, the Stanton number, at the inception

of acceleration, increased over the unblown St—ReH equilibrium
relation for unaccelerated flow. However, by incorporating
the experimentgl sublayer behavior into the theoretical model,
the effect of interactions between moderate accelerations and
transpiration on the surface heat transfer were also predicted.

B. ObJectives

The present study was designed to investigate boundary
layers in strongly accelerated flows at levels of K where
relaminarization effects might be expected, but low enough
80 that the boundary lajer would be reasonably close to an
equilibrium state. The objectives can be erumerated as
follows:

e To obtain surface heat transfér data in conjunction
with mean temperature; mean velocity, and streamwise
fluctuation velocity profile data for the turbulent
boundary layer in the presence of a strongly accelerated
free-stream flow, with and without blowing at the wall,

® To determine whether, at a value of the acceleration
parameter K( = M/UE ggg) of 2.5 x 10“6, the sudden re-
duction in Stanton number noted in preliminary experi-
ments is a result of relaminarization of the boundary

layer.

e To measure the response of the turbulent boundary layer
in strongly accelerated flows to changes in initial
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conditions and boundary conditions, particularly the
initial ratio of thermal to hydrodynamic boundary
layer integral parameters, the free-stream turbulence
intensity, and steps in blowing at the wall.

® To investigate the use of the turbulent kinetic energy
equation, in conjunction with the momentum and energy
equations, in the prediction of boundary layer heat
transfer in accelerated flows.

C. Experimentsal Program

C.1 Test Apparatus (Figs. 2.1-2.2)

The boundary layer was formed on the lower surface
of a rectangular channel having initial cross-section dimen-
sions of six inches by twenty Inches, The entire channel is
eight feet in length., The region of acceleration, extending
over a distance of 20 inches, begins 16 inches downstream of
a 1/16-inch high, 1/4-inech wide flat boundary layer trip.
The height of the upper wall of the duct can be varied to
achieve the desired free-stream velocity; in the experiments
described here a linear variation of the wall was utilized
in order to achieve a constant value -of the acceleration
parameter X .

A schematic diagram of the experimental apparatus is
shown in Fig, 2.1. To illustrate the experimental setup and
the free-stream conditions for an acceleration of K = 2,5 x
10‘6, Fig. 2.2 presents a typical setting of the upper wall,
and the variations of free-stream velocity and K through
the region of acceleration. i

The lower wall of the eight-foot channel 1s comprised
of 24 segments of 1/4-inch thick sintered bronze, allowing
for tests with transpiration when desired. Surface temper-
ature is measured by five thermocouples imbedded in the center
six-inch span of each segment. The segments are heated by
wires situated in grooves in the bottom surface, spaced close
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enough together that the top surface temperature perturba-
tion, due to wire spacing, is less than 0,04 F. The heat
transfer between the surface and the boundary layer is de-
duced from an energy balance based on power and temperature
measurements in each segment., Mean flow velocity profiles
were Obtained with a flattened pitot probe, while temperature
profiles were measured with an iron-constantan thermocouple
with the junction flattenéd. Turbulence profiles were taken
with a 0.0002-inch constant temperature platinum hot wire
and & linearized anemometer system. A detailed description
of the apparatus and the data reduction method is contained
in Supplement 1.

Prior to the experiments reported here, an extensive
program was undertaken to qualify the test apparatus for use
in strong favorable pressure gradients. The low entrance
velocities made it necessary to prove the development of a
uniform, two-dimensional boundary layer on the wall, and
satisfactory energy balances in heat transfer, After some
modification to the test rig, the uniformity of the main
stream flow and spénwise variations in the boundary layer
were found to be within acceptable limits., Transpiration
qualification tests, with no main stream flow, were conducted
in which the net energy delivered to each plate agreed within
about 4 percent with the measured energy transfer to the
transpired air. Surface heat transfer results for the flat
plate turbulent boundary layer agree with accepted correlations
within 3 percent. Energy balances between the surface heat
transfer data and profile measurements were typically within
10 percent in the accelerated flows.

C.2 Test Plan

The experiments can be conceptually divided into
two categories: those tests, with and without blowing, in
which the entering boundary layers are as close as possible
to equilibrium conditions, and a series of experiments in
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which both initial conditions and boundary conditions were
perturbed in order to study certain characteristics associated
with accelerated flows.

In the former category, tests without transpiration were
conducted at free-stream accelerations corresponding to
K=2,0x 10”6 and 2.5 x 10‘6. At the stronger acceleration,
two blowing runs were carried out at values of the blowing
parameter, F , of 0,002 and 0,004,

Five additional test runs comprise the second category.
With no blowing, and at an acceleration of K = 2,5 x 100,
the state of the thermal boundary layer at the start of the
accelerated region was controlled in three tests in order to
study the effect of the initial condition on the surface
heat transfer behavior in a strong acceleration. The con-
trolled parameters were the thicknesses of the entering
thermal and hydrodynamic boundary layers, and perhaps more
impoertant, their relative size. Two test runs were also
conducted to investigate the response of the boundary layer
to a stepwise change in blowing during acceleration,

D. Experimental Results

D.1 Effects of Strong Acceleration, With and Without
Blowing (Figs. 2.3-2.6)

The surface hesgt transfer data, for nominal values
of the acceleration parameter K of 2.0 x 10 and 2.5 x
10“6, with no transpiration, are presented in Fig. 2.3 in
terms of Stanton number and the enthalpy thickness Reynolds
numbey. Since each plate is 4 inches wide, each Stanton
number represents an average over that distance. The enthalpy
thickness Reynolds number 1s generally calculated by inte-
gration of the energy equation. An alternative method, also
presented on that Tigure, is to evaluate the enthalpy thick-
ness from profile measurements. The degree of agreement
between these two independent methods is a meagsure of the
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boundary layer energy balance. While the reduction in
Stanton number at X = 2,55 x 106 1s quite pronounced,

it appears to be consistent with a mechanism whose effect
gradually increased with the strength of the acceleration,
To illustrate this point, Fig. 2.4 compares results for five
values of K with the unaccelerated case. No sudden change
in the character of the response to acceleration is dis-
cernible in the surface heat transfer results,

Boundary layer traverses of mean temperature, mean
velocity, and the streamwise fluctuating velocity are pre-
sented in Fig. 2.5. The hydrodynamic data shown there, as
well as all the hydrodynamic results discussed in this report,
are taken from the work of Toyd [23], who studied the fluid
mechanics of strongly accelerated boundary layer flows in
parallel with these heat transfer tests. A hydrodynamic
similarity solution is possible for constant-K turbulent
boundary layers, and‘the mean veloclity profiles appear to
approach such a similarity condition near the end of ac-
celeration. As expected from the momentum equation, surface
skin fription is nearly constant. The turbulence profiles
indicate that the intensity of the turbulence near the wall
and in the outer‘regions is decreasing through the acceler-
ated zone. In the outer regions, the last two profiles
in the accelerated zone show evidence of gimilarity. At
the end of acceleration, the peak in the streamwise fluctuat-

F__yUm , decreases to about 9 percent, compared to 11 per-
cent prior to acceleration. For stronger accelerations,

ing velocity normalized by the free-stiream velocity,
;u12

other experimenters have found the peak value to be reduced
to 6 percent [1] and 2 percent [11]. With a constant wall
temperature, a thermal equivalent of the hydrodynamic similar-
ity solution does not exist. The continuous reduction in
Stanton number through the region of acceleration is re-
flected in the growth of the temperature profiles in T+—y+
coordinates.
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Brédshaw [12] has proposed that relaminarization takes
place when the maximum value turbulent Reynolds number, ten-
tatively defined as Ry = % Tt/p , falls below 30. Apply-
ing an integral technigque to the hydrodynamic data in Fig.
2.5, Loyd [23] has calculated the total shear stress distribu-
tion for the boundary layers in this study. Knowing -+ and
the local velocity gradient, the turbulent shear stress,

Ty 5 Can be determined. Carrying out this procedure, the
maximum values of Rt for the profiles shown in Fig. 2.5

are, respectively from the start of acceleration, 115, 128,
100, and 68, usually occurring at about y*+ = 275. The minimum -
Ry of 68 suggests that relaminarization is not taking place.

Cn the other hand, Loyd [23] notes trends in the hydro-
dynamic data which suggest that, at K = 2.55 x 10'6 and
F =0 , the final equilibrium state would indeed be a laminar
one, though there is little doubt that the boundary layer
shown in Fig. 2.5 is still turbulent. In Fig. 2.4 it can be

noted that the slope of the Stanton number. curve shows no

e

signs of diminishing within the accelerated region at
K = 2,55 % 10‘6, whereas at lesser accelerations such &
trend is apparent., This observation may be a sign of relam-
inarization, or simply a result of the fact that the boundary
layer has not yet attained a near-equilibrium condition at
K = 2,55 x 10-°. Profile results demonstrate that, for
K=1,99 x 10”6, an equilibrium state is nearly attained in
the test shown in Fig. 2.4.

Through the sccelerated region, the hydrodynamic layer

thilckness, 5 decreases much more rapidly than the thermal

s
layer thickngss, 6H , resulting in a portion of the thermal
layer lying outside of the momentum boundary layer, it is
of interest to note the development of both the boundary layer
thicknesses and the integral parameters through the accelerated
region. At the start of the acceleration, the ratio SH/BM

is 1.09 while Ag/e equals 1,10 . Near the end of the
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acceleration, the enthalpy thickness is 2.55 times greater
than the momentum thickness, and the ratio BH/SM has risen
to 1.37 . Since the outer region, hereafter called the
"thermal superlayer", is characterized by laminar-like heat
transfer mechanisms, it might be expected to substantially
reduce the heat transfer rate. Evidence from the "recovery"
region seems to deny this, however. In that region, where
the imposed pressure gradient is removed, the Stanton number
in Fig. 2.3 reverts almost immediately to the flat plate
correlation, even overshooting the expected equilibrium
value, for both X = 2.0 x 10_6 and 2.5 x 10_6 . This
rapld response to the relaxation of the pressure gradient
implies that the inner layers are controlling the heat
transfer rate, not the thermal superlayer.

The combined effects of blowing and a strongly accelerated
free-stream flow are shown in Fig. 2.6. Blowing affects heat
transfer to the surface in two ways. First, and most impor-
tant, the increase in the component of velocity normal to
the wall convects enhergy away from the surface, Secondly,
the strupture of the sublayer is changed. PFPhysically the
thickness of the laminar-like region near the wall increases,
but on an inner region scale, yt , the sublayer becomes
thinner, Since acceleration acts to thicken the sublayer,
the ultimate size of the sublayer thickness depends on the
strength of the blowing and acceleration. The local shear
stress and heat flux distributions through the layers are
also influenced in an opposing manner by blowing and accelera-
tion,

The experimental results verify that the effect of
acceleration is reduced with Increased blowing. Additionally,
the Stanton number falls away from the equilibrium correla-
tion for the unaccelerated case when the imposed pressure
gradient ceases. Interestingly, the reduction in Stanton number
at high blowing is greater during the relaxation period after

acceleration than it is during the acceleration itself,

20



Thielbahr, et al., [21] foynd similar behavior for accelera-
tions up to K = 1,45 x 1626. They also measured temperature
profiles in the recovery region which indicated that the
inner layers, at a level of K as high as 1.45 x 10'6, im-
mediately returned to an equilibrium state for no accelera-
tion, even at high blowing.‘ Assuming a rapld inner layer
response, one possible explanation of the heat transfer be-
havior is that the outer region is guite important in the
blown boundary layer, which is characterized by a thin sub-
layer, and the thermal superlayer becomes a substantial
factor in the resistance to heat transfer. It is also true
that, with blowing, the reiative sizes of the thermal and
hydrodynamic boundary layers will be maintained over a longer
distance? in the recovery region,

D.2 Response to Changes in Initial Conditions (Figs.
2.7-2.8) .

Figure 2.735resents the results of four test runs,
nominally at K = 2,5 x 10“6 , Wwhich differ only in the
thickness of the momentum and thermal boundary layers at
the start of the accelerated region, Also shown for com-
parison is the similarity solution for laminar wedge flows,
other than the constant-K flow, in which the thermal boundary
layer has grown completely outside of the hydrodynamic layer.
Run 070869 was previously presented in Fig. 2.3. In run
071569, the hydrodynamic conditions were identical, but no
power was applied to the wall for the first 16-inches, re-
tarding the growtp of the thermal layer. In run 092469,

“Deduced from the integral equaﬁﬁqns,

d8

(—i-}-{-=0f/2+F
dA
2
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the unaccelerated boundary layer was allowed to develop over
a longer distance before the acceleration was imposed. Run
100269 corresponds in hydrodynamic development to run 092469,
but again the thegma%‘bopndary layer growth was delayed.

It is apparent that the. heat transfer results présented
in Fig. 2.7 are quite dependent on the initial conditions,

In nozzle tests, Boldman, et al, [24] reported that different
inlet boundary layer thicknesses produced no appreciable .
variation in the peak heat transfer coefficient, which roughly
corresponds here to comparing the minimum Stanton number in
the runs where AE/G = 1 ., In the present series of tests,

it is possible that the significant inlet condition is the
ratio of the-boundary layer thicknesses., At the end of the
acceleration region the values of the ratio Ag/e are, for
example, 1.75 and 3.4, respectively, for runs 071569 and
092469, If the thermal superlayer is important, then the
Stanton number in the flat plate region after the acceleration
should be lower for the case where the thermal boundary layer
ig relatively thicker, However, there is no substantial dif-
ference ;n the recovery performance (not shown in Fig. 2.7) '
of the four runs, suggesting that it is the inner layer
structure which controls the heat transfer behavior through-
out the accelerated region., The trends in the reduction in
heat transfer give the impression that, were the acceleration
to continue indefinitely, the Stanton number would asymptotical-
ly approach a single functional relationship with the enthalpy
thickness Reynolds number. Conseqguently, it is possible that
the different behaviors merely reflect the degree to which
each boundary layer is 1nitially out of an equilibrium state
associated with the imposed acceleration.

Figure 2.7 demonstrates the danger of ldentifying re-
laminarization by the heat transfer behavior, since each test
was carried out at, nominally, K = 2,5 x 10'6. In fact, the
steep slope of the Stanton number curve in run 092469 appears
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very similar to the results of Caldwell obtained at a much
stronger favorable pressure gradient (peak K = 5 x 10"6), as
illustrated in Fig. 2.8 .

D.3 Response to Changes in Boundary Conditions (Figs.
2.9-2,10)

Tani [25] summarizes the results of several hydro-
dynamic studies which investigated the response of the tur-
bulent boundary layer to sudden perturbations. In general,
the response was nearly instantaneous near the wall, but
lagged in the outer regions. For example, a sudden change
in pressure gradient immediately imposes a change in

%% s resulting in a change in %g » and, consequently, the

rate of production of the turbulent energy. A readjustment
of the turbulence and shear stress follows. Tani suggests
that, near the wall, the scale of turbulence is small enough
‘so that the attainment of local equilibrium ig rapid. In the
outer regions, however, most of the turbulent energy resides
in larger scale turbulence, which is associated with longer
life-times and is responsible for the slower outer region
adjustment. In all the acceleration studies reported here,
a near stepwise change in pressure gradient is imposed and
removed, respectively, at the start and end of the accelerated
region. The behavior in the beginning of the accelerated
region appears to show a substantial lag in the overall re-
sponse of the boundary layer, while the recovery region, at
" the end of acceleration, indicates a considerably faster
response, at least in the unblown case, ]

Some interesting results were obtalned by introducing
a step in blowing during acceleration., In Fig. 2.9, results
are shown for the casgse where a stepwise change in blowing
from no blowing to F = 0.004 is introduced at an axial
distance of 32 inches (see Fig. 2.2). The Stanton number
immediately drops to an unusually low value, apparently due
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to the convective effect of blowing and the thick sublayer
resulting from acceleration, It 1s conjectured that the
blowing then acts to thin the sublayer and the behavior is
thereafter similar to the results shown in Fig. 2.6, A
similar quick response to a step in blowing is seen in Fig,
2.10, where the blowing is stopped at =x = 32 inches. With
the sudden removal of substantial convection awsy from the
wall, but the residual effect of a thin sublayer due to
blowing, the Stanton number immediately rises to a high value,
then decreases rapidly at a rate reminiscent of run 0924690
shown in Fig. 2.7 . The recovery region shows no effects
which can be attributed to the wall blowing.

E. Prediction of Selected Experimental Results (Figs. 2.11-
2,14)

The turbulent transport terms were modeled with a combina-
tion of a kinetic energy model of turbulence in the outer
regions, and the Van Driest mixing-length model near the wall.
The calculations were performed by a numerical solution3 of
the folloying_simultaneous set of equations:

Continulty %% + %; =0 (2.3)
du,,

Momentum U%%—+ Vg§-= Vg + g§'B€M + v)%g] (2.4)

Energy U%% + V%% = %gm}eH + a) g%] (2.5)

3The numerical procedure employed is a modification of the
Spalding/Patankar procedure [20]. :
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Turbulent

2
Kinetic U%% + Vg% = GM(SEJ * %?Ev " eq)%%}- ?

Energy

To obtain closure,

(2.6)

the following ‘model of the turbulent
structure was assumed in the outer region

0.22 4, ﬁ

(2.7)

M
D 0.28% ¢>/%/1, (2.8)
< q 1.70 (2.9)
“n ky D, (2.10)
D, 1 - exp(-y" ,\/T‘—F/A-{_) (2.11)
ey e/ Py (2.12)
Pr, Pry (e,/v) (2,;,3)

Equations (2.7) through (2.9) have been suggested by the

work of Spalding [26] and Wolfshtein [52].

The relationship for the turbulent Prandtl number as. a
function of eM/v is based on the work of Simpson, et al.
[27]. Tn the correlation used here, the values for Pry
ranged from 1/Pr at the wall to 0.86 in the outer layers
(this correlation is also presented in [4])., It will be shown
that the effects of acceleration on the Van Driest parameter,
At , can be adequately modeled in accelerated flows with
blowing by the function AT(Pl , V1) shown in Fig. 2.11.
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This model is based on experimental results which are fully
discussed by Loyd [23].

In the computational scheme, the wall region is handled
separately from the main finite~difference mesh in the outer
regions, primarily to avoid the necessity of a very small
mesh in the region of severe temperature and velocity gradients.
The Couette flow forms’t of Egns. (2,3) through (2.5) are
utilized in the wall region, with the additional stipulation
that

- 2519 (2.14)

Equations (2.10) through (2.,13) complete the mathematical set.
This mixing-length model of the turbulent boundary layer, with
a modification in the outer region, has been successfully used
by Kays, et al, [4] to predict experimental results over a
wide range of transpiratlion and favorable pressure gradients,
up to K = 1.45 x 10-6, Since the turbulent kinetic energy
equation has been incorporated into the outer reglon solution
in the current study, the boundary condition required at the
inner edge of the finite-difference grid is obtained by solv-
ing Eqns. (2.7), (2.10), and (2,1%) for ¢ at that point,
where Dv and y are known from the wall region solution.
Selected predictions of the present experimental results
are presented in Figs. 2,12-2,14, With no blowing, the near-
equilibrium predictions shown in Fig. 2.12 agree reasonably
well with the experimental data, both in the effects of ac-
celeration on heat transfer and in the behavior in the re-
covery region,. Figure'2.13 illustrates one case of strong
blowing and strong acceleration, The influence of pressure
gradient in the theoretical model tends to reduce the pre-

4The streamwise derivatives %g and g% are neglected.
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dicted Stanton number below the experimental data, while,
in the recovery region, both prediction and experiment show
a trend away from the equilibrium flat plate case. Predictions
for three cases with different initial conditions at the start
of acceleration, at K = 2,5 x 10'6 and without blowing, are
presented in Fig, 2.1%. The trends of the experimental data
are reproduced by the prediction, particularly in respect to
the rate at which Stanton number decreases in the accelerated
region. The recovery behavior, not shown, is similar in all
three predictions.

It is important to recognize that the model for
A+(P; s g) presented in Fig, 2.11 is crucial tc the success
of the theoretical model. The parameter AT is proportional
to the thickness of the sublayer, so that, for example, the
increase in A+ with increasingly higher accelerations
models the observed growth of the sublayer., Since the boundary
layer cannot respond instantaneously to an imposed pressure
gradient, it is also necessary to include the influence of
the upstream history in the boundary layer. In the predic-

tions, shown here, a lag function

aph

—2 = 3000|P" - P;| (2.15)
dx

hag been introduced, where P+ is the equilibrium pressure
gradient parameter for the known value of acceleration and
ékiﬁ—friction, while P: is the calculating, or effective,
value used in the model which determines AT . The lag
constant, 3000, was selected by comparing prediction to
experiment for various values of lag in run 070869-1 (F =

0.0, K =2,5x 10"6). Currently, no lag is associated with
changes in blowing, but one can argue that a lag is physically

justifiable and should, in fact, be included,.

27



F. Conclusions

To summarize the findings from the experimental study,

the following conclusions are offered:

(a)

(b)

(d)

For the acceleration parameter, K , as high as

2.5 x 10-®  the boundary layer displeys fully
turbulent characteristics, and the marked reduction
in Stanton number is largely due to growth of the
sublayer.

For the acceleration parameter, K , through

2.5 x 10'6 s Tthe amount of the reduction in
Stanton number, at a given F , increases smoothly
as the magnitude of the acceleration increases.
The absence of any abrupt changes supports the
contention that relaminarization, if it is even
occurring, manifests itself in the growth of the
sublayer.

The region of the thermal boundary layer outside

of the hydrodynamic boundary layer is not an impor-
tant factor in the reduction of Stanton number in
strongly accelerated flows without transpiration,
but it may play a significant role in the blown
boundary layer.

The initial thermsl condition of the boundary layer
markedly influences the surface heat transfer char-
acteristics durilng acceleration. In practical ap-
plications, the length of the acceleration region
is almost never long enough to remove the effect

of the upstream thermal history. The response of
the strongly accelerated turbulent boundary layer
to steps in blowing at the wall, on the other hand,
is quite rapid, thus displaying the same character-
istics as the turbulent boundary layer without ac-
celeration.
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(e) The surface heat transfer in boundary layers sub-
jected to accelerations up to X = 2,5 x 10'6 can
be adequately predicted by a numerical solution .of
the momentum, energy, and turbulent kinetic energy
equations, utilizing eddy-diffusivity models for
the turbulence transport terms. The turbulence
model, based on empirical équilibrium relationships,
accounts for the behavior of the non-equilibrium
flows measured in the present study, as long as
the effects of upstream history are considered.
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CHAPTER THREE
THE EFFECT OF FREE-STREAM TURBULENCE ON HEAT TRAWSFER
TO A STRONGLY ACCELERATED TURBULENT BOUNDARY LAYER

A, TIntroduction

One premise put forth to explain the reduction in Stanton
number in accelerated flows is that the portion of the thermal
boundary layer which exists outside the hydrodynamic boundary
layer, the thermal superlayer, substantially contributes to
the resistance to heat transfer. An interesting question
raised by this explanation 1s whether or not high free-stream
turbulence has any substantial effect on the heat transfer
performance of a strongly accelerated turbulent boundary
layer. Most of the experiments have taken place in wind
tunnels where turbulence level is very small, but many of the
interesting technical applications (turbine blades, rocket
nozzles, for example) involve highly turbulent free-stream
environments. ¥For non-accelerated boundary layers 1t seems
that free-stream turbulence is not particularly significant
[5], but this may not be the case when the outer part of the
boundaxy layer is providing any substantial part of the over-
all heat transfer resistance, as it apparently does for pro-
longed highly accelerated flows. The answer to this question
is important to the designer. For example, a rocket nozzle
design, with wall cooling requirements based on the experi-
mental data at low turbulence levels, would be inadequate
if the presence of high free-stream turbulence significantly
raised the heat transfer to the wall,

The experimental results in Chapter Two suggest, in-
directly, that the thermal superlayer is less important than
the sublayer as a cause of the reduction in Stanton number.
More insight into this question can be achieved by increasing
the free-stream turbulence level in the experimental apparatus.

Another Justification of this'program derives from considering
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the free-stream turbulence problem in its parametric sense;
given a turbulent boundary layer in an accelerated flow
field, what is the effect of free-stream turbulence on the
Stanton number?

B. Previous Experimental Work

In 1966, Kestin [5] discussed in considerable detail
the effect of free-stream turbulence on heat transfer in
both laminar and turbulent boundary layers. He found that
free-stream turbulence intensities up to 3.82 percent had no
effect on local heat transfer rates in the flat plate laminar
boundary layer, but intensities from O to 6.2 percent had in-
creasingly noticeable effects, though modest, on the laminar
boundary layer in an accelerated free-stream flow. No effect
of turbulence intensities up to 4.5 percent were noted in a
turbulent boundary layer in a mild favorable pressure gradient.

Two experimental investigations conducted with relatively
high free-stream turbulence intensities are also of interest.
Kline, et.al. [29] carried out hydrodynamic tests on a boundary
layer on a flat plate with the free-stream turbulence in-
tensity ranging from 0.5 to 20 percent. For free—sf?g;m
turbulence intensities above 5 to 10 percent, they found in-
creased boundary layer thicknesses, fuller velocity profiles,
and higher values .of wall shear. Boldman, et al. [51]
measured heat transfer in nozzle tests and observed no change
in the heat transfer coefficient when the inlet turbulence
intensity was raised from 2.8 percent to 10 percent. The
level of K in the nozzle was low, generally less than
1l x 10_6. Consequently, the thermal superlayer was probably
thin, so that the effect of free-stream turbulence in that
region would be minimized.

C. Experimental Program

The objective of this chapter is to describe the results
of .some experiments at relatively high acceleration
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(K = 2.5 x 10"6) taken first under low turbulence conditions,
and then with considerably higher free-stream turbulence
artificialilly induced by a crossed-rod grid. The surface heat
transfer measurements were accompanied by mean velocity and
tempefature traverses, but more importantly by hot-wire
traverses of w'? . The experimental apparatus differs
from the description in Chapter Two only in that, for the
high free-stream turbulence runs, a crossed-rod grid was
placed 13 inches upstream of the trip. The grid consisted
of 1/4-inch round wooden dowels formed into & square, inter-
locked mesh (i.e., all of the dowels were in the same plane)
on l-inch centers.

' Two experiments were conducted with free-stream turbu-
lence intensities, dﬁf?ékUm , of 0.7 percent and 3.9 percent,
respectively, at the start of acceleration. The free-stream
turbulence intensity decayed to 0.4 percent and 0.9 percent,
respéctively, in the recovery region., The level of high
free-stream turbulence employed is of the same order of
magnitude as used by Kestin [5] in his investigation of the
effects of free-stream turbulence on a boundary layer-sub-
jected to a moderate acceleration., The free-stream energy
spectra exhibited in both runs was that of normal turbulence,
The grid design was based in part on the work of Uberoi and
Wallis [28], in which, 29 inches downstream of a similar grid,
the turbulence was found to be homogeneous with u's = vie .
Both tests reported here were conducted with a free-stream
velocity of about 23 fps.

In Fig., 3.1 is shown a plot of Stanton number versus
local enthalpy thickness Reynolds number for the two cases.
The differences in the data sets on Fig. 3.1 are no greater
than the estimated experimental uncertainty. It appears that
in the accelerated region, where the abrupt decrease in
Stanton number is taking place, there is negligible difference
in performance. If anything the high turbulence case yields
lower St , which does not seem physically plausible, In
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the recovery region, where free-stream velocity is again
constant, it appears that recovery is slightly more abrupt
with high free-stream turbulence, and this would be consist-
ent with the proposed model. Thus the conclusions that one
can draw are that initial free-stream turbulence levels as
high as 3.9 percent have very little effect on Stanton number
for strongly accelerated flows, but this fact in itself is

of significance.

Figs. 3.2 and 3.3 are plots of traverses of Mﬁfﬁgfqm
taken just before acceleration, and near the end of accelera-
tion, for both the low free-stream turbulence case and the
high free-stream turbulence case., Essentially they demonstrate
that at this relatively high rate of acceleration the boundary
layer is in fact still a turbulent one, but with a lowered
turbulence intensity, especially in the wake. The results
for the higher free-stream turbulence case are similar to
those for low free-stream turbulence, with the differences
confined primarily to the wake.

The global characteristics of the boundary layers enter-
ing the accelerated region for the two cases are quite dif-
ferent in nature; the test with high free-stream turbulence
exhibits a very thick boundary layer with a 52 percent larger
momentum thickness. It is not certain whether this effect is
& direct result of the high turbulence on the growth of the
layer, or whether the grid rod nearest the wall simply intro-
duces a momentum decrement Into the developing boundary layer.
Nevertheless, the important point is that, in the accelerated
regions, the outer layers are affected whereas the inner
layers appear to display little, if any, effect of the free-
stream turbulence level, In Fig. 3.4, for example, are shown
the velocity profiles, in inner coordinates, at the end of
the accelerated region for both cases. The profiles deviate
from the accepted law of the wall for a flat plate boundary
layer, as is typical of highly accelerated boundary layers,
but are quite similar to each other. The temperature
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profiles, also in inner coordinates, are presented in Fig.
3.5. This figure illustrates the development throughout
the entire region of acceleration, for both high and low
turbulence. Tn general, the two layers display similar
thermal behavior.

D. Prediction of Experimentsl Results

Figure 3.6 shows the results of theoretical calculations
made under the conditions of the experiments, using the pre-
diction method described in Chapter Two. Prior to the in-
clusion of the turbulent kinetic energy equation, a mixing-
length model of the turbulent boundar& lagyer, with a modi-
fication in the outer region, had been successfully used to
predict experimental results over a wide range of conditions
including transpiration and favorable pressure gradients [471.
It was hoped that the addition of the turbulent kinetic
energy model, besides providing a potential improvement in
the prediction method in general, would in particular permit
a prediction of the influence of free-stream turbulence.

The theoretical calculations presented in Fig. 3.6 are -
in reasonable agreement with the experimental findings. The
deviation between the two theoretical curves is due to the
fact that the boundary conditions for the variation of the
free-stream velocity, i.e., the precise level and physical
location of the imposed acceleration, are slightly different
in the two cases. It will be shown next -that, were the
imposed experimental conditions identical, the theoretical
model would predict nearly ildentical curves for the two
cases.

A question naturally arises concerning the effect of
£till higher initial levels of free-stream turbulence under
these same conditions of acceleration. To investigate the
theoretical aspects of this point, three predictlons were
made utilizing the experimental boundary conditions and mean-
flow starting profiles of the 3.9 percent case.
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The results are shown in Fig. 3.7 for initial free-
stream turbulence levels of 0.7 percent, 3.9 percent, and 10
percent, The curves for the lower two intensities are in-
distinguishable on the plot, whereas the higher turbulence
level clearly decreases the effect of acceleration on Stanton
number, and significantly increases Stanton number in the
recovery region, Eventually, all three predictions converge
on the accepted correlation for the flat-plate turbulent
boundary layer.

Prior to acceleration, the free-stream turbulence for
the 10 percent case is on the order of the self-generated
turbulence within the boundary layer. It is not unreasonable
that the heat transfer should be affected under these con-
ditions. The study by Kline, et al., [29] substantiates the
notion that\a free-gtream turbulence level of this magnitude
has significant effects on the characteristics of the boundaﬁy
layer. " In the accelerated zone and thereafter, however, it
is believed that the influence of the high turbulence would
be manifested through a different mechanism. As the thermal
layer grows outside of the momentum layer, the higher free-
stream turbulence acts to increase the apparent conductivity
in this laminar-like outer region, resulting in higher Stanton
numbers. The modest increase in Stanton number, if it is
in fact due to the effect of free-stream turbulence on the
thermal superlayer, 1s consistent with the findings of
Kestin on accelerated laminar boundary layers [5].

E. Conclusions

-~

The following are the conclusions that may be drawn from

this work:

(a) The decrease in Stanton number observed during
strong acceleration is independent of initial
free-stream turbulence levels up to at least 4
percent,
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(b) Theoretical calculations for an initial free-
stream turbulence level of 10 percent suggest
that if initial free-stream turbulence is of
the same order of magnitude as the self-generated
turbulence within the bcocundary layer, an increase
in Stanton number will be obtained throughout the
accelerated region. In view of the experimentadld
results of Boldman, et al., [51], however, the
validity of this prediction must be viewed with
caution,
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CHAPTER FOUR
AN EXPERIMENTAL STUDY OF TURBULENT PRANDTI, NUMBER FOR

ATR TN ACCELERATED TURBULENT BOUNDARY LAYERS

A. Introductlon

Many current predictlion methods for heat {ransfer in the
turbulent boundary layer utilize the turbulent Prandtl number
to relate the eddy diffusivity for heat to that for momentum,
While it 1s generally acknowledged that the eddy diffusivity
concept is not an adequate model of the physical processes
occurring in the boundary layer, it is also recognized that
this method, having been proven in practice, will continue
to be important until significant advances in turbulent
boundary iayer theory are made. If the turbulent. transport
terms in the boundary layer equations for momentum and energy
are expressed in the forms,

T
" IS14)
E— = GM 8’3}‘ (LI-_]_)
and
ay AT
_ 4,2
pey B (-2

the eddy diffusivity for heat can be expressed as

€p = EM/PI‘t s

thus defining the turbulent Prandtl number. There is no
physical reason to believe;_a priori, that Prt is not a
function of the molecular Prandtl number, the position in
the flow field, and hydrodynamic parameters such as the
Reynolds number. Nevertheless, it has proven adequate in
many calculation procedures to assume a constant value for

57



turbulent Prandtl number across the boundary layer, often
between 0,85 and 1 [26, 30, 31]. In other cases, however,

1t has been necessary, 1ln order to achieve reasonable pre-
dictions in boundary layers, to assume a variation in the
turbulent Prandtl number such that it is high near the wall
(on the order of 1.5 in air) and less than unity in the outer
region [4,32]. Even though the solution of the heat transfer
problem requires knowledge of both the eddy diffusivity for
momentum and the turbulent Prandtl number, relatively few
experimental studies have been directed towards the latter.
Simpson, Whitten, and Moffat [27] recently reported the
variations of turbulent Prandtl number in the boundary layer
on a flat plate, with and without transpiration. It is the
purpose of this study to extend the experimental knowledge

of the turbulent Prandtl number to the case of the accelerated
boundary layer, with and without blowing. The range of ac-
celeration in this study varies from mild (K = 0.55 x 10‘6)
to that approaching relamingrization of the boundarxy layer

(K = 2,55 x 10-6).

B. Theoretical Models and Previous Experimental Results

In this aspect of turbulent transport theory, it is dif-
ficult to substantiate proposed theoretical models because
of the scarcity of reliable experimental results. In external
boundary layers, as an example, the experimental data re-
guired to determine the local values of shear stress and heat
flux are often not available., Since these guantities are
more easily calculated in channel flow, most of the experi-
mentation has been carried out in circular tubes, at both
low and high molecular Prandtl numbers. In alr, however,
there is conflicting evidence in pipe flow on the variation
of turbulent Prandtl number with distance from the wall.
Kestin and Richardson [33] show the findings of several in-

vestigators in which the turbulent Prendtl number is always be~
low unity in pipe flow, but does not consistently rise or fall
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with distance from the wall. They conclude that results of

Iudwieg [34] are most reliable, in which Pr, decreases

towards the center of a pipe. Azer [35], on the other hand,

notes that Ludwieg's data was taken at high subsonic Mach num-

bers, and that the preponderance of evidence suggests that, in

a plpe, Prt increases towards the center. There is general

agreement, at least, that the turbulent Prandtl number is

not constant across a tube. In the external boundary layer,

Johnson [36] determined the turbulent Prandtl number from

fluctuation measurements of both velocity and temperature on

a flat plate downstream of & stepwise discontinuity in wall

temperature, while Simpson, et al. [27] calculated Pry from

mean profile data on a flat plate with and without transpira-

tion. Both results are summarized in Fig. 4.1. Simpson

found that the turbulent Prandtl number was greater than

unlty in the region close to the wall, and decreased to a

value of approximately 0.7 in the outer edge of the boundary

layer. No effect of transpiration, either.sucking or blowing,

could be detected within the uncertainty of the results.
Theoretical models for the turbulent Prandtl number have,

on the whole, relied on mixing length arguments. By taking in-

to account the molecular diffusion from or to an eddy in motion,

the effect of the molecular Prandtl number on Px‘t can be mod-

geled. Depending on the model, turbulent Prandtl number is also

found to be a function of the eddy diffusivity for momentum

or a hydrodynamic Reynolds number. The model of Azer and

Chao [35] predicts Pr, increasing with distance from the

wall. Jenkins [37], on the other hand, predicts turbulent

Prandtl numbers close to the wall greater than unity, and

decreasing with distance away from the wall. A new theory

has been proposed by Tyldesley and Silver [38] which con-

siders entities of fluid in motion in a turbulent field in

pipe flow., In its present state, this promising approach

does not provide for the variation of the turbulent Prandtl

number across the boundary layer, but it does give results
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as a function of molecular Prandtl number which agree with
experiment. For Pr = 0.7 , their theory predicts Prt =
1.0. Tyldesley [39] has extended the theory to the case of
free turbulent flows, not unlike the outer region of the
turbulent boundary layer. In this case, a value of about
0.74 is predicted for Pr = 0.7 , generally agreeing with

earlier theories and experimental results,

C. BSources of Experimental Data

The magnitude of the accelerations utilized in this study
varied from moderate to that approaching relaminarization of
the turbulent boundary layer. The range of variables in the
tests were,

K : 0.57 x 1070 to 2,55 x 1076
U, : 23.5 to 123 Tps
T, 60 to 95 F
T,-T -20 to 43 F
F o 0, 0.004

The present data were obtained on the same apparatus
used by Simpson, et al. [27]. The experimental data in the
range, K = 0.57 x 10-® to 1.45 x 1070 , were reported by
Thielbashr {6] and Julien [14], Por X > 1.99 x 10‘6, the
data is that of this report and the work of Loyd [23]. The
performance of the test apparatus has been consistent through-
out the entire series of tests. Accepted flat plate cor-
relations for heat transfer and hydrodynamic performance are
reproduced within a few percent, including skin friction,
surface heat transfer, and non-dimensional mean profiles.
With acceleration or transpiration, agreement with other
experimentérs has been adequate where comparisons are pos-
Siﬁle. The tests were all conducted at constant values of
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the parameters K and F , resulting in near-equilibrium
boundary layers at moderate accelerations, or with transgpira-
tion. In the accelerated flows, the velocity profile data
were taken isothermally, while the temperature profiles were
generally ébtained at the same free-stream conditions and
with a heated wall., Exploratory tests and numerical analyses
established that the ratio U/U, , measured in the isothermal
layer, is approximately preserved in the heated lagyer.

Loyd [23] presents arguments to show that, in the hydro-
dynamic studies, the Young and Maas [40] shear correction is
appropriate not only to his experimentsl data, but also to
the data of Julien, et al. [14] and Simpson, et al. [27],
which were obtained with similar total pressure probes.

While some question exists concerning the justification for
this correction, it has been uniformly applied to all the
velocity profile data utilized in the present study of the
turbulent Prandtl number. No probe corrections have besen
applied to the temperature data, though arguménts could also
be made for a displacement effect in a sevére temperature
gradient. In general, application of the probe:correction
to the velocity profile data lowers the calculated turbulent
Prandtl numbers near the wall, compared to use of the un-
corrected velocity data.

Tn the flat plate calculations of Simpson et al. [27],
the experimental observation of similarity in the inner and
outer regions was incorporated into the analysis of the tur-
bulent Prandtl number. In moderate accelerations at constant
K , the velocity and temperature profiles were also shown to
be similar, as should be the case when the acceleration is
well established. In general, similar conditions could not
be achieved in accelerations above K = 1.45 x 10_6. For
this reason, the local shear and heat flux profiles were
computed by a method which makes no assumptions about the
similarity of the flow or temperature fields. For comparative
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purposes, the data of Simpson, et al., for K = 0, and F = 0O
and 0,004, were also recalculated with the present computa-
tional method.

C.1l ©Local Shear Stress and Heat Flux Profiles

Tn the course of this study, 40 pairs of velocity
and temperature profiles in the accelerated turbulent boundary
layer were considered. The cases of no transpiration and
moderate blowing, F = 0,004, were selected to investigate
both the effect of acceleration alone, and the combined
effect of blowing and acceleration, on the turbulent Prandtl
number. Noting Egns. (4.1) through (4.3),- the local velocity
and temperature gradients, and the local shear stress and
heat flux, must be calculated from the mean profile data.
The appropriate boundary layer equations

BégU) + BégV) - 0 (%_4)

QU U, 4p ot
pUSE + pV%; tax "oy = O (&.5)

2 2
O ;. , U d U 5] ) _
pU-a'}—c‘(l + 'é'—") + pV'gB'—r‘(i - 'é'—) + 'g:;:- - y_(TU) =0 ()-|-.6)

are integrated with respect to ¥y , rearranged, and non-
dimensionalized, resulting in the computing forms,
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F =1 & U+VO+ + Py T[1 -

<
d\_h\%

(_EQ_)E dy | +  (4.7)

and

v -
1 gy * d :
plats f ol T W ax(Pelils o) (+.8)

As y - = , these equations assume the usual forms of
the integral equations with transpiration and a pressure

gradient,
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du

.
£ =49 8 L
5~ + F = o=+ T (2 _+ H) 5% (4.9)
and
1 d . ,
St + F = m ax (pWUOOlS,O) . (4.10)

The differentiations with respect to x were carried
out at each data point in a given profile, using a central
difference formulation and interpolated values in the ad-
jolning profiles. As pointed out by Julien [14], in the ideal
equilibrium boundary layer in a constant=-X acceleration, theére
is no dependence on x , so0 that any terms containing x-=
derivatives were quite small in the moderaté accelerations
where equilibrium conditions were approached. The x~depen-
dence was always evident in thé flat plate bounhdary layérs,
and in strong accelerations where equilibrium was not at-
tained. '

Typical temperéturé and velocity profiles are presented
in Figs. 4.2-4.5, In strong accelerations, abové K = 1.45 x
10‘6, five profiles were obtainéd in the scceleratéd regiom,
spaced every four inches. In thé modérate actélérations,
thrée profiles were taken,.spaced eithelr S or 12 inches a-
part. At X = 0 , three profilé locations were spaced at
intervals of 24 inches; presenting a formidablé test of the
present computational procedure. It will be shown that the
results for the flat plate tufbulent boundary layer, eal=
culated in this manher, agreé well with the results of
Simpson, et al, [27], which rélied in thé same data but used
an independent method of computation which does net require
an explicit calculation of x-derivatives.
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C.2 Selection of Experimental Data

Since the temperature or velocity gradients are zero
at the outer edge of the thermal and hydrodynamic boundary
layers, respectively, Eqns. (£4.7) and (4.8) should calculate
zexo heat flux and shear stress at those locations if the
experimental data, and the computation techniques, are exact.
Since neither of these conditions is satisfied, due to both
uncertainty in the experimental data and to computation errors
(particularly where the differentiated terms are important),
limits of acceptability were set on the shear stress and heat
flux profiles by stipulating a maximum value of [0.3] at the
outer edge of the boundary layer. Of the 40 profile pairs
examined, 15 were rejected on this basis. O0Of the 25 remain-
ing, 16 pairs consisted of heat flux and shear stress profiles
which were individualily below EO.15| at the outer edge. In
order to smooth the experimental results, and to establish
a consistent calculation procedure, the selected pairs were
recalculated in a manner which forced the local shear stress
and heat flux to zero at the outer boundary. To accomplish

ﬁhis, the coefficients,
du
1 0 d .
C, dx and dx (mewls,o) 2
==

UOO
in Eqns. (4.7) and (2.8) were evaluated at y = « from the
equations themselves. 1In this way, the local heat flux and
shear stress equations, which exactly match the known boundary
condition at wall, are forced to satisfy the known boundary
conditions in the free stream. Selected shear stress and
heat flux profiles are shown in Figs. 4:2—4.5: along with
mean temperature and velocity profile data and the calculated
turbulent Prandtl numbers. These examples are representative
of blown and unblown results at both moderate and strong ac-
celerations. Also shown are sample values of the turbulent
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Prandtl number which would have been computed had the outer
boundary condition not been forced to zero. The only signi-
ficant changes occur beyond y+ of 200, where the uncertainty
in the results is also quite high due to normal experimental
uncertainty.

D. Turbulent Prandtl Number-Distribution in Accelerated
Flows, With and Without Blowing

The mean gradients required by Eqns. (4.1) and (4.2)

: 4T d (U/U,,)
were obtained by evaluating a and — @y analytically.

The determination of the temperature and velocity gradients
at each point was accomplished by applying a least-squares
quadratic curve fit through five data points, fitting either
the normalized temperature or velocity as a function of log
v , and analytically ftaking the derivative at the center
point., This technique is thoroughly discussed by Simpson,

et al, [27], and compared to results using various analytical
approaches, in addition to graphical methods., It is concluded
by Simpson that, for the flat plate turbulent boundary layer,
the Prt distributions for various polynominal fitégggry by
no more than 2 percent, and agree within 5 percent with the

Pr distribution obtained from graphical fits of

t
@ e 202
dy dy i

The turbulent Prandtl numbers computed from the selected
profiles in accelerated turbulent boundary layers are pre-
sented in Pigs. 4.6-4.8 as functions of y* , y/b , and
eM/v . An approximate uncertainty band; based on the method
of Kline and McClintock [4#1] is included on two of the figures,
as well as a comparison to the data of Simpson, et al, for
the flat plate. The scatter of the experimental. results,
as one would expect, is greater than for the flat plate case.

In the thinner boundary layers encountered in acceleration,
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the uncertainty in the temperature and velocity gradients

is proportionally higher than in the thicker flat plate
layers. Additionally, the computational difficulties in-
herent in the evaluation of the local shear stress and heat
fluxes contribute to the uncertainty. The combination of
these effects is reflected in the uncertainty band. In view
of these considerations, the collapse of the experimental re-
sults i1s encouraging in the inner regions.

Tn Figs. 4.6 and 4.7, it can be seen that the turbulent
Prandtl number collapses on the inner region coordinate y+
in the range 20 < vyt < 200 , but correlates less well in
the outer regions on y/86 . In the regions very close to
the wall, yt+ < 20 , and in the outer regions, y/0 > 0.3 ,
where one could reasonably expect correlation on one parameter
and not the other, the uncertainty of the results precludes
a comparison., The diffusivity ratio, eM/v , 1ls the param-
eter of the turbulent Prandtl number in the Jenkins model
[37], and is itself well correlated by the inner coordinate
vyt in flat plate turbulent boundary layers [42]}. It is
shown in Fig. 4.8 that the present results do not correlate
on this coordinate. The curves fold back because eM/v rises
to a maximum, and then decreases towards the edge of the
boundary layer, i.e., as y/8 -1 .,

In the intermediate"range, the turbulent Prandtl number,
in Fig. 7, is above unity near the wall, with a decreasing
trend towards a value of about C.8 at y+ of 200, The mean
value is on the order of unity throughout this range. There
is some indication that Pry is higher in strong accelerations
without blowing, but the evidence is not conclusive. In gen-
eral, it can be stated that no effects of blowing or accelera-
tion are evident within the uncertainty band. The results
agree reasonably well with the data of Simpson, et al. [27]
above y+ of 30, when correlated with y+ . The results
for the flat plate turbulent boundary layer correlate in the
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outer region as well, whereas the present results in ac-~
celerated flow do not,

In Fig. 4.6, the trend of the turbulent Prandtl number
very close to the wall, ignoring for a moment the uncertainty
vand, is substantially different than the results of Simpson,
et al. Simpson's calculations showed a mean value of Prt
continually rising towards the wall, whereas Fig. 4.6 indi-
cates a mean value which drops off below y+ of 30, The
drop off in the present results is largely due to the use
of the Young and Maas shear correction, which Simpson did
not use. Conduction error in the temperature probe would
also tend t0 reduce turbulent Prandtl number, but not to
the extent noted here., Figure 4.9 shows the flat plate case,
for F =0 and F = 0.004 , calculated with and without a
probe correction applied to the data. The shift in Pry
very near the wall is evident. The effect of the correction
decreases as y+ increases, until there is complete agree-
ment above yb = 100 . It is concluded that .no trends in
Pr, below y¥ =30 can be confirmed from this data or that
of Simpson, et al. [27].

It is not too surprising, in view of these results and
those of Simpson that the assumption of a constant turbulent
Prandtl number on the order of 1.0 predicts heat transfer
data reasonably well ovér a wide range of turbiilent boundary
layers. It can be stated with certainty, nevertheless, that
the turbulent Prandtl number is not constant across the layer,
and that the values presented here are not inconsistent with
the concept of a high turbulent Prandtl number nedr the wall
and a level approaching 0.7-0,8 in the wake. To formulate
a model for the turbulent Prandtl number in a prediction
method, the results suggest that, in the inner regions, a
relationship in the form Prt(y+) is most appropriate.

E. Conclusions

In summary, the conclusions of this work can be stated
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as follows:

(a) Experimental values of the turbulent Prandtl number

(b)

have been computed from data covering a wide range
of the acceleration parameter XK , 0.55 x 10‘6 to
2.55 x 10“6 s both with and without blowing'at the
wall. The calculation method is discussed in detail
and results using this method on data for the flat
plate turbulent boundary layer are compared to the
results of Simpson, et al, [27].

The turbulent Prandtl number for blown and unblown
boundary layers, with free-stream acceleration up
to K = 2.55 x 10_6 is on the order unity. The
experimental values are slightly higher than unity
in the inner regions, decreasing %o below unity in
the outer regions. There is some evidence that,
for strong accelerations, the turbulent Prandtl
number remalns above unlty over a_greater portion
of the boundary layer.
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SUPPLEMENT 1
EXFERIMENTAL APPARATUS AND TECHNIQUES

A. General Description

The test apparatus was designhed for boundary layer
experiments including transpiration, variable free-stream
veloclty, and variable surface temperature. The boundary
layer is formed on the lower surface of a rectangular chan-
nel having cross-section dimensions of & inches high by 20
inches wide. The test channel is eight feet long, and the
lower wall is made of 28 gegments, or plates, each 4 inches
long in the flow direction. The surface temperature and
transpiration flow are each controlled individually in each
plate, allowing a small-step approximation to a continuous
wall boundary condition. The upper wall of the channel is
adjusted to achieve the desired variation in free-stream
velocity. Mean temperature, mean velocity, and streamwise
fluctuation velocity profiles within the boundary layer on
the lower surface are taken through atcess holes in the top
wall. Substantial care has been taken to assure thermal
and hydrodynamic uniformity in the free-stream flow through-
out the channel. Heat transfer from the surface to the
boundary layer, characterized by the Stanton number, is
obtained from an energy balance on each plate.

A maximum free-stream velocity of about 40 fps at the
inlet of the channel is available with the present installa-
tion. Plate temperature can be varied between ambient and
approximately 140 F, while free-stream temperature ranges
from about 70 F, if cooled, to 95 F uncooled. Energy balances
on each plate which were conducted with transpiration only,
i.e., no free-stream flow, close within about 4 percent over
a wide range of blowing and sucking. Results of gualifica-
tion tests of the uniform free-stream velocity case with no
tfanspiration agree within several percent of accepted cor-
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relations of Stanton number. A more quantitative treatment
of these qualifications will be presented shortly.

The fabrication of the apparatus and its original
qualification are described in considerable detail by Moffat
and Kays [22]. The discussion in the following paragraphs
will briefly describe some of the features mentioned above,
and document the changes made to the test rig in the course
of this investigation.

B. Wind Tunnel

The wind tunnel 1s an open-circult unit constructed on
two levels to accommodate, in a convenient manner, both the
transpiration system and the instrumentation connected with
the 2U-plate test section. A schematic diagram of the wind
tunnel and a photograph of the test duct are presented in
Figs. 2.1 and S1.1 respectively. The main ailr flow enters
the blower via a felt-type filter and passes through, in
order, a preliminary screen pack, a turning header, a counter-
crossflow water-cooled heat exchanger, a flow straightner
and screen set, and finally a 4.1 contraction before entering
the test section. The turning header prior to the heat
exchanger was designed according to the guidelines set forth
by London [43} to provide a uniform veloclty at the inlet to
the heat exchanger. The purpose of the heat exchanger is to
maintain a temporally constant and spatially uniform free-
stream temperature despite variations in ambient temperature
during a test run. Before entering the series of s5ix screens,
the flow passes through an aluminum honeycomb-type straight-

ener which is 1% inches thick with hexagonal cells on %6 -inch

centers. The screens are 32 x 32 mesh, 63 percent open-area
ratio, with a 3% -inch spacing between the last tThree. A
clear plexiglas wall 1s located just upstream of the first
screen to permit easy inspection of its condition and to

guard against ‘fouling by dirt.
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The /l:1 contraction extends over 26 inches, blending
into an entrance section which Jjoins the test channel. The
boundary layer is tripped by a %6 -inch high, % -inch wide
smooth phenolic strip located % -inch before the first test
plate, and 36 inches downstream of the last screen.

The major modification to the test apparatus made during
the period of this investigation was a redesign of the
straightening-screen set, located prior tc the contraction.
The primary reason for this modification was to improve the
two-dimensionality of the flow through the test channel;
the resulting improvement will be described in a following
section. One measure of the effectiveness of the entrance
arrangement is the uniformity of the free-stream flow at
the entrance to the tunnel. At a free-stream velocity of
about 23 fps, used for the maJority of the experiments-
described here, the velocity is uniform to within 0.05 fps
and the free-stream temperature to within 0.2 F.

C. Test Plates

The 24 test plates are mounted on thermal isolators in an
aluminum frame. They are separated from each other by a
0.025 -inch strip of balsa wood and plastic putty. The per-
tinent physical characteristics of the plates are:

Material - sintered porous bronze

Dimensions - 18.0 x 3.975 x 0.25 inches

Particles - spherical: maximum dismeter ©,0070 inches
. minimum dismeter 00,0023 inches

Porosity - Approximately U40%. Uniform within +6% in
the center six-inch span

Roughness - Maximum of 200 microinches (RMS) measured
with a stylus of radius 0,0005 inches

Thermal conductivity - 6.5 Btu/hr-ft-F, minimum

Surface emissivity - 0.37 average
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Surface temperatures are measured by five iron-constantan
thermocouples located in the center six-inch span. The.sur-
face thermocouples are epoxied into holes drilled from the
bottom of the segment to within 0.040 inches of the surface.
The plate 1s heated by nichrome wires located in groves in
the lower surface, spaced such that the surface temperature
variation, due to wire spacing, will be within 0.04 F under
all conditions of surface heat transfer and transpiration.
Separate power supplies, both stabilized, are available for
plates 1-12 and 13-24. Additionally, power to each plate is
individually controlled by a rheostat. To illustrate the
nature of the plate surface, a close-up photograph is pre-
sented in Fig. S;.E.

D. Transpiration System

The transpiration system is shown in Fig. 2.1, The com-
ponents of the circuit are, in order, the air filter, blower,
heat exchanger, header, flow control valves,. flowmeters,
plate underbody, and the plate itself.

The heat exchanger is used %o cool the transpiration
flow to near ambient temperature, minimizing the heat transfer
in the lines leading to the flowmeters so that a single mea-
surement in the distribution hegder will suffice to describe
the temperature at every flowmeter. Parallel circuits of
ball-type flow control valves and variable-area flowmeters
provide two ranges of control and measurement. To agsure
accurate flow measurement, the system is periodically checked
for leakage. The flowmeters were individually calibrated
‘with an ASME standard orifice in preparation for the present
study. Each plate underbody has been developed to 1) provide
thermally and hydrodynamically uniform flow to the underside
of the entire plate and 2) allow measurement of a single
temperature in the transpiration fluid just beneath the plate
to provide -the information necessary for energy balances.
Figure 81.3 shows a view in cross-section of a typical plate.
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The developments leading to this design are fully discussed
by Moffat and Kays [22]. The plates are arranged in sets of
six into heavy aluminum castings, which are heated (or cooled,
if desired) by an auxiliary water system to reduce thermal
conduction between the plates and their supports during test-
ing. Note in Fig. S1.3 that the conduction path for heat
losses to the plate support is largely limited to thin
phenolic webs.

E. Tnstrumentation

Table I contains a listing of the instrumentation used
in the experiments, plus the source of the calibration and
the estimated accuracy, where appropriate.

The instrumentation which is used in the measurement of
surface heat transfer is unchanged from previous investiga-
tions on the apparatus [22,44,6]. Profile measurement tech-
niques, however, have been modified in several respects. A
new temperature probe was fabricated of 0.004-inch iron-
constantan wire, replacing the previous 0.010-inch wire, in
order (1) to allow measurements close to the wall (the junc-
tion size was reduced Ffrom 0.009 inches “to 0,005 inches in
thickness) and (2) to reduce conduction losses from the junc-
tion., However, subsequent analysis of the probable conduction
error using the approach of Moffat [45] showed that func-
tionally, at the same ratio of the exposed thermocouple junc-
tion length to junction diameter (£/d), the conduction error
in cross flow is proportional %o exp(—dl/3). Additionally,
small wires are more subject to material inhomogenelties
which result in measurement errors in a temperature gradient,
A larger wire, on the order of 0.007 inches is recommended
for future testing.

A calibration of the thermocouple probe was conducted
in a constant temperature oil bath using a precision mercury
thermometer as the standard. Even when the Junction was
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TABLE I, INSTRUMENTATION LIST

Source of Calibration Estimated
Measurand Instrument or Sensing Device {where appropriate) Accuracy
Temperature Probe: O.,004-inch iron-constantan thermocouple wire with See text See text
tip flattened to 0.,005-inches
Other: 0,010-inch iron-constantan thermocouple wire Constant temperature 0.25 F
oil bath at Stanford
Linear Accelerator
Standards PFacility
Pressure Probe: Total pressure probe with tip flattened to
0.0118-inch by ©.0355-inch
Static wall taps: 0,040-inch sharp-edged holes
Transducers: Statham PM-97 and FM-5 differential pres- Meriam Model 34FEB2 0.4-0.8%
sure transducers 20" Micromanometer
Thermecouple Hewlett Packard DYMEC Integrating Digital Voltmeter Hewlett Packard + 20V

or transducer
output

Model 2401cC
Beckman Electronic Counter Model SOLCOR-11

Standards Laboratory

Flowrate Transpiration: Fisher-Porter Rotameters; Tube Model Nos. ASME standard + 2 percent

-27-10/27 and B4-27-10/27. Float Model Nos, orifices

88 BSVT-64.A and S8 BSVT-45-A
Eiectrical Sensitive Research Company, Reference Standard Stanford Linear 1/4 percent
Power Wattmeter Model U-21020 Accelerator Standards
Facllity

Fluctuating Probe: Platinum hot-wire 0,0002-inch diameter, 1/16-1nch
velocity Jong

Thermo-Systems Constant Temperature Anemometer Model 1010
Thermo-Systems Linearizer Modeld 1005B
Thermo-Systems RMS Voltmeter Model 1060

Quan-Tech Wave Analyzer Model 304
Hewlett~Packard MOSELEY Model TOOLlA x-y recorder




barely immersed, in an attempt to establish a sharp gradient
in the region of the tip, the agreement was within 0.3 F.
It is possible, however, that measurements very close to the
wall in a boundary layer, where the temperature gradients
are steep, could be in error by several degrees. For pur-
poses of uncertainty calculations, it is assumed that the
accuracy is iQ.4 P for the first fifteen profile pointé and
+0.25 F in the outer regions. Comparison of the temperature
data below a yt+ of 10 to the expected correlation in that
region indicates that the temperature probes typically reads
about 2.4 F low at y* = 2 , decreasing to 0.7 F at y*+ = 10.
Typically, the fifteenth point in the profile occurs at a
vyt of about 50, It will be shown that the effect of this
error on integral parameters of the boundary layer is
negligible.

| The probe is manually positioned with a micrometer
traversing mechanism, accurate to the closest 0.,001-inch,
The wall position of the thermocouple probe is established
by electrical means.

Hydrodynamic measurements for this study are described
by Loyd [23]. 1In essence, the innovations include the use of
the pressure transducers in place of manometers, and the
verification of pitot-tube mean velocity profiles with hot-
wire data. In both the temperature and velocity profile
measurements, the signal at each point was integrated by the
digital voltmeter over a period of at least ten seconds. The
recorded data then included both the integrated signal and
the time interval. .

Standard hot-wire techniques were utilized to obtain
profiles of the streamwlse fluctuation velocity, u'e , as
well as mean velocity. The data was obtained with a 0.0002-
inch constant temperature platinum hot wire and a linearized
anemometer system. The calibration of the hot-wire was
checked frequently during testing, with a maximum estimated
drift of about 3 percent. The mean velocity and the mean-
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square-ofqihe streamwise flﬁctuation velocity were both re-
corded by the integration method noted above.

.Free-stream velocity dlstrlbutlon was calculated with
Bernoulli's eqguation for 1ncompre581b1e flow from a single
total-pressure measurement at the entrance of the test section,
and 47 wall static pressure measurements made l-inch above
the plate along one wall of the channel., Tests conducted
previously [6] indicated that the static pressures measured
by the wall taps were at a given x-position, constant through-
out the boundary layer in moderate pressure gradients, Addi-
tional tests were conducted during the present study in the
region of the most severe axial pressure gradient. It was
found that perpendicular to the wall the static pressure was
also constant throughout the thin boundary layer under these
conditions, and increased with increasing y in the potential
core such that the variation in velocity was less than 0.8%.
This point is discussed fgrther in section F.5. Additionally,
the readings were identio@l on both sides of .the channel,

F. Qualification of the Apparatus

" The test apparatus was gqualified for operation in several
ways. An extensive set of experiments was conducted to
examine the closure of energy balances over a wide range of
transplratlon. Secondly, tests were made to verify that an
accepted correlatlon could be reproduced for a turbulent
boundary layer w1th a constant free-stream veloclity on an im-
permeable wall, Pinally, the questions of surface roughness
and three-dimensional flow conditions in the test section .
were considered.

F.l Transpiration Energy Balances

With transpiration, the electrical energy supplied
to the test segments can be accounted for as heat transferred
to the boundary layer, to the transpired flow, and to the
surroundings as "losses". In the first qualification of the
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test rig by Moffat and Kays [22], a series of tests was con-
ducted with no main-stream flow in order to establish correct
models for the loss terms, and to achieve satisfactory energy
balances for the simplified problem of transpiration only.
Subsequently, these tests have been periodiecally conducted to
confirm the repeatibility of the results, with continuing
efforts expended on improvements in the model which purports
to mathematically describe the performance of the apparatus.
Building on the experience of the previous results, special
care wags taken in the current series of tests to examine some
irregularities which have appeared to be associated with the
rate of transplration flow, particularly in the blowing mode.
To appreciate the discussion of the modifications which have
been made to the medel, the modes and descriptions of the
energy flows will briefly be outlined here.

The energy supplied to each plate, ENDENl, is distributed
in the following manner,

ENDEN = HTRANS + ECONV + LOSSES (51.1)

where

HTRANS - heagt transferred from the surface to the
boundary layer

BECONV - heat transferred within the plate to the
transpiration flow

LOSSES - heat transferred to the surroundings by radia-
tion from the top and bottom surfaces, and by
conduction to the support structure.

It is important to recognize that the energy balance
contyrol volume is restricted to the center six-inches of the

1The terminology of the data reduction computer program

STANTON (Supplement 3) will be used throughout this dis-
cussion.
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plate. The upper and lower limits of the control volume in
the y-directlion are somewhat different for blowing and suction.
The term LOSSES accounts for several heat transfer mechanisms:
top radiation from the plate to the channel walls, back radia-
tion from the plate to the pre-plate and casting, conduction
from the plate to the casting through the web supports, con-
duction to the casting and pre-plate through the' stagnant air
which exists when no transpiration is present, and lateral
conduction within the plate to or from the center six-inch
control volume. The development of models for these terms
are fully discussed in references [22,6].

During this study, adjustments based on experiments were
made to the ECONV term, resulting in improved energy balances.
The term is calculated from the equation

ECONV = m"cp[To-TT][l + £(m", KCONV}] (s1.2)

where KCONV accounts for slight measured differences in the
mixed-mean temperature of the transpiration fluid leaving the
plate, and the indicated plate temperature. The mass flux

is obtained by the equation

A" = %(KELOW + KFUDGE) , (s1.3)

where KFLOW accounts for porosity variations in the plate and
KFUDGE is an arbitrary correction texrm on the order of 1 per-
cent.

KPLOW is the ratio of the actual transpired mass flow,
passing through the center six-inch section of the plate, to
the flow which would pass through that section of a uniform
plate, Moffat determined the value for each plate from 72
local flow measurements. KFUDGE was introduced into the
model because consistent energy unbalances existed on a
plate-~wise basis which could best be explained by an error
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in 1m'". Rather than change KFLOW, which could not be justi-
fied experimentally, or change the rotameter calibration,
which appeared acceptable when checked, the additive term
RKFUDGE was introduced into the model,

Since these two correction factors are closely inter-
related, action was taken along several paths in fhe current
qualification tests to investigate this problem. First, all
the flowmeters were individually calibrated against standard
ASME sharp-edged orifices (which were themselves satisfactorily
checked in water with a weigh tank measurement system). Two
orifices of different sizes were used to measure the same
flowmeter flow wherever possible, with good agreement in the
resulting calibrstions, . Both large and small flowmeters were
consistently high by 3-5 percent at the low end of their
scales. In mid-range and at high flows, the flowmeters were
either slightly high or agreed with the orifice. The calibra-
tion for each rotameter was curve-fit and entered into the
data reduction program. Secondly, measurements were made of
the flow passing through the left, right, and center six-
inch portions of each plate. To do this, a small plexiglas
plenum was designed .which éxactly covered the desired area,
being sealed on the lower edges, and containing orifice holes
in its upper surface. The measured pressure drop across the
orifice holes allowed the calculation of the relative flow
rate between each section, after sultable corrections were
made for the effect of the measuring device on the flow being
measured. From these measurements, vqlues of KFLOW were re-
computed. Generally, the new values are one to two percent
higher than the previous wvalues. Thirdly, the wvalue of
KFUDGE was set to zero for all plates.

With no main-stream flow, the term HTRANS in eqgn. (Sl.l)
is zero, and the energy unbalance can be expressed by the

equation,
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ECONY (S1.4)

HTFRAC = 1 - yWsEN-T0SSES

Tests were conducted at three rates of both blowing and
sucking over the full range avallable. As an example of the
magnitudes involved, at full blow the transpiration flow rate
is about 13 CFM per plate and the velocity of the fluid
leaving the plate 0.44% fps. The energy unbalances Ffor these
experiments are presented in Fig. SLl.4. The band of scatter
is reduced over the previous results of Moffat [22] and
Thielbahr [6], but no significant differences are noted.

For each transpiration rate, the mean, standard deviation,
and calculated uncertainty interval of the results for all
plates are presented on the figure. In Table II, the mean
and standard deviations for each plate and various combina-
tions of transpiration rate are tabulated. In general, the
standard deviations for all plaﬁes are within uncertainty
ranges calculated for each transpilration raté. However, the
results of several tests conducted under the same conditions
were qguite repeatable, indicating that the unbalance mea-
surements might possibly be reasonable estimations of fixed
errors, and that the true uncertainty bands are in reality
not as wide as the uncertainty analysis predicts.

F.2 Boundary Layer Energy Balances

Each experimental run consists of y-traverse data,
including hydrodynamic and temperature profiles, in addition
to the surface heat transfer measurements. Using this infor-
mation, the energy transferred to the boundary layer from the
wall, calculated from the surface heat transfer data, can be
compared to the increase in energy in the boundary layer as
determined from the measured profiles. A simple energy
balance on a two-dimensional boundary layer gives the

equation
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where the enthalpy thickness, A2 » 18 defined as

by (x) = f Pg . iSS dy (51.6)
O

Operationally, Eqn. (81.5) hags been utilized in the following
integral form to calculate A2 at each plate,

X
l .
Ae(x) (P UL . o) (meWlS,OA2;=O + .)r PoUy L s, o (8t + Fldx
o

(81.7)

Comparing the enthalpy thickness calculated in this man-
ner to the wvalue calculated from profile measurements provides
a theck on the performance of the apparatus. The starting
value required 'in Eqn. (S1.7) has been calculated in all
test. runs by assuming that the profile measurement at the
first profile station represents the actual state of the

boundary layer, thereby forcing agreement between Eqns. {(S1.6)
~ and (S1.7) at that x-position (where Egn. (S1.6) is calculated
using profile data).‘ In all the runs with no transpiration,
the enthalpy thickness calculated from profile measurements,
Eqn. (81.6), is consistently lower than the enthalpy thick-
ness calculated from Egn. (S1.7). The differences in the
values of enthalpy thickness vary, in these runs,.up to about
6 percent at the énd of the accelerated region (no profile
measurements were taken beyond this point). This difference
represents a variation of approximately 10 percent between
the heat transfer calculated from surface measurements and
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http:runs,.up

that calculated from profile data. In runs with blowing

and acceleration, the corresponding comparisons are 2 percent
and 4 percent. In test 111669, at constant free-stream
velocity and no transpiration, the energy unbalance over five
feet of the test section is about 11 percent. It is important
to note, in regard to these values, that the uncertainty
intervals calculated for the enthalpy thicknesses were on the
order of +3 percent and i§ prercent, respectively, for

Egns. (S1.7) and (S81.6). On one hand, the absolute differences
between the results of Egns. (S1.7) and (81.6) are within the
calculated uncertainty bands, but, on the other hand, there is
recognizable consistency in the trend of the energy unbalance
with inereasing x . A summary of representative ehergy un-
balances and uncertainty calculations is presented in Table
IIT.

Several possible explanations for a consistent energy
unbalance have been ccensidered. Three-dimensional effects,
for example, would render the use of Eqn. (Sl.?) invalid,.

In fact, the effects of acceleration on side wall boundary
layers in the test channel would cause divergence of the
main streem flow, inducing just the trends indicated by the
differences noted above. However, the trend is unchanged
for the constant free-stream velocity run, whereas growth

of the side-wall boundary layers should, by this argument,
induce convergence of the main stream under these conditions,

Three-dimensional effects could be caused by other
phenomena, such as perturbations in the incoming flow or the
vortices which exist in the corners of the rectangular chan-
nel., The redesign of the inlet screen pack was undertaken
to forestall problems of the former tjpe. The design of the
screen pack was based on the wind tunnel work of Bradshaw
[46] and others [47,48], and the results of this effort are
evident in the uniformity of the free-stream conditions (to
be discussed shortly) and the agreement of transverse pro-
files. Transverse measurements of both velocity and tempera-
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ture taken in the region just prior to acceleration and near
the end of the acceleration region, with no transpiration,
are quite symmetric. Figure S1.5 shows both sets of profiles,
and Table IV lists the integral parameters associated with
these profiles. The transverse variations in momentum and
enthalpy thickness correspond, approximately, to maximum
variagtions from the mean of 2 percent and 4.5 percent,
respectively, in the skin-friction coefficient and Stanton
number at plate 12. In conclusion, no obvious causes have
been detected which would account for the energy unbalance
trends noted in the experiments.

F.3 Flat Plate Turbulent Boundary Layer

A basic prerequisite to obtaining heat transfer data
in a strong pressure gradient is a demonstration that the
test rig can adequately reproduce accepted correlations for

TABLE IV

TRANSVERSE MOMENTUM THICKNESS AND
ENTHALPY THICKNESS MEASUREMENTS

Z = Center- 7 =

Quantity x Kxt0® 43 in. line -3 in.
(in,) (in, ) '
e 13.81 0 0.0690 . 0.0636 0.067%
A, 13.81 ¢ 0.0535  0.053% 0.0535
) 33.59 2.5 0.0257 6.0229 0.023%
As 33.59 2.5 0.0636 0.0600 0.0605
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the turbulent boundary layer with no transpiration and a
constant free-stream velocity. Such a test was conducted
with a free-stream velocity of 23 fps; the experimental re-
sults are presented in Fig. S1.6a and compared to the cor-
relation obtained by Moffat and Kays [22] on the same apparatus
in 1966 with a free-stream velocity of 43 fps. In Fig. SL.6b
two temperature profiles from this test run are compared to
another experiment. It can be seen that changes in the inlet
section and the mathematical data reduction model have had a
" negligible effect on rig performance for this type of test
xun. When corrected for variable property effects by the
ratio (T_/T.)0 %, the data is adequately fitted by the
expression, ’

St = 0.0128 R, %2 pr7e9 (s1.8)

obtalned earlier by Moffat, and within 2 percent of accepted
correlations [49,50].

Temperature and velocity profiles were élso obtained at
three positions along the test section (14.8, 16.8, and 78.8
inches), As noted in section PF.2 the measured plate heat
transfer to the boundary layer was 10-11 percent higher than
the increase in energy calculated from profiles,.

Since other experimenters have substantiated the Stanton
number correlations expected under these conditions, this
" test run presented an opportunity to comparé actual results
to expected results in an attempt to explain {the small dif-
ferences noted. Hcwever, careful scrutiny of both the surface
heat transfer data and the profile data was again inconclusive.
First, examination of the Stanton number results showed that
they are not consistently high compared to the expected cor-
relation., Next, several possible errors in the profile data,
and its reduction to enthalpy thickness, were numerically
investigated. A low temperature reading tends to lower the
megstured enthalpy thickness. To consider the magnitude of
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effects due to thermocouple conduction errcr, the laminar
Couette flow equation for no transpiration and zero pressure
gradient,

4+

7 = pryt (S1.9)

was used to predict the temperature for y+ < 10 . The com-~
puted temperatures in the sublayer ranged from 2.4 F higher
than the measured temperatures near the wall to 0.7 F higher
at y =10 . The calculated enthalpy thickness at x = 78.8
inches, using these new values, only changed from 0.1905-
inch to 0.1907-inch, whereas the enthalpy thickness computed
by integration of the energy equation is 0.2079-inch. As-
suming a conduction error extending into the turbulent core,
where the contribution to the enthalpy thickness is greater,
results in a new profile value on the order of 0.1970,
Another possibility is that an error existe in the y-position
in either temperature or velocity profiles, particularly due
to failure to locate the wall accurately. .The uncertainty
analysis discussed in the previous section assumes a 0.0015
inch uncertainty in this measurement. If the y-position for
all temperature profile points is arbitrarily shifted 0.0025
inches away from the wall in the case of the profile at

x = 78.8 inches, the calculated enthalpy thickness becomes
00,1917 inches. Obviocusly the integral parameters of the
boundary layer are not overly sensitive to any of the possible
errors mentioned here, which is an indicétion of both their
usefulness and insensitivity in experiments, The integral
parameters are more sensitive to errors in-the free-~stream
and plate temperatures, but both those measuremenﬁs'are much
more certain than the probe temperature in a steep tempera-
ture gradient. The uncertainty analysis gives, at x = 78.8
inches, an uncertainty of 10.006 for the profile measurement
of enthalpy thickness and +0.003 for the value obtained by
integrating the énergy equation. TFor convenience, the ef-
fects of the errors Jjust discussed are tabulated in Table V.

103



TABLE V

EFFECT OF EXPERIMENTAIL ERRORS ON THE CALCUILATED
ENTHALPY THICKNESS AT x = 78.8 INCHES IN
RUN 111669 (K = 0.0, F = 0.0)

Enthalpy
Case Thickness, A2
Experimental result (Eqn. $2-6) 0.1905 + 0.0C6

Integration of energy equation (Egn. S2-7) 0.2079 + 0.003

Effect of assumed errors (evaluated by
Eqn. S2-6)

1) Couette flow valid for yh < 10 0.1907

2) Conduction error: Range 1,
Linear from 2.5 F at yt =0 to
1.0 F at y+ = 10. Range 2.
Linear from 1.0 F at y+ = 10 to
OF at y+ = 500, 0.1970

3) y-shift of 40.0025-inch "0.1917

Within the uncertainty bands, the measurements of Stanton
number and local enthalpy thickness indicate that a small
percentage of the energy transferred from the wall is not
accounted for by boundary iayer profile measurements,

F.4 Free-stream Conditions

! Uniformity of the free-stream flow was measured in
both the streamwise and cross-sectional directions, All the
experiments in the study were conducted with an inlet free-
stream velocity of 23 fps. At this velocity, the uniformity
of the free-stream velocifty in the inlet plane was found to
be within 0.05 fps, while the free-stream temperature in the
same plane was constant within 0.2 P. The free-stream total
pressure showed a maximum streamwise variation of +0.001
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inch HEO throughout the accelerated region under the condition
of strongest acceleration, K = 2.5 x 10'6. The free-stream
stagnation enthalpy was not measured under these conditions,
but the indicated thermocouple temperature was uniform in

the axial direction within +0.2 F at a constant free-stream
velocity.

The free-stream turbulence level was nominally 0.7 per-
cent. One test series was conducted with a free-gtream
turbulence intensity of 3.9 percent at the start of accelera-
tion in corder to examine the effect of free-stream turbulence
on heat transfer performance in strongly accelerated boundary
layers. The free-stream turbulence intensity decayed to
0.4 percent and 0.9 percent, respectively, in the recovery
regicn. 1In the high free-stream turbulence rung, a crossed-
rod grid was placed 13 inches upstream of the trip. The grid
consisted of 1/4-inch round wooden dowels formed into a
square, interlocked mesh (i.e., all of the dowels were in the
same plane) on l-inch centers. The grid design was based in
part on the work of Uberoi and Wallis [28], in which, 29-
inches downstream of a similar grid, the turbulence was
found to be homogeneous with ETE.Z ;TE . The free-stream
energy spectra exhibited in both runs was that of normal
turbulence. The spectra were taken in the region just prior

to acceleration and are presented in Filg. B81.7.

F.5 Effect of Pressure Gradient

Strong pressure gradients can effect the experimental
veloclty traverses in several ways. Streamline curvature can
(1) cause a probe error due to the angle of the flow to the
probe, and (2) result in a significant static pressure gra-
dient normal to the flow streamlines,. so that wall measure-
ments of static pressure at a fixed y-position are not suf-
ficient descriptors of the static pressure at the probe.

With porous plates, there exists the additional problem in

a favorable pressure gradient of a "natural" transpiration
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"into the upstream side of the plate (sucking) and out the
downstream side (blowing), caused by the axial p}essure
gradient in the free-stream flow. The reversal of transpira-
tion in a given plate occurs when forced transpiration is not
present; with forced transpiration, the effect of the pres-
sure gradient is to induce non-uniformity within the plate.

Streamline curvature effects were examined by testing
the magnitude of the static pressure gradient normal to the
wall. Five wall static taps (0.032 inch diameter sharp-
edged holes), were drilled at distances from the wall of

0.75, 1.0, 1.5, 2.0, and 2.5 inches, at two stations in the
region of the strongest pressure gradient. Static pressure
readings were taken at an acceleration of K = 2.5 X 10'6.

At the first station, where -g—}% = -2.28 (1b,/ft?)/ft, the
velocity varied -0.2% up to 1.5 inches and -0.7% up to 2.5
inches, both normalized by the velocity at 0.75 inches. At
the second station, where %}% = -4.45(1b,/Ft7) /2t the
measurements were essentially identical to those at the first
station. The boundary layer thicknesses under these condi-
tions were about 1.25 inch and 1.0 inch, respectively, at
the two stations. By virtue of these results, streamline
curvature effects were considered negligible within the
boundary layer.

While the pressure-gradient-induced transpiration is
~undesirable in tests where no transpiration is desired, 1t
is a desirable feature in the blowing tests conducted in this
study. The usual objective was to achleve a boundary layer
with a constant ratio of p_V /p U, (5 F). Since T, in-
creases in the x-direction in the accelerated region, it 1s
desirable if, within a given plate, the local transpiration
has the same trend. A parametric study of the expected
transpiration behavior at various values of K and F was
conducted prior to the start of the study. The behavior of
the apparatus in this rega}d can be modeled by assuming that

a potential flow model describes the main stream flow, that
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the transpiration flow 1s governed by laminar mechanisms in
the porous plates, and that the static pressure in the cavity
beneath the plate is uniform, The first two assumptions were
substantiated by simple tests. At the high blowing rate,
about 13 CFM, the pressure drop across a plate is approxi-
mately 12 inches of water. It was decided to limit the de-
viation from the desired vaiue of the induced transpiration
to F = +0.0003, a value for which the effects of transpira-
tion on heat transfer are known to be insignificant in con-
stant velocity boundary layers, With this criteria in mind,
a maximum limit of K = 2.5 x 10-6 was set for strong ac-
celeragtions with no transpiration. It 1s possible, with
blowing, to go to considerably higher values of X and still
gsatisfy the criteria on F . The expected distribution of
transpiration for the conditions of thils study are presented
in Fig. S1.8.

F.6 Roughness

The roughness criteria was one of-the features of
the porous plate taken into consideration in the initial
design of the apparatus. The maximum RMS roughness, 0,0002
inch, is well within the laminar sublayer for the experiments
discussed in this thesis. While the boundary layer itself
becomes thinner in strong accelerations, it 1s also true that
the relative thickness of the laminar sublayer markedly in-
creases. Near the end of the acceleration region, at
K=2.5x 10'6, with no transpiration, the sublayer thickness
is about 0.008 inches.. The maximum velocity in the test
section was on the order of 80 fps. A study specifically
directed at the effect ?f surface roughness in this apparatus
on skin friction in a turbulent boundary layer, with constant
free-stream velocity is reported by Thielbahr, et al. [6].
The conclusions were that, for velocities up to 86 fps, the
experimental data shows no effect of plate roughness. The
conditions encountered in the present study meet this criteria.
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G. Data Reduction

The method of data reduction relies on a mathematical
model of the test apparatus which links the raw experimental
data to appropriate representations of the results. The
measurement techniques are standard, so the poilnt of interest
becomes the interpretation of the measured quantities. The
purpose of this section is to clearly explain the assumptions
which were made in reducing the raw data to the form of the
results presented in this thesis.

G.1 Surface Heat Transfer

The surface heat flux, qo” , is presented in the

form of Stanton number,

» 1]
q
St = —2— (S1.10)
pooUools,o
where i is the stagnation enthalpy referenced to free-

stream enthalpy. The determination of the surface heat flux

has been discussed in section F.l, Equation (81.1) is re-
arranged to compute the term HTRANS, which is the heat flux,
qo" . In an attempt to reduce experimental scatter in the
Stanton number for the blowing runs, the transpiration
energy balance results were incorporated into the computations
in the following manner. A non-zero value cf HTFRAC (Eqn.
S1.4) in the transpiration energy balances reflects an error
in one of the terms, ENDEN, ECONV, or LOSSES. Because the
measurements associated with the transpiration itself are
most subject to uncertainty, the error was wholly attributed,
arbitrarily, to the term ECONV. The transpiration energy
balance results give HTFRAC at certain values of mn" over
the full range of transpiration in the apparatus. Knowing
m" for a given plate, and assuming a linear variation
between measured energy balance points, the value of HTFRAC

can be determined, HTFRAC is thus dependent both on the
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plate and mass flux. Note that Egn. (81.4) can be written

HTFRAC = HTRANS/ENNET

where

ENNET = ENDEN - LOSSES
HTRANS = ENNET - ECONV .

In boundary layer measurements, ENNETEECONV, whereés in the
energy balances ENNET=ECONV. The correction to HTRANS in
boundary layer measurements due to the measured energy un-
balance can be expressed, approximately, by

HTRANS, = = HTRANS 4 - (HTFRAC) (ECONV) .

Since 'St«<HTRANS, the correct Stanton number is formed by
writing

Stnew = Stold : HTRANSneW/HTRANsold

or

St = St

new o1g L1 - (ETFRAC ) (ECONV) /HTRANS ; 4]

The Stanton number calculations in all the blowing runs were
handled in this manner. '~ The final results show less scatter
than would exist if the transpiration energy balance results
were not utilized. ‘

In the test channel, the free-stream gas temperature
and total pressure are recorded 6-inches downstream of the
trip, while side-wall static pressure measurements are read
every 2-inches down the channel, Assuming constant free-
stream total pressure, the free-stream velocity is obtained
from Bernoulli's equation for incompressible flow. The free-
stream stagnation enthalpy 1s also assumed constant through-
out the channel. Both these assumptions were shown to be
valid in the qualification tests. The energy equation is
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integrated to obtain the enthalpy thickness at the center of
each plate, assuming a starting value at the first plate.
Subsequently, the enthalpy thickness at x = 14 inches,
obtained from profile data, is-used to establish the starting
condition,

No adjustment to the measured plate Stanton number is
applied to correct for variable property effects, since the
usual correction may not be applicable to flows with blowing
or strong acceleration. The surface heat transfer data is
presented as a function of enthalpy thickness Reynolds number,
because thils dimensionless ratio has proven to be a useful
and valid local descriptor of the heat transfer phenomena
even with variable wall conditions (both transpiration and
temperature) in a constant velocity turbulent boundary layer
[44]. While this is not the case in strong acceleration, no
better correlating variable has been observed,

G.2- Profile Data

Profile measurements of temperature; velocity, and
streamwise velocify fluctuations were taken in the Jjoint
investigation represented by this thesis and that of Loyd
[23]. A complete discussion of the hydrodynamic profilke
data is presented by Loyd. .

The thermocouple probe measures a temperature somewhere

between the static and stagnation temperatures of the flow,

" g8ince. the velocities in this study are low, the magnitude

of the difference between the two temperatures is, at the
most, 0.5 F. It has been assumed that the thermocouple probe
measures the adiabatic wall temperature; the recovery factor,.
an unknown function of the probe geometry and £low conditions,
is taken to be given by the expression, I, = Prl/3. Con-
sequently, the static temperature 1s computed by the equation;,,

o - r, U/2gd . (S1.1L)

probe
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No other corrections were applied to the measured thermo-
couple readings. The effect of errors due to an incorrect
interpretation of the thermocouple reading or to thermocouple
position are considered in the uncertainty analysis. The
enthalpy thickness at each profile station is determined by
Eqn. (S1.6),
U is
Ay (x) = Eiﬁ; T, ay

o

All the hydrodynamic data were obtalned under isothermal
conditions by Loyd [23]. Since this data is required in the
calculation of .enthalpy and momentum thickness for the case
of a heated wall, the form in which it should be combined
with the temperature profile data must be considered.
Thielbahr et al., [6] investigated, both experimentally and
numerically by means of a computer solution of a boundary
‘layer model, the possibility that one of the following
quantities would be preserved: 1) U/U, . 2) pU/p,U, » or

3) Zﬁgzg__ ., He found that, under similar free-stream con-
dyn, e

ditions, the minimum error in the integral parameters cal-
culated by mixing isothermal and non-isothermal data was
achieved by éssuming the preservation of.. U/U, . The dif-
ferences were less than 1 percent when 0.95 < TW(OR)/TB(OR) <
1.05 . The same practice has been followed in this study.

The temberature profile data are presénted both in inner

-+

region coordinates, T and - y+ , and outer region coordi-

nates, T and y/ﬁH .

G.3 Compuber Programs

The data reduction has been accomplished entirely
on an IBM 360-67 computer., The programs were written in
Fortran IV. Extensive use has been made of computer plotting
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routines where possible. The listings of the three basic
programs used in the reduction procedure gre included in
Supplement 3. In brief, the programs are:

STANTON - reads raw heat transfer run data in order to
compute surface heat transfer results and as-
soclgted uncertainty analysis.

PROFILE - reads raw temperature profile dats, and cal-
culated velocity profile results, in order to
compute temperature profile information and
integral parameters,'plus the associlated un-

certainties.

ENERGY - reads final temperature integral results, and
surface heat {ransfer results, in order to re-
calculate the plate enthalpy thickness from the
energy equation, and tc determine the boundary

layer energy balance at each profile.

G.4 Uncertainty Analysis

Errors in measured variables, such as temperature
or pressure, can be accidental, fixed, or simple mistakes.
The uvncertainty in the measurement is related to the possible
value the error might have in a given measurement. 1In single-
sample experiments, it is not possible to make a straight-
forward calculation of statistical measurements of error,
such as the standard deviation. Instead, the method of
Kline and McClintock [29] has been utilized to determine the
uncertainty in the calculated results based on estimated un-
-certainties in the primary measurements. The base uncer-
tainties in the primary measurements have been chosen, fol-
lowing [29], to be the range within which the mean value of
the measurement probably lies, given 20:1 odds. For example,
by experience 1t is estimated that the uncertainty interval
associlated with the measured'gas temperature is 0.25 F.
This statement says that the odds are 20:1 that the true

value of the gas temperature is the recorded value, within
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plus or minus 0.25 F. Consequently, the uncertainty inter-
vals which have been selected for the primary measurements’
are based on experience and the confidence that, at 20:1
odds, the true value lies within the stated range. The
intervals used throughout this study are tabulated in Table
VI.

In general the reported Stanton number is certain to at
least +0.00010 Stanton units. The enthalpy thickness Reynolds
numbers calculated from the profiles and from integration of
the energy equation are, respectively, on the order of i§
percent and +3 percent uncertain. Selected samples of the
uncertainty results are presented in Table VII, It should
be noted that the results of the transpiration energy balances
have not been incorporated into the reported uncertainties
in Stanton number. To show the relation of the energy bal-
ances to the measurements, modified heat transfer results
are presented, based on the convenient premise that the
energy balance results associated with a given transpiration
rate are completely certain and can be used to adjust the
measured Stanton numbers,

H. Test Procedure

By combining the continuity equation and the definition
of the acceleration parameter, K , one obtains

-v__dh
dx
Voo, 1M1

K = (s1.12)

where the subscript, 1, denotes conditions at the start of
acceleration, To achleve a constant value of K and to
obtain as long an accelerated region as possible, it 1s ap-
parent from Egn. (Sl.lQ) that the slope of the top must be
constant and the inlet velocity low. Shakedown experiments
determined that 23 fps was the lowest inlet velocity, U&,l
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HTT

TABLE V1. PRIME UNCERTAINTY

VARTABLE VALUE ASSIGNED
SURFACE HEAT TRANSFER
DDELP 0.0020
DXX 0.016
oG MP 2,000
DTEMPA 0.250
DTEMPP 0.150
DPAMB 10.00
DHUP 1.0
DPSTLO 0.8000
DPOTHI 044000
DP5LO 0. 8000
DPSHI 0.4000
DSTMIN 34,0005
DSMIN €. 0005
DITMAX 0,0030
D5 MAX 0.0030
DQRADP 25.0
DRIND 0.25
DENZRP 25.0

TEMPERATURE PROFILES

DTEMPA €.250
DPRTMP 04400
DPAMB 10.00
pHup 1.0

DELY 0.0015

INTYERVALS USED (ESTIMATED AT 20:1 0DDS)

VARIABLE MEANING

MANOMETER READING

STATIC TAP LOCATIONS

ROTOMETER READING

GAS TEMPERATURE

GAS TEMPERATURE

AMBIENT PRESSURE

ABSOLUTE VISCOSITY

TRANSDUCER CAL IBRAT ION~PM9T,FOR £<.05 IN.-HZD
TRANSDUCER CALIBRATION-PM97,FOR P>, 05 IN.-H20
TRANSDUCER CALTIBRATION-PM5,FOR P<l.0 IN.-H20
TRANSDUCER CALIBRATION-PMS5,FOR P>1.0 TN.-H20
MINIMUM PM97 UNCER., DUE TO ZERD SHIFT

MINIMUM PM5 UNCER. DUE TO ZEROQ SHIFT

MAXIMUM PM9T UNCER. DUE YO CALIBRATION CHECK
MAXIMUM PMS UNCER. DUE TO CALIBRATION CHECK
RAGIATION ENERGY TRANSFER

INDICATED WATTMETER READING

STARTING ENTHALPY THICKNESS ESTIMATE

TEMPERATURE .
PROBE TEMPERATURE NEAR WALLUFIRST 15 POINTS
AMBIENT PRESSURE

ABSOLUTE VISCOSITY

PROBE POSITION REL. TO WALL

UNITS

IN.~H2D
INCHES

4

DEG. F.
DEG. F.
LBF/FTZ

E
z
z
4
p 4

IN.-H20
IN.~H20
TN.-H20
IN.—-H20
k4
WATTS

DEG. F.
DEG. F.
LBF/ET2

Z
INCHES



Run
091069-1
K=1.99 x
¥F =0.,0
070869 1

= 2,55 x
F = 0,0
072769 1

=25OX
P = 0,002
083069-1
K = 2,60 x
F = 0,004
092469-1
K=2,8 x
P =0,0
101769-1
K= 2,5 x
¥F =0.,0
111669-1
K=20.,0
T =0.0

SELECTED SAMPLES OF EXPERIMENTAL
UNCERTAINTY CALCULATIONS

10-6
100
10-6

10-6

Plate

n

6
10
15

N
6
10

15

i
6
10

15

n
6
10

15

N
12
15
19

Y

6
10
15

i
10
16
20

TABLE VII

x (in,

14
20
38
58

1k
op
38
58

14
20
38
58

14
22

38
58

14
5
5

T4

14
oD

38
58

il
38
" 62
86

)
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Stx10° AStx10° Re

287
olhg
176
184

290
29
157
191

219
181

139
114

151
119
104

68

289
233
210
134

286
255
150
198

297
236
218
210

. e
A=~ W WO ~10o0o Uvwmooto W=~ wHI-

H

726
1054
1781
3352

631
886
1433
2701

84l
1234
2269
4521

1078
1599

2959
6248

621
1557
1866
2368

579
846
1411
2864

620
1370
2023
2623

ARe

21
26

37
63

15
18
26
b5

21
o7
I
gl
o7
35

52
101

16
30
35
43

18
21

- 29

51

13
2L
33
Lo
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for which-a turbulent boundary layer could be obtained at
the start‘pf the test section, i.e., plates 1 or 2, The in-
let hqighf of the test channel, hy , is 6 inches. Conse-
quently, dh/dx’ is uniquely determined for a selected K ,
At K= 2.5x 10'6 about five plates, exfending over 20
inches, were within the region of constant dh/dx . For most
test runs, the acceleration started 18-inches from the be-
ginning of the test channél. TIn tests 092469 and 100269,
where a thick boundary layer was desired at the start of the
accelerated region, the first bend in the top-was located
53-inches from the beginning of the test channel,

In a complete test run, the experimental data consisted
of surface heat transfer measurements and profile traverses
with a pitot probe, hot-wire, and thermocouple probe. The
configuration of the test duct and the profile locations are
illustrated in Fig. S81.9. The hydrodynamic data, both pitot
probe.and hot-wire, was taken under nearly isothermal con-
ditions iﬁ'the.tést channel, usually on separate days. To
obtain the surface heat transfer data and the temperature
profilés, care was taken to ensure that the apparatus had
been operating at a steady state condifion for at.légg% an
hour prior £o testing. The thermocouple probe was referenced
to the free-stream temperature. If the free-stream tempera-
ture changed more than 1 F during & profile, the data was
_discarded., ‘Several tests with this referencing scheme
showed that, for variations up to I ¥, the caleculated enthalpy
thicknesé wae virtually unchanged. Surface heat transfer
runs were conducted both before and after the' temperature
profiles were obtained, in order to confirm the achievement
of steady state conditions. ' ‘

Free-stream veloclty and transpiration rate measurements
were taken in conjunction with both the hydrodynamic and
thermal tests.
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Fig. 51.1 Photograph of the test section entry region, showing
the 4:1 contraction and approximately 15 of the 24 |
test plates.

Pig, 81.2 Closeup of plate surface (1 mm squares).
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Fle. 81,3 Cross-section view of a typical compartment.
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All runs except.092469 and 100269

Profile
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6 19 74,58 o

Fig. S1.9 Test duct configurations and profile locations
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SUPPLEMENT 2
TABULATTON OF EXPERIMENTATL, DATA

A. Organization of Tables and Figures

General

The tabulation of experimental data consiste of surface
heat transfer data, temperature - and veloéity profiles, and
plots. Each experiment, defined as a specified set of
initial and boundary conditions, usually includes several
surface heat transfer runs (repeated under the same condi-
tions) and one set of profiles. The velocity profile data
is taken from the work of Loyd [23]. The Stanton number

quoted for each profile was obtalned by interpolating'f}om
" a smoothed curve of the Stéhton number results. Note that
selected profile information is included in the tabulation
of the first surface heat transfer run., It should be noted
that a constant surface temperature was maintained in all
the experiments.
A1l of the data for a given experiment are presgented
together, The arrangement of the experiments is discussed
below. For each experiment, the following format is used:

& gurface heat transfer data
e  Summary of profile results

* ‘Profile data

¢ Flots:
T-i- - Y+
T - ¥/%q
C4 )
Q, - Y/SM

The non-dimensional local heat flux, Qf s Was computed
in connection with the calculation of turbulent Prandtl
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number, Each plot 1is not presented for each experiment,
though the first three are shown for all but two cases.
Careful comparison of the tabulated velocity profile
data to that of ILoyd [23] will reveal that the data tabulated
here are interpolated from Loyd's results for the y-positions
at which the temperature data was taken. The procedure fol-
lowed was to assume that U(y)/Um), is similar in
x=const
both the isothermal conditions of the hydrodynamic tests and
the non-isothermal state in the heat transfer tésts, The
validity of this assumption is discussed in Supplement 1.
One result of the temperature difference across the boundary
layer is to slightly alter the momentum thickness Reynolds
number, ReM » compared to its isothermal value. In referring
to the thesis of Loyd, a velocity run number listed here as,
for example, Run 71669-1 will be listed there as Run 71669,

Nomenclature of Tables

AMB ambient

BARO PRES barometric pressure, in, Hg.

BASE . refers to cast substructure of test
apparatus _

COVER refers. to reflecting cover, facing test

surface, in the rectangular channel

CF2 or CF/2 Cg/2

DEIH or THERMAL B.IL. THICKNESS ‘ BH, in,
DELM or HYDRO B.L, THICKNESS Oy in,
DELTA2 or ENTHALPY THICKUNESS A2, in,

F . n"/(pU,)

GAS refers to free-stream condition
K I—‘;;g%ﬁ
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http:refers.to

PL

REH or ENTHALPY RE.

REL HUM

REM or MOMENTUM RE.

ST

© TBAR

TEMP

TGAS or TINF

THETA or MOMENTUM THICKNESS

0
TPLUS

U/UINF
UPLUS
VEL or UINF

X

Y/DELM

YPLUS

plate numﬁer

heat flux ratio
(= qv/(pmumiS’OSt))

UL
Rey = —

2

relative humidity

U8
M v

temperature, OF

T

o’

8 , in.

free-stream temperature,

TO s wWall temperature,oF

T+ _ T UT
T S8t U,
U'/Uco
+
U = U/UT
Uu. ., fps

x-distance
plate, in.

y-distance

¥/ By

YUq
v
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Symbols and Abbreviations

Stanton runs:

Profiles:

Titles:

Order Symbol
-1 i
-2 X
-3 A

See Fig. S1.9 for explanation, A symbol code

is also shown on each plot.

The run number consists of the date and the order

of the run. The acceleration parameter, K , and

the blowing fraction, F , are given for each

run.

The letters following this information

are one of four sets:

NE - near-equilibrium. The experimental condi-

IC

tions are such that the momentum thickness
SV at the start of
acceleragtion 1is as close as possible to

Reynelds number, R

the asymptotic value associated with the
given K . The thermal and momentum layers
are approximately of equal thickness, i.e.,
EH/BM =~ 1 ., See Chapters 1 and 2 for
further details.

initial condition. The initial conditions
at the start of acceleration were varied,

meaning either that ReM is far away from
the asymptotic value, or that ©n/8) #1 .,

BC -~ boundary condition. The boundary conditions

were varied to examine a particular effect.
The effects studies were a high free-stream
turbulence level, and step-changes in blow-
ing within the acceleration region.

FP - flat plate boundary layer

130



Purpose of Experiments

NE:

The near-equilibrium test series was conducted to examine
the effect of acceleration, combined with blowing, on heat
transfer in the turbulent boundary layer. The experiments
in this series were:

Date K x 106 F
091069 1.99 0.0
070869 2.55 0.0
072769 2.50 0,002
083069 2.60 0,004

1C:

These tests were all conducted at nominal values of
K=2.5x100 and F =0 . For Run 071569, the first
three plates in the test apparatus were unheated, with the
same hydrodynamic conditions as Run 070869, so that
BH/EM < 1 . In Run 092469, the momentum thickness Reynolds
number entering the reglon of acceleration is considersbly
higher than the asymptoﬁic value. In Run 100269, the first
ten plates were ﬁnheated, with the same hydrodynamic condi-
tions as Run 092469, resulting in SH/BM <1.

BC:

This test series was conducted.at a nominal value of
K=2.bx 10“6 . The free-stream turbulence level was in-
creased, by means of a crossed-rod grid, in Run 101769 in
order to study the effect- of the increased furbulence level,

. In Run 102469, the blowing fraction, F , was stepped
from O +to 0,00% in the center of the acceleration region,
while in Run 111369 F was stepped from 0,004 to 0 at
the same locaition.

FP:
The flat plate turbulent boundary layer experiment was
conducted in order to validate the performance of the apparatus.
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B. Datsa

The experimental data is tabulated in the following
order:

6

Date KXlO_‘ F Designation
091069 1.99 0.0 NE
070869 2,55 0.0 \ NE
072769 2,50 0.002 NE
083069 2,60 0.00k NE
071569 2.55 0.0 c
092469 2,50 0.0 1C
100269 2,50 0.0 1c
101769 2.56 0.0 BC
102469 2.50 0.0 BC
111369 2,50 0.0 BC
111669 0.0 0.0 FP

Following these data, a table of some ratios formed
from the boundary layer integral parameters is presented.
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6 20,81 32,20 Q.l6k€=05 0.0000 98,6 T4.0 00431 0.82G
? d4.66 36.5C  £.203E-C5 CuOCO0 96,5 T4,0 0,560 D0.595
§ 29.01 42.10 Qul96E-05 €.5Q50 Fled TTO Su51] CuSul
9 3155 5C.1C  0.203E-85 C.0000 94,5 Ta.7 0.412 0,516
1€ 37,46 €2,20 0.206E=CE C.COCO  $£42 Tdseb Q2331 Duitk)
X . REH 5T (133 CF2  DELTAZ InEdA
4 1381 118, 0.00285  ICIE. €,00231 0-045% C.0Tl4
& 2L.81 £00&. 0.00Z4n  10c4. 0.00254 0.0633 £,06b7
1 154 ©.0C20d 542, 0254 0.0838 0.0518
B 1207, 0.00197 804, Cz34 0,061T 0.0319
5 1479, C.00LED  ThT. 0.00254 G.3538 €.0291
v Lo 1655, 0.00176 477, C.DC2L4 0,0530 0,0210
RUN C51C66=8  Kel.GOK10=h  F=0.0 hE HUN 091045~1  Kml.S6XL0=6  F=0.0 KL
TEHP, RLA  VEL. RUN  PLATE X st /2 vEnF fbAS T F TEXP. RUN YEL. FUN  PLATE & 51 CFr2 uInF TOAS
gL0co~y  S0766=1 & 1Bt 0.CC286  0.00231  29.5 T4.0 98,7 0.0000 910E5-1  G0ThE=L 5 21,81  0a€0246  0.008w4 32,2 Thel
THERMAL HYDRES ERHALPY KEMENTUH ENTHALPY HOMEUTUH HO. CATA THERN AL HYDAG, ENTRALPY PCPENTLE ENTHALPY HEMENTUN Hos UATA
silabs THEL  Bsls THK, THK. THKs RE. kE. PLINKS LY Babs THK. Buls THK. . HE» nk. AE. PUIKTS
0,546 0,0494 0.0714 8. [T 24 0.126E-08 at30 04631 040533 0.06417 10064 [Urre 23
¥PLUS  TPLLS  LFLLS ¥ TBAR U/LINF YLK YPLLY  TALLS  UPLLS Y AR UfLINE  f4bELs
0.0 0.0 0.00C0 0.000 0.00C 0,064 ¢l 0.¢ 24000 0.000 0.06¢
1.7 2.2 0.0025 0.08% 0.0C4 2.0 1.§ 2.0025 0,142 0,004
2.4 3.0 00635 [t 0.0¢6 2.8 2.7 0.0035 Oul8d 006
3.1 3. 0.00%h 0.152 o0.0ce 36 3.4 0.0045 0.221 8,667
.8 a1 Co005Y 0,184 0.009 iud 4.2 0.6C55 2, 24k 0,609
5.3 5.0 00675 0.254 . 613 5.5 5.1 9.0075 0,240 0,012
% 5.0 0.0005 0,307 0,016 ) 8.5 0.0095 04364 00015
Bal 4ot 0.Clle 0,358 0.019 9.2 8.1 0.CLLS 0.374 0,018
9ud 701 2.013% 0,401 0,023 b 9.3 0.0145 Gohde 2022
1.5 2.0 0,0Lb5 e 0.628 1440 1044 0.6175 0,433 0,028
3.6 8.7 €.C155 0.497 0.033 18,0 LLe& 0.0225 0.524 0. €3¢
16.5 9.3 0.0235 0,535 0.033 22,0 12.4 040275 04360 0,Cé4
20.¢ 10.0 ¢.0205 0.570 0,448 26,1 12.% 0.0225 0.504 0,052
23 ek 1Q.8 CeQ335 Ca5%4 0. 058 041 13.2 037> Datrds Da G359
3.5 e 0.0435 0,631 €.0T3 4.1 13.6 0.0425 0.644 0,067
3Tk 1.8 0.0535 1655 0.090 #2.2 [Ty C.0%525 0,477 0. 043
s 121 0.CE3% 0,672 0.7 54,2 [0t 0.0674 0,118 0.1C7
55,2 12.7 0.0T85 0,694 0,132 bhok 4.t 0.0E25 026 0,101
£2.2 13.2 0.C585 0.7L4 0.14b 86,5 15,2 €107 0eT02 0.17¢
90.5 13.8 0.1285 0. 744 0. Zit 106.7 15,7 0,1325 0,790 0.210
1E5. 1 14,3 041635 0,775 0.273 il 16,3 col2zh ©40140 0,289
150,58 14.§ 2135 0. 61% 0,358 1876 16.¢ 0.2325 0. 36! 0 385
185.8 1504 0.2635 0,248 0. 443 220.0 17.4 0.20625 ¢.099 DaiB
28,8 16.¢ 2385 04833 0,548 88,1 18, 0.3515 0.922 0.567
209 .4 1645 Geh28% G4 542 0?34 36947 197 Cattd Tl Ted55 O Tin
38044 16,9 0.5385 0.977 0,584 450.8 19.3 0.5575 0,950 0. bb4
451t 17.0 €. 6385 0.565% 1.072 53L.8 19,6 046575 Ge 554 1.042
52L.7 17,0 847265 0,598 1.240 sl2.8 1.7 0.1515 1.006 1,261

W F
Fh.0 0.0000

L3
G L6BE-05

¢-690160

T~-690160 SNNH

0T X 656 T=X

L

0°0

IN


http:0.060.ll
http:140.006.01030.04

#ET

TEHP. RUN  VELs RUN
F10ES=1 90769=1

THERKFAL HYDRCs

Osks THE,  2.L, ThK.

C+£55 0580
YPLLS
0.0

242
Je2

TEHP. HUN  ¥ELs RUM
91069-1 90T49=1

THERFAL HYDRU.

Bel. THKs Hels ThK.
£61 0511

YPLUS

RUN 091069~L Kel GeX10-8 Fa0.0 HE
PLATE X 5T CF/2 UEKF
1 25.B6 0.00218 0.00254 3.5
EHTHALPY  MCHENTLM ENTHALPY HCHLNTu¥
ThK » THK . RE. RE.
C.CE3B Q.0518 Llo4s 9482,
TPLLS LPLLS ¥ TBAR UfLINF
Cul c.aco 0.000 0.000
2.1 0.0C25 Qela2
3.2 ¢.0035 0+ 187
4l 0.0045 9,221
£ 0.0C055 0,247
8.8 00,0675 0.301
Ba4 €40L95 Q. 35¢C
10.1 0.0125 Cadls
1la4 Q0150 04451
12.%5 0.015% 0.510
3.4 €.0235 0,545
12,9 C.0275 Qe5T8
la.4 0.0225 0s5610
14,5 0.0385 0.438
15.2 C.0445 .62
5t 040545 0,650
t6.0 00695 Q.78
1.4 C.0945 04158
1647 D115 PRl
17.2 Q. 1495 Q.428
7.7 £.2155 C. 8al
18.1 ¢.2895 0.947
18. ¢ 0a3445 0.923
19.2 Ladi44s 04558
1946 0,5445 0,983
Lg.8 0.5645 0.997
1980 LY EL) 1.00¢
RUN €Y10&5=1 Kml.55X10=b Fe0.0 NE
PLATE X 51 CF/2 UINF
L 29.EL  0.00197 0.00254 42,1
ERTHALPY FCHEATLH ERTHALPY HCHENTUK
THK» THK RE. Kk«
0.8617 ¢.037% 247, uo4,
TPLUS uPLLE Y ToAR L/LLhE
Q.0 £.0Q00 0,000 0.C00
3.9 0,025 0. 158 Qul2d
et 9.0035 Gal8% Ca174
Se 0e0C45 Q225 0a224
ha2 0.GC5% 0. 249 0.273
7.0 00065 0.241 0.243
€e3 C.00as Qe 432 Q.416
9o 00105 0. 315 Coatd
104 0.0125 Coh 14 Q.543
1l.1 Ca0145 0. 446 C.591
1243 <0175 Qs k50 C.b43
13.2 0.0205 Qe b2t 0.5645
l4.1 C.CEND Qu 563 [
L5.1 0.0305 ©.601 0.758
159 CaGlas Dab30 0.775
16.8 QG465 0,665 C. 808
L7.5 0545 Qa8a7 0.626
lde3 0,0495 9,728 0,867
19.1 0.0895 0. 759 Qe kot
2940 241195 Qe TS 0,887
20.8 0. 1493 0. 824 0.902
21.7 Q.19%5 Q.880 Q524
2245 Ce 2455 Qeuy0 a4k
23.4 Ca3245 0. 925 0. 940
24,1 0.3995 Q954 C.9T7
244 8 Ca6995 0,982 0.98%9
25.2 05955 0.9565 0.597
25,2 0,4995 14000 0,999

FGAS
TaeC

hg. DaTa
PALNTS

Y/DELM

TGAS
Tiet

HUe UATA
PLINTS
28

YIDELH

0.Q00
0. 005
G GCT
0.009
C.GLL
0.C13
0,017
B.021

o 4 TEXF. FUN VEL. RUN
b5 0.0000 §18e5-1 50769-1

THER® AL EYCRG.

% 8ele IBK. Hobe ThRs
0.203€~05 Coflb G412
YPLLS

TO 3 TEFF, FUN  VELs RUN
96t C.0000 S1C£5m-1 $0709-1

THEF¥ AL HYCHO.
K Bul. FrK.  Bela TEK,
Qu1965-C5 £a443 04338

YFLLS

0.0

3.9

L]

6.5

Hu¥
1¢.¢C
1l46
14ats
LT.7
224 4%
21.]
353
41,0
5024
Eb.C
8l.6
£G4 45
136.0
175.1
k.9
274648
354,48
d)Jel
55045
TCe0
BE3e4

RUN 091069~3

PLATE X T CF 72 UINF
9 43.59  0.00185 Q.,00254 0.1
ENTHALPY  POHENTUN  SNTHALPY  HCHEWILK
FHE HK + . .
C.Ct28 0.0291 1473, T47.
TPLUS UFLLS Y Toak U/LINF
0.0 0.¢ € 0CCC 0.08C C.LCO
3.3 247 0.0625 0145 €130
3.9 A€ 0,0035 D147 Qeb42
4.l hed Q.0C045 Q.155 0.233
a7 5.9 Q,0055 0.180 C,265
5.0 Tt Q. 0085 0.214 Q4337
bt Bl CeQCYS5 Qe84 C.387
T.b 845 040065 0.204 [T
.9 1Ce ) 0. 0105 0.339 0.519
10,2 12,4 Q.C125 0. 295 Ca205
1.1 130 040145 Qule2h 0.634%
12.% 24,2 C.E175 0utle $a 087
L3.5 15,2 ¢.020% Owbld Qe 120
k4. 5 1.7 0. 0245 045491 0.763
15.4 1&a1 CoB2E5 C.587 0.136
1e,l 16.4 ¢.0325 Q.513 G+ EQ0
16.9 4.1 CaCT5 0a632 0.8ld
18 17.0 Ce0435 0. 6548 Q. 831
ta. 1 1244 Qa9515 0,606 0,945
9.1 17,8 048665 Qs 724 0,849
20.1 L1842 Co0885 ¢, 75% €090
26.9 1844 Q4LLL5 c.792 0,509
21.9 19.¢ Celhls 0. 828 0.527
2247 .2 0.17165 . 85h Qe 541
23.4 19.5 Q.226%5 0,840 04985
24,3 197 Ca21€5 Cu9LE 0,967
2542 20 0.3515 Ga3hl 0.541
24.C 20.2 Ca4819 Ce9dl 0.995
26.5 0.3 0.5515 9. 555 Ca599
2046 20.3 Cia3l5 L0008 L.CoO0
AUN D91069-1 Kw] 4595 16«6 FuG.C NE
PLATE x a1 CFr2 GIKF
10 ITenb 0400176 0.00&04 62,4
ENTHALPY  MCHEHTUM  EWTHALPY  MCPENTLY
ThK . THE » . .
C.CH30 0,0210 Lb55. 817,
TPLUS urLLy ¥ ThAR W/LINF
Cal €. 000 0.000 0.000
3.7 0.0¢25 04174 Q0,177
S.2 0.903% 0.185 0.247
.6 0.0¢45% Ce234 Q.318
dal 0.0C5% 0a215 0,28%
9T 0,0C65 0,311 04460
El.l €075 Q. 345 Cel0
3.1 0.0055 9.399 C,t2l
laal C.0ll5 04434 Gob75
15.2 C.0Y45 0.4489 C.72%
L5a4 0.0175 0.519 Q4T85
1645 Ge0215 0,500 QT34
17.0 0.,0265 Gun59 Cop20
BT a4 00325 0u640 [ L]
18.C Q.04256 Gob12 0.865
1643 C.052% 0.T02 QY83
laaT 00415 Ga138 Q.90
19.1 0.087% Q.T73 0.923
1944 00,1125 0.811 0.940
16,7 Qu1425 Qv Btk 0.555
1945 041775 €.875 .
2041 04227 0.90¢
2044 Ca2775 L
20.5 Q0,3%25 0.969
4741 2046 04525 0.942
27.5 204 0.5%25 1.00C Caud

Kml 39X L0 =5

Fug .0 ME

1GAS
3.7

KU. 0ATA
PULNTS
30
Y/DELK
Q.000

TGAS
3.8
hO. DATA

PUINTS
2b

Y/UELH

T 0
96.3 C.0G00

R
0,203E=05

™, F
96,2 0.0000

L3
Ce2068=Ch

¢-690T60

T-630T60 SNMY

g-0T X 66°T=

4

I

0°0

N



GEeT

0.005

0,001

40
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RN EEEE NN R

TododaFocddfadddddm b fa ot pndm:

U ERE NN RN

RN RN N TN NN
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He -

PROFILES

x{in.}

Symbol

13.81
21.81
25,86
29.81
33.59
37.46

& X 4+ o0

1.0¢4

10

¥/ By .
0fg4—FH%ﬁ+m+44+ﬂﬁk—4—kHﬂﬂ%N*qq+Hﬁ.

¢=690160

T~690160 SNNY

0T X 66°T=X

0°0=4

IN



9T

RUN 070869~1 K=2.55410-¢& =00 NE
DATE 70869 RUN NC. 1
AMB TEMP BASE TEMP GAS TEMP COVER TEMP BARC PRES
73440 83.58 72 .37 13,51 29,90
PL A VEL K REH ST REM CF2
F:4 L] 23.31 0.103E-06 336. 0.00348
3 10 23.27 =0.235E-08 462, 0.00311
4 13.81 23.30 0. 208 E-Q8 624, 0.00290 154. ©.00250
4 14 23.20 0.2C8E-00 631. 0.00290
5 18 23.87 Qe TTHE-CS €3,  0.00269
6 2l.81 25.00 0,205E-05 B895. 0.00248 Bl7. 0©.00255
] 22 25, 54 0. 205E-05 886. 0.00249
T &5.86 28.40 0.238E-05 950, 0.£0222 738. 0.,00260
7 26 28473 0.238E-05 10l2. 0.00223
€ Z5.81 33.CC 0,252E~05 1120, 0.CCLl98 665+ 0.002060
8 30 33.52 Q.252E-05 147, 0.00186
9 22.59 39.00 Qe 254E-05 1236. 0.00177 595. 0.00257
S 34 404 2% 0. 254E~05 1267, 0.C0L74
10 37.46 48.30C 0.253E=05 1245. Q.CC155 550, 0.,00248
1¢ 39 50.59 0.253€-05 1433, 0.00157
11 42 65,59 Ge L1OE-D5 1627. 0.00135
12 46 67422 -0.312E-07 1878. 0.00198
13 £0 67.15 G.134E~07 2l44. 0,00210
l4 54 67.32 0.,237E-07 2428, €.00163
i5 58 674417 0,143 E~07 2701. 0.00391
i6 2 £1.56 C.B882E-08 2931, 0.COLBE
17 6 47 .56 0.387E-08 320%. 0.00185
13 7¢ 67,71 0,350E-08 3449, 0.,00181
LS 14 6766 —0a173E-07 371%. 0.00178
20 18 67457 C+86CE-08 3957, ©.00173
21 82 6T468 0.729E-08 4164« 0,00171
22 6 67.72 0. 122E-08 4382, ©C.COL72
23 50 6T.68 ~0,T4TE~08 4670. 0.00168
RUN Q70869-2 K=2.55%1C=6 F=G.0 NE
DATE TOELG RUN NO. 2
AMB YEMP #ASE TEMP GAS TEMP COVER TEMP BARO PRES REL HUM
78.92 82.06 692,87 71460 29,90 Q.50
PL X VEL K REH 57 TG F
2 6 2326 0.l02E-06 336, 0.00342 97.4 0.0000
3 10 23.22 =0.233E-06 493. 0.00309 97.2 0.0000
4 14 23.15 0.207E=06 €24, 0.C0289 §7.2 0,0000
5 18 23,82 0.7T70E~-C6 166+ 0.00269 97.2 0.0000
& 22 25.48 04 204E=-05 862, 0.CC250 97.2 00,0000
T 26 28467 0.236E-06 1019, 0.00219 97«4 (0. 0C00
] ¢ 33.45 0.25LE~05 1145, 0©.00186 97.3 0.0000
9 34 4G.21 0.252€-05 126G, 0.60173 97.2 0.C000
10 38 50448 Qa2blE-O0 1437. D.00L56 97.3 C.0000
1l 42 65445 0. 109E-05 1629, ©0,00135 97.0 0.0000
12 46 67.07 =0.3L0E-Q7 1873, 0.0019¢ 96.7 0W0000
13 50 67.00 0.133%3E-07 2147. 0.,00211 Q.7 G.0000
14 g4 6Te18 0.235€-C7 2426, 0.00191 $6+6  0.0000
15 58 67.32 0.143E-07 26%4. 0,C0150 $6.,5 0.0000
L6 62 67.41 0.B77TE-08 2959, 0.00189 96.5 0.0000
17 &6 67,41 0.385E~C8B 3219, 0.00LB5 96.4 0.0000
L8 70 67.57 Ge344E-08 3456. 0.00181 Q6.5 0.0000
19 14 67.51 =0.172E~07 3716. 0.0Q0178 26,4 0.0000
20 78 €742 0.856E-C8 368, OQ.COL74 94.3 0.8C00
21 a2 67454 D.T24E-C8 4160. 0.00171 96.5 ©€.0000
22 €6 £7.58 0.122E-08 4395, 0.00172 9646 0.0000
23 90 6T+54 =—0.T43E-08 4651 0.00167 9644 G4 00CO

REL HUHM
0.56

TC

9946
99.4
S8.7
99.5
99.5
984 2
99,7
97.0
99. 7
95.2
99%. 6
95.3
9944
56.0
99.6
99,2
$B8e9
8.9
98.8
58.7
98.9
. T
9B.8
98.6
G8a 06
G6.7
98,8
58.%

F

0.00C0
0.0000
0. 000C
040000
0,0000
0,00C0
0.0000
0.,0000
0.000¢
0,0000
Q. 0000
0.C000
0.,0000
0.006G0
©.0000
0.0000
0. 0C00
0,0000
0.,9000
00,0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.,0000
0.¢000
0. 000C

PL

OWE g

-
[= T N -

RUN 071669-1

DATE 11669

RUN NO.

K=2 455X 10-6

1

F=0.0

NE

AHB TEMP QASE TEMP GAS TEMP COVER TEMP BAR0D PRES REL HUM
18.57 85.76 T4.18 15.35 29.91 .52
PL i VEL K REH 51 To F

2 é 23425 0+412E~07 333, 0.00250 101.7 0.0000
3 1C 23.33 0.138E~06 49C. 0.00313 10l.6 0.0000
4 14 23.18 0.129E~06 626, 0.€02%3 10l.8 10,0000
5 18 23,79 0.,85TE-06 T62. 0,00273 Lol.7 0.0000
[ 22 25433 0. L85E-05 892, 0.00252 10l.6 G.0000
7 26 28.71 0.251E-05 1012, 90.00223 101.9 0.0000
8 ¢ 33446 0.253E=-05 ll46. 0.00189 101.7 0.0000
9 34 40,37 0,256E-05 1285, 0,00177 101.&6 ©.0C00
10 38 50,57 0.254E~05 1428+ 0.00156 101.8 0.0000
il 42 65455 Csl10E~05 1606, 0.00135 101.7 0.0000
12z 46 67417 0.336E=-07 1824, 0.C01%98 10l.8 ©.0000
13 50 67.07 0.102E-07 2101, 0.,00212 101,88 0,0000
14 4 &7.22 0.220E-07 2378. 0,00194 101.7 0,0000
15 58 67.36 0,152E-07 26&7. 0.001%2 10l.4 0Q.0000
14 &2 57,46 0.910E-08 2940. 0.00191 101.2 0.0000
17 b6 67«52 0.531E-08 Alé4, 0.C0L86 1QL.5 0.0000
18 10 67.59 0.000E 0C 3404. 0.00181 101.46 0.C000
19 i4 67.59% 0.000E €0 3653, 0.00178 101.5 0,0000
20 18 £7.5% ¢.000E 00 3904, Q.C0!74 10l.4 0.0000
21 £2 67.59 0.000E 00 4114. 0.00171 101.5 0.0000
22 g€ 7459 C.000E 00 4372, 0.00172 10L.4 0.0000
23 90 6759 0.000€ 00 46C8. 0.00168 101.3 C.0CCO
SUMMARY UF PROFILE RESULTS
RUN 0708¢&9-1 K=2,55X1C=6 F=0.0 NE
X VEL K F T0 TINF DELM DELH
13.81 23.30 Ge208E-06 CaCCCO SE6.7 Tlel 0.540 0,566
21.81 25.00 0.Z05E-0b  C.0000 98.2 T0.6 0.574 0.628
2886 28.4C 0.238E-C5 C.00C0O 97.0 69+1 0.549 0.603
29.81 33.00 0.2526=C5 C.0000 F5.2 6742 04490 0.568
33,59 39.00 0.254E~05 0.0000 95.3 6747 04401 0,513
37446 48.3C 0.253E-05 0.0000 960 6843 04323 04443
X REk ST REM CF2 DELTAZ2 THETA
3.81 624« 0.0029C T54e 0.0G250 0,0536 0.06406
21.8L 895. 0.00248 817, 0.0025% 0.,0760 0G.0£35
25.86 $90,. 0.,00222 738, 0.00260 0.0689 0.0508
é9.81 1120« Q.0CLS8 665, L£.00260 0.0670 0.0390
33.59 1236, ©.00177 595. 0.00257 (¢.0622 0,0291
27446 1345, 0.00159 550, 0,00248 0,0545 0.0214

Z-6980.L0

q-0T X §§7Z=} T-699T/0 T-~6980L0 SNNY

0°0=4
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LET

TIE¥F. FUR
TGEELS-]

THEFF AL
Bael+ THKS
0.556

TEMFa FUN
1CEEs-1

THERNAL
Bsla TEKs
Catid

VEL. RUN
TLSES5-1

HYCRL,.

Balas THK,

0.540

TFLLS

YELa RUN
1ls69-1

HYDRO.

BoLs THK,

C.514
YALUS

)
K=2455%10=4

RUN Q7¢865-1 Fn0.0 NE
PLATE X 5T CFf2 UINF
4 L2.81  0,CC29C  0.00250 ZDW5
ENTHALPY  NMCMENTUM  ENTHALPY  HURENTUN
THK. HK REa RE.
0.0536 Q.0646 024 154
TPLLS LPLLE 4 TR usunr
0.0 0.0 0.0000 0.000 0.900
2l 1.5 0.0025 0,122 Q.C5
2.4 2al C.GC3b Q4143 0.10%
249 2.8 0045 Qa171 0.135
Jut 3.4 0.0055 24200 0,165
3.9 4eC 00005 De229 0,195
402 4.6 G.0LT5 8.267 Q.225
4t 54l C.00L5 04269 0.249
ETE a0 C40105 0320 0.28¢
el 6.7 Q.012% Q3o 0.334
7.0 Het 0.€155 Conlo C.av7
Tl 9.0 Q.0185 Qa4nl Dadtn
8¢5 10,46 0.0225 Q97 0.500
5.2 10.8 CeCI65 0,536 Q.5306
9t L. 0.040% [P%-T.L] Q.56%
10,2 11.9 0. L35, 0.54) 0.%95
10.T 1244 Ca040S ges2l 0.416
1.3 12.9 0.0485 005t 0,843
1.8 13,3 Ce0585 9.641 V00T
12.2 12.¢ C.0885 Q. 706 0. E48
12.7T 14,2 0.0835 0,735 a.709
1. L 14,% LR 0. T 0,727
13.5 5.0 0.1185 9. 1ul C. 749
14,0 15.4 C.La35 0.809 0.713
1404 15.% C.1€8% 0. 832 g.T94
I5.l 1648 0.2145 f.870 D.t43
Lv.s 17.3 CeloBS 0.900 Qa883
163 .l 0.3435 0.936 0,516
Loa T 5.9 Caa185 0r903 0994
17.2 1945 C. 5185 0:536 04986
17.3 19.2 C.i185 0.99¢ 0.958
LTs4 19.8 0.1185 1.000 1.000
HUN OTCHOS~1  Km2.55110-6 F=0,0 nE
BLATE H 5T CEr2 vlar
[ 21.dl  0,00248 0.00255 25.C
GNTHALPY  MUMLHTLH  EATHALPY  MUMENTLM
ThK s 1K . KEa .
<. 0200 0.0635 uvs, ult.
TPLUS  UPLLS ¥ TUAR UsYINF
C.0 GeC 00280 0.000 Q. 000
2.0 1.8 0.0025 0. LU 0. {dk
244 2.3 0.0035 0.12% 94118
Z.9 3.1 0.0C44 0:145 C.148
2.3 3.0 0.Q055 Qsl0% Q. 177
3.4 G443 QaC065 Q.19 0.210
#ed 5e0 0.CCT5 0.222 04242
Sel 4.0 0,00%% 0.260 €.293
EN 1.l C.Obls 0,300 0.346
6.9 b7 0.0 145 0.352 G, h22
8.0 Yol 0.0175 G404 €471
Bs? 10.7 €.0205 Qadhs 0.520
9.6 11 .8 Ca024b 0 448 0,568
10.3 12.2 0.0285 ©.523 04601
¢, 13.C €.01235 0,555 0.8
11.8 3.4 Q40295 Qs 5%% Qs 663
12.2 13.9 040445 Qubl3 0.630
12.3 the4 C.C545 0,650 6,707
13.3 1404 0,064 0.6T2 ¢.128
13.9 15.2 CaC795 0.703 0.749
L4e4 [ €, 0995 6-T26 0,787
15.1 16.1 C.129% 0,763 04195
15.8 lo.& Qelsas O 19T 0. 419
16,6 17,2 042145 0,33 04548
I7.2 1.6 0.264% O .Hb5 o.876
16.0 la.2 0,3354 0,903 Q.912
1848 19.1 Veé 145 01934 Oa 944
19,13 L9.7 045145 0,968 0,576
19.4 20.14 0.é145 0. 989 0,994
20.0 0.2 DaTLib 0.993 04655
20.& 2Ce2 08145 1,000 1.000

TGAS
Tl

. DATA
PUINTS
22

Yrukld

TGas
8

Ny DATA
PUINTS
k]

Y/RELV

Ty
0.7

K
G, 2086=00

o F
b2 040000

3
0a2055=05

3
GeQOUG

TE¥F. RUM  VEL. RUN
He6s-1

108¢5-1

THERKAL
Bels ThK+
0.4603

TENF. FUN
TCEsml

THLRKFEL
Babe T:K-

kRYD2O.
Baky THEK,
Q. %49

YPLLS

VEL. Kun
TLoaS-1

hYORC.
Bals T
Ce 48!

YPLLS

RUN 0TCAL5-1 ko2 55010=6 F=0,0 NE
PLATE x ST CFs2 UIAF
T 25406 0.00223 0.00260 Wat
ENTHALPY HCHENTUN ENTHALRY HLBENTLN
THK. HE . Ee hE.
C.0&89 C.05CE 990, T8,
TPLLS uPLLS ¥ RLEL] WS ulkk
0.0 0.C Ce.GCCC . 0LC 0.000
1.9 1.8 C.0025 04084 9,040
2.1 2.5 L0025 04095 0.1l26
2+9 3.2 0.0C45 0.132 Qe e
3.5 “sC 040Q%% Qe G197
4aC 4ol C.0CEH 0.182 0.213
LT ] S48 0.0075 0.214 Ce 205
bl LX) 0.0095 Qedsh Ga222
&1 T.8 0.Q11s Q. 360 04354
7.5 & od 00143 0,330 Q.40
8.7 0.2 0a0lbd Qu3d? Deb08
Da¥ 1142 C. G155 0430 04559
10,4 12,4 0.6235 Quais5 0.020
Lhes 13.2 CuCZT 0.51% 0.659
12.7 13.8 9021285 Q.55 V.93
L3.6 14.5 00345 0.605 G725
1h, 2 1541 C,Q4355 0.629 0.753
1449 155 Q.0559 0. 443 $a 115
15.5 1548 0.065% Q.090 C,T91
le.l 1642 ¢.QE0% 0. 716 C.809
Losd 165 0.1CCH 0u Ti% N.d2o
17.5 16.8 a0, 1354 8,775 0,643
1841 17.1 €elECH Qs 798 Gatbd
1a.9 LT.6 G 2005 0.436 Q.3
19.9 1.2 0s2755 Crpd0 0915
21.0 1.1 842755 0. 527 Ca 952
21.9 194 D4 155 G.963 Q.14
S 2 a7 Cu5155 9. 94T .00
22.7 19.6 Cab155 0,959 Cu559
22.7 19+d 0.715% 1.000 1.940
RUN OTLHLO-L A2 H5X10=6 Fald.Q e
HLATE X 51 GFr2 VLhE
o 29461 0.00154 0.00260 4340
ENTHALP Y FUMERTUY EHTHALPY  MLHENTLN
ThR» N Rk RE.
Q:047C C.L39C 1120, ohh .
TPLLS UaLLS ¥ TBAK UfLINF
0.0 a.c o.CC0C0 04000
2.5 2.1 0.0025 G. 106
1.0 4.0 0,0035 Q. 144
3.2 2.8 CadCad €+190
4e0 Al G005¢ 0,237
T St C.008% 0,21
5.3 LTL CoCCTY 0.317
bk T8 Cu0095 04252
.7 qa2 CaGllh I LY
) 12.2 0,013 £.507
9.7 11.6 0.0Llb: 0.517
16.9 12.5 0.0195 0.623
11.9 1344 0.0225 Gattd
12.8 a0 0.025% 0.4956
L3.5 14 .5 C.cias C. 720
L4.% Ebel 040335 .74y
15.0 195 C.L385 04712
1642 16.2 CsCAES Q.400
173 1.8 0.0585 Q.82
7.4 las§ [ 13 04843
18.5 3831 Ca0835 93kso
15.3 17.5 Qalid% C.875
2040 LT.48 C.12E5 €.350
20.4 18.1 C.lE85 04509
21.8 104 Qe2L8%5 04927
22446 16.7 Qu2665 0,942
2342 19.0 Qu31b3 G557
23.4 1943 Q. 368% 0.571
2445 19-§ Q. 4435 04944
25l 19.7 Q.5185 0.993
25,3 16. € Cebl1B5 ¢.999
2544 1.2 01188 1.C00

TGAS
[ 7R}

KUs DATS
PAINTS
30

¥/0eLh
Qa L

iLAS
4142

NU. UAJA
PUlINTS
32

Y/UELK

Qa0
Q. 0CH
CaDLT
., 009
G.Cl1
0.013
[t

T

J E
9.0 G.0000

K
G.2:dE=05

Tu F
4bed 0.0p00

L3
0.252E=9%

2-6980/0
T-698040 SNNY

699TLC

-

=

g-0T X 56°¢

0°0=4
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8ET

ReM 07Ché5-1 K=2,85%10-6 F=(0,0
TEFF: FUN ¥EL. RUN  PLATE X 5T CFr2 UIhe
T08ES=1 T168%=1 < 355 044177 Q. 0O257 30
ThERHAL HYDRC, ERTHALPY  MCMENTUM  EATHALPY  HOCHENTUH
Bols THis Bule ThK. L = THK. Ea RE.
=513 Qa40L 0.0622 0.0291 1234, 555,

YoLus TPLLS LPCLE ¥ Toak U/uLNF

Q.0 L] €000 ¢.00Q 0.400

245 2ed Ca0025 0.092 0413

d.z 3. 0.0035 C.119 Ge 108

3T hald Q0045 Gulde 0,702

L 5.2 0.0C55 Qalu2 C.24%

5sT bal 0.0045 Q.20 0.294

(2] T.0 @,0075 Q4240 0e349

T.4 8.3 0.0095 0. 284 C.421

849 13.2 0,0115 G, 328 0.455

101 11.5 0.0135 04369 04557

1l.4 12.9 0.GLlé5 Q. 416 G.bd2

12.5 1.8 00195 Qasby GatTl

13.2 14,4 Ce022% [ FET-1 Q.7l0

1het 154 0.0205 0,533 s Tée

L5.5 6.0 0.0305 Ga5061 €770

1¢.2 16.4 G.034%5 0.55C DT

Ls.9 1u.7 0.0305 Qe6l3 0.£15

la.1 17.4 040485 0.659 0.94%

19.0 17.17 €.0585 0. 4638 0. Bb5

19.9 16.0 0.0735 0.723 0.002

20,5 4.3 Qi53b 0. 755 Qe85

2L.8 16.E C41185 G.73a C.9l6

2245 19.0 Os1435 d.dka 0.929

22 192 Celdl Q. 840 G938

23,8 19.4 041335 0,859 0,544

24. 7 19.6 0.2n35 L850 0.961

25.4 19.8 0.2525 G517 0,573

26+5 2041 0.3685 0,953 0.586

27.3 20.3 0a408% 0.984 Q.997

277 WD 0.5645 Ba987 1.000

2744 0.3 O.b8b8 04499 L.C00

21.8 2843 0. 7E85 1.00C 1,000

NE

¥gad
4£7.9

W)y DATA
PUIRTS
3z

Y/LELY

QUN 0TCR6S-L K=2 55X 10-6 Ful,0 i
T0 £ TEFF. FUN VEL. RUH  PLATE X ST LFr2 YUENF
5.3 ©.0000 TCELS-1 Tess=1 10 37.46 0.00159 Q00244 4343
THERFAL NYDREC, ENTHALPY  HOMENTGLH  ENTHALPY  MCHENTLH
K Bebe ThK. Bals TdKa ThK. v . .
C.254E-05 PELE] 0.323 C.Ch45 0.0214 1345 450,

YPLLS TPLUS UFLLS ¥ TBAR w/rinF

0.0 G0 @.0000 Q.0CC 0.€a0

Al 2.7 Q.0025 Ca187 04127

3.7 3.2 0.0035 0,125 0.178

L] %9 C,CO045 Q. 159 0.223

5.7 5,0 0.0058 0.194 C.279

Gad T.l 0.CC65 Q.223 4330

Teld a2 0.0075 0.249 0,241

8,7 95 0.0095 0,254 Oadb3

10.1 1la& 8.6115 0.343 [0 -2

1l.5 13.0 0.0135 G.2d4 B. &Ch

12.5 14.C CeQl5n 04423 0e629

1.8 1542 Q.t185 0,487 0,712

14,8 le.0 0.0215 0.502 0.751

16.0 losd 0.0243 0,939 0. T720

165 164€ LLTH5 0+ 557 0. 795

1.4 LT.4 £.0205 0uba? 0.815

18,4 17,5 0.0155 0,420 0.843

1943 13.2 DAl Gubb0 Os 59

20.1 1844 G.04385 0.475 Q. 880

21.1 18.5 C.C5ES Q. 712 Qe %0

21.9 19.1 §.0485 Q.76 0.5C7

22,7 L5 % C.08d5 0.702 04922

2.4 £9.8 0.1035 9. T51 0,924

2646 2041 Q412335 0.824 0.%51

2524 20.2 Cal6B5 G899 0,963

2648 20.% d.zlas 0ag98 Q+575

278 20.7 Qe2blid 0.52% C. 986

28.% 0. E B.3185 Q. 954 £.5%0

2944 20.9 0,3935 0.9 0.597

29,8 21.C 0u4685 0a29% 0,999

29.9 Zl.C [ -11:11 1.0C0 1:900

TLas
du.3

hls DATA
POLNTS
3

Y/OELM

To t
96, G 040000

K
0.253E-0%

Z-6980.L0

90T X §6°2

T-6980L0 SNNA

1-6991.0

=3

0*0=4

aN



6€T

!
|

0.005 4 e e + +—4

EH ®

T-6980L0 SNNY

2-698040

1-699TL0

0.001 e S e e B e + b tt
10 4

40__ oot HH et R W TR WY + - it ot --H
I i 1.0t
I X PROFILES
; X Qo T
1 eo’:“*”‘ ¥  x(in.) Symbol, 1
I O K I
I ° 0x!x,“,f*' T 13.81
- 0Pk +T pnas :

% a 21.81

+ X
St aa Tl I 25.86
%‘.n L I 2081
Oy - 33,59
37.46

& X +pron
o

%
&2
T

TR RS AR RN R RN
LEd 2 e o ot e i+
LC N N o o ot B B
3

IERE RN

g-0T X §5°Z=4

0=4d

0

0 4 I:!Hllll —t—t— - ¢]

N



OR®T

-

GoVnmadUnAME S WE -

JEKP. HLH  VEL4
T27469=1 1208

THERMAL HYPRG,
Bsle THKs Bale This
C.e21 1.1}

TPLLS

RUN 072769=1  Kwi,55K1C~8 Fa0.802
DATE Y278 ] .
ARD TEKP BASE TEHP GAS LEMP {LOVER TEMP 8ARC PRES
7T.39 T9.8% 13417 T4a24 29,55
A VEL K REH 51 REH CF2
& 23,31 C.b85E-07 416. 0.00273
10 4317 0.758E=01 S48, 0.€0237
[3.81 23,90 0.202¢=-0b 635, 0.Q0218 966, D.LO15C
14 23,44 Q4202E-CH 44,  0.00239
ie 24404 0,763E=00 1042, 0480194
21,81 26,90  O.197E-D% 1204, Q.COLB1  10%6. D.O0C2IC
a2 23463 04 LI7E-QB 1234, C.CO181
2506 %9'32 Q.246E-0% 1284.  Q.CCLET 1005, 0.00210
L] Ja
Z5.61 30420 93%.  D.Q02LO
¢ 33.94
23,58 4L.TC 8tl. 0.00210
a1, 04
AT,46  50.40 837, Q.0021¢C
M Sl 11
42 £T.36  0.106E=D5  26T8. 0.00125
&6 $9:05 =0,L46E=07 3143, 0.0013%
5C £9.02 041146-07 3666, D.CO125
54 44.06 ~0.572E-CY 4021. 0Q4CCL15
H] B, 93 ~QsTITE-CE 4321, QL0014
2 68,483 -0, ¥51E=CE AGET. GuLE110
[T 4B4 79 =D.FOLE=CH 5353. D.00)0%
¢ 68,88  0.233E-CE 5151, 0.00104
TA 48,82 =G.1146-07 62CE.  0.C0CS9
19 GB4BO D.123§-07  &34Z. D.00098
£2 €851 Q.S0ZE-CH 7011, £.00095
&t 6B.95  +0.389€=05 7425, CaCOCSS
5 tBa90 =DWT73E=04 EB4.  0.CO053
.
RUN §F2T45=1 Kez,55XL08-8 Feg.002 NE
RUN PLATE X 5T GF/2 UINE 1GAS
-1 4 12.81 Q.00210 0.00150 2349 T2.3
ENTHALFY  PCPERTUH  ERTHALPY  KCHENTUM  NL. CATA
HK « K KE» . POLNTS
43110 040819 835, rib . 28
TPLUS LPLLS ¥ TYAR U/LINF Y/DELK
Q.0 Q.e 00060 0.009 ¢.000 0.8CC
2.4 L.5 0.0025 0. 137 0. 064 Q. 004
3.3 241 0.0835 0. lb6 c.(e5 @.CCo
3.9 2eb Q00T
45 3.2 0,009
LT 3.9 G.gLL
et hal 0s0L4
bk bl Ce il
1.3 T2 Q024
843 Ga028
9.2 0,013
0.0 0,040
10.5 D048
.7 0. 459
y 12.5 ©.075
12.2 0.092
13.5 0.L16
4.3 Qs L40
1548 0173
1544 P 0.213
164 ©. 294
1745 0,378
18.9 0497
20.1 0.619
2L.0 Ca 740
219 0502
2244 1064
22.4 1.227

KE

FEL WU
0453

94,2 Q.002¢
S4el  0.4019

Ti

(] F
Yt 0.0020

¥
Ged02E-00

13

0.20ZE-0
0.19TE-05
CeZ44E-0%
0 o24TE05
0.258E-05
G42B5E-C5

5T

0.00218
Qb018E
C.0016T
0.00L56
Q00146
€.08138

DaTE T2TEQ

Ruh C12765-2
3

-, Kr2,55X10
N MO 3

-6

Fu0,002

HE

AKE TLPP BOSE TEWP GAS TEMP COVER TEAP BARQ PRES REL HUM
021 T4.20 9495

Thett T9.45

FL % YEL
2 3 2).35
i W 23.41
4 14 23.4%
5 13 24,09
& 22 25.49
1 H 29.G7
4 32.57
? M 4106

SLFFARY OF PROFILE AESULTS

RUH QT23¢%=1L Re2.80X30-¢ Feg.002

F To TIAF

CeCCIY  %ha1 T2.3
Ghak T2,
466 T2uH
94,5 T2u0
%41 T247
C.CCLE  S4a4 Y2.8

REK CF2 OELTAZ

L3
Qsb81E=07

L245E~05 1
Ce247E~C5 1

&Eh

G.258E-05  Zocd.

0s255E=05 2

Qe 1066-CE 2
Q. 148E-07

Call4E=CT E

=G.5726-C8  4CTE.

=0.T36E-08 4
~CyTHAE=0E 5
~0.8546-05 5

0.232¢-08 5

=Ca 11AE-CT G217
0.123E~07 BEAC,
Le501E=C0  TCHT.
=G 350E-C%  Task,
=G.7T2E~08 TaT6.

hE
OELM  UELH

QetlT 0,637
D403 Q.72
0.450 C.722
0536 C.bes
0.500 0.629
O.4L5 0,542

THETA

§66.  0.0E16C 0Q.C71C G.OBI9
199&6:  0.00ZL0 GCa073% 04830

1C05. CeCOZLC 0.095%

§3%. Q00218 D.0%36 0Q.085)
471. C.C02LD 0.0923 00,0423
E37. L.C021% 0Q.C03E GC.0323

TEHP, FUN VEL. RUM
727es-1  Tzosa-l

ThERMAL HYDRC.
BeLl. THR. @:L% ThRa
[T E1] CetiS%

YRLYS

Lot
1.5
2.0
2e€
3.k
3.5
45

RUN GT27169
elaTe %

b 21.61
EhTHALPY

Thi +
9.053%

TPLUS urLLs

=1

51

0+002TH
€,ce237
0.00218
La0CLET
Q.C0l81
0,00157
[T
0.LC108
Q.00141
Q.LCL2T
0.00115
9440125
DuLL1LY
9,00112
[ 1%]
0.£010%
0.00102
Qe€OLIT
C.Clovy
0.00094
o CLLTY
0.00093

0.5}
¥0 F
Farb 0.0020

95,9 €.0019

Ru2.55510=6 Fag.002

51
0.00l81

HOHEHTLM
Tt o
0.G850

Y

C.0CC0
Q.0025
00835
Q. 0045
C.0C58
040085
0,005

1204, 1094,

CF/2 UIAF
0.00210 20.C

ERTHALPY HCMEHTUR
RE R

ToAR U/LIKF

Q.000
0, C70
Q.06
Dalie
0,157
0182

HE

TGAS
1243
hG. DAlA
FOLNTS
a

YLLK

A+145
+ 1309

T [
Y4l 0.0021

X
Q4 1975~08

b
CyW2
gewa
eyl

t~-69L2L0

9-0T X §5° 2= T-69L2L0 SNAOH

700°0=4

N


http:0.2020.06
http:0.7730.20
http:01230.07
http:0.9011.00
http:0.1310.04
http:002G006o153.0.02
http:0.2001.00
http:0.2471.00
http:0.7670.06

Ht

TEHA, FLK
2765-1

THERN &4
Bela FHK,
Cal22

TEFF. FLh
12T85-1

FREFRAL
BuLo ThK.
.29

RUN CT276%-L  Ke2.55X10=4 Fm0,C02
¥EL. RUN PLATE X 5T CF/d UIAF
T72069-1 7 25,6 0.QC1ET ©. 00210 29.4
HYDHC, ENBHALFY  HOFEATUF  ERTHALPY  HCHEKILA
Bulo Thhe THE . THK. RE. .
& 50 0.0955 ¢.0689 1384, 1005.
YPLUS TPLUS UPLLS 4 TUAR ULINE
[ 0.0 040 Q.0000 04000 0.000
1.6 1,7 et 0.0C25 04041 [N
2.3 3.2 243 Q.0¢35 0117 0.106
3.0 4G 3.0 [ Qulad Qa136
3.6 4ot 3.9 C.0cds 174 [T
4.4 5.2 4.2 0.0965 04190 0196
5.0 Bed Aes Ga0LT5 0u192 C.226
6ok G5 a0 0.C085 0241 £e277
a3 Gal TaT 040125 Q294 a2
10.3 a2 5.3 QL0155 08,337 C.h24
124 1043 10 W5 0.0145 04212 Co4ls
15.1 11e4 11.4 9.0225 Cahilb Q.542
18.4 t2.7 1244 G025 Q.63 (-1
21.8 1346 13.4 0,0325 04494 0.€15
2640 14,7 Ehy2 0345 Qa530 0.853
30.5 1543 14.7 0.C485 0.557 €077
37.3 16,2 15.3 00,0555 0584 G0y
aTs4 1T 1 1545 Ca07C5 Qarld 0.732
6049 18,2 14 44 C.0505 0s 858 o307
44 19,0 164§ Q.1105 Q080 0.378
Q4.7 19,7 17.2 Celél5 0.715 G798
11449 20.% 17.2 CelT05 0.742 Ca€lT
l48.2 2147 bbo4 042205 0.762 0.847
199.6 22.8 19.0 2955 0.823 Ca03L
250Q.3 43.9 1947 Q43005 QuBo4 Q.52
213.3 25.4 2044 Cak10Y O.716 G949
kLT 2bab 2l.0 €.5165 0.556 Q4577
A54a2 2745 214 0.67¢5 04983 .93
522.1 2T, 8 218 Ca 7105 04997 a4.999
5899 27.9 2l+% 0.8705 1.004 GO0
RUN CT2T49-1 Kr2.55%10-6 Fu0.002
YELs RUR PLATE X 5T CRs2 UIKF
T2066=) s 33.5¢  0.00L46 8.00210 40,7
HYGRC, ENTHALPY  KCHENTUR  ENTHALPY  HOMEHIYK
Baels THK, THK . THK» RE . .
€300 Q40823 €a422 1844, uT1.
YPLLS TPLUS LfLLs Y TBAK U/UINF
0.0 040 0.8 [A4144 0.,0CC 0. 600
2.3 2.3 244 Q0025 Q.077 04109
3.2 1 34 CadC35 Q. l00 0,153
Ged 3.9 L2t 040048 0a128 C.i0L
el LI 543 0.0055 LR 04240
4.0 442 &al 0.0065 0.138 €. 243
B9 Seb Tk 0.0015 0. 191 00227
1.5 Te2 803 0.0066 Q4233 0,349
a7 '] 948 C.ORO05 0,278 0a431
L1435 Dol 1.9 0.012% 0,310 0.437
14,3 Lc.9 12.3 C.Cl56 Ga355 04553
U 12.5 13,1 ¢.C155 0.403 0.419
21,7 13.3 147 040235 0a431 0.662
2505 13.8 1343 046215 C.44d 0,687
34,8 15.8 Lloe) 0.03375 0.5L2 04735
Akl tt.0 17.¢ 00415 0,549 0,780
£3.4 17.48 17.% 0.£8515 0a511 0. 788
oTat 1649 18.0 040735 Q.00T Q.E13
£6.1 2c.1 i8.5 0.0525 OabS5l 0.8939
104.T Zi.1 19.0 01125 Q. 6BC 0.058
128.1 22.0 19.4 0.1315 0.709 0.880
16866 23.4 H: €el775 0.155 04905
21244 2540 0.8 0.2275 Qe 8C% 0. 528
259, % 26.2 20.9 0,277 0.644 0.944
b2 7.2 2le2 €. 2275 C.dTe 0,938
37546 2844 21.5 044025 04919 0570
4T0u 6 25,9 214 Q5025 Q.962 0,990
€445 3c.a 22.0 C4C25 Q.98 04997
55844 3l.1 2240 Q.T02Y 0.947 1.¢00
T52.1 3.l 2240 € 8025 Qe998 34000
84548 3.2 224¢ €.9425 1.0C0 k.00

hE

TGAS
245

KQs DATA
POIKTS
kL

Y/OELF

0.+000

HE

TGAS
2.7

hO. DATA
BUINTS
31
Y/OELH

0. 0CC

w

-
Gheb g.0021

K
0.246E-05

Tu b
Hhel Q.0021

K
0.258E-05

RUN 0T27&§-1  Kw2.S5X10-4 FuQ.G02
TEMP. RLH YEL. RUX  PLATE % 14 CF/2 WIKF
12745-1 T2065=1 ] 29.81 0400156 0, 00210 3442
THERPAL HYDRD. ENTHALPY  PCFEATUF  ENTHALPY  MOMENTUM
Bels THKW  Eals Thx. THK. THK RE, RE.
€. 665 C.5EG 0.0936 0.055L 15482, 539,
tPLUS TPLUS LALLS ¥ TeAR U/LINF
[+ 0.0 [ 0,000 0.000 04000
1.9 24 Z.¢ ¢.0C25 0.082 0.C%0
2.8 3e® 2.8 0,003 04133 Q. 130
35 4T FIY 0.004% Qa16L 04152
2 Se% hed 0.0C55 0,183 24190
5.0 (11 ba2 Q,0065 0.206 0.22%
5.6 6t Su5 0,CLT5 0.226 04470
7.4 Tt 1.z 0,C055 0,263 C.328
9.7 w2 9.0 0.0125 Cadls 0,513
12.¢ 16, 2 16.6 0.0155 0.350 €. 4igh
151 1145 124z 0.€185 Q4292 C.555
19.1 12.8 12,2 0.0245 0.439 0.40)
2.0 14.9 14,1 €.0255 Qa4 0.643
2649 Ligs 14.8 0.0345 0.5C5 C.876
4.7 15.2 1o 0,045 0,552 0.71%
42.8 L1+ 0 16.2 0.C545 QT8 0,742
94,3 14.1 1648 0.0695 0,516 0.773
66,1 196 1. £1CH45 0eti45 ©.793
as5.1 20.0 1.2 0.1095 67l 0,821
1653 21.¢ 18.2 G.1345 0,712 Q.840
Lag. 7 22,2 1d.5 0, 184% 0104 0. 673
183.9 234 19.5 £.2345 0,792 €. 697
223.4 285 14.9 G.2845 0830 0914
282.5 25,9 2.2 C.3555 G875 C.539
341,80 ZTe2 20.8 0.,434% C.92§ La560
401.0 241 2l. 1 Q. 5095 0.949 Q.97T
480.0 2940 e C.4L55 €988 04992
45%,0 2% 6 2.t ¢, 1095 0.9%7 .59
£21.8 250 ¢ .t €.8c9% 1,000 1,000
RUN C121&4=1L Ku2, 55X10w4 FaQ, 002
TEHP. KUM  VEL. RLA PALATE X st CFf2 ULINF
TaTi9-1 TR0E5-1 e EXIRY) G013V 0.00210 504
THERFAL HYDRC. EATHAL#Y  FCMERTUM  ERTHALPY  HGHERTULNM
Bele TFKe Beks THE. THK« K. RE. KE.
o542 04405 040838 0.0323 2log, 43T
¥YPLUS TPLLS WPLLY ¥ TbAN WUIhF
0.0 0.0 0000 0.000
2.4 2.7 0.0436 0.l2s
4.0 al 0.129 [y
LT 5l 0.182 0.225
Ga b2 0.1%4 ©.215
Tah T2 0.224 C.225
Ga8 B Qel2iv Q.41
13.2 196 02333 4530
16.6 1240 0.317 L4400
21,2 k2.8 0,400 0842
z8.1 1443 Cud48 Oell2
7.2 15.7 0,489 0.754
4640 16:9 0529 G. 705
50 44 1641 0. 5b4 C. 806
T 19,4 Ca801 0.£37
445 2¢.1 O.0eT 0.8958
123,7 21.6 SabTL c.Eu1
1£2.1 22.9 QuTL3 04910
181.7 24,2 0. TaE CuSay
23946 2641 0.81L 0.949
25740 27.7 0,858 04560
35545 20.9 0. 858 04976
54248 10.4 0,939 o987
530.0 24 6,570 0995
S4hal JZ.L 0. 554 0.599
7621 3z.3 1.00¢ 1.000

hE

TGAS
T2.8

hUs DATA
PDINTS
zy
Y/UELK
0.000

04004
Qe CCE

AE

§Gas
T2.8

HO« DATA
PCIKTS
26

Y/DELY

10 F
Qaa 2.0022

K
Ge2476-05

L1i]

F
LETL) 046019

L3
Ca255E-05

z-6917L0

T-69£LZL0 SNNY

0T X §6°Z=3

g-

200°0=4

IN


http:T.TLT9010.5N

0.005 A 4

St ' ™

0,001 + qnhhh-'

2-69.¢CL0
T-694ZL0 SNNY

40 i At ettt H 3.0 - HH ——H-H —— - }

ohL

0T X §§°¢=3

g-

PROFILES

MR RN RN RN NN

Tl d
-t

INRANE NSRS E NN NN SN NN R
L0 et o o e L}

LS B B B A B B A

x(in,) Symbol +

13.81
21.81
25.86
29.81
33.5%9
37.46

exX+Db oo

o +—F+—+

2007 0=4

N



CHL

b
=2

g T

12

TEHP. FLh  WEL+ KUK PLA
(X &

0e6-1 §296

THERFAL HYDRG

1

Bebs TER. Buls THE.

Colyk 0.722

YPLUS
0.0

RUA OH3069-1  KE2.40X10-§ Fad, 004 HE RUA 082069=2  Ke2,60%10-6 F=0.004% HE
DATE 83069 RUL HE, L DATE  E3L6D RUN HU. 2
AKB TEMP BASE TEHP GAS TEMP LGVER TEMP  BARD PRES RGL Hup AMD TLF@ BASE TEMP GAS JEHM CUVER TEWP BARD PRES Rkd HLH
60465 40442 72,08 73,61 29,¢9 [ TEe2E 80.14 7499 13,40 29469 0.49 '
% YEL 3 RECH 57 REM CF2 To [ PL X VEL K REh st T i
3 22434 =(. 150E-{6 £38. 000216 5843 040040 H & 23.38 -0, L40E-0¢ £3T. 0.0022C 97.9 0.0040
9 22,43 Q.173E-C e2k.  0.COTY SHs3  G.00&L 3 10 23.41  Qe172E-Ca £2C.  0.00077  §7.4 0.0041 "
13,81 23.60  ©.449E-Ob 1046+ D.G0i54 1219 ©4CC1IC 58,7 0.0C41 L) L4 23.52 Qubhb{u0s 98.1 0.0041
4 23,41 Cadé9E=0b 1878, 0.00L51 9.6 0.0041 5 18 24,18 CaT02E=06 37,9 90,0040
L) 24.14%  0.TOGE-Qb  134k&. 0.CO0I37 98.4 0.0040 & &2 26005  0.191E-GS 98,1  C.CE40
21.80 25.7IC  0.192E-05 L5394 G.00127 1402, 0400045  908.T 0,4Cs0 ? 24 29443 De24%E«05 1861, 0.001k5  9a,5 0.C030
4 26,01 0+ L9ZE-C5 L5%S. C.D0119 QLab 040040 (] ic 24,38 0. 240E=-05% 2215 C.C0i121 98.¢  0.0037
24.86 27.20  0.2436-05  1El4. D.CELLD 1250, Q.005¢  99.0 0.0038 v a4 41457 02536-05  255¢s  0.€C11Q  Sdad  0.0030
L] 29440 Q,2456-05 L8Te, Da0D)22 58.7 0.,0038 X3 L] 52,34 0.25iE~LS 2572, 0.00101
i9.81 33.90  0.24%6~¢E 2187, C.0CL13 1185+ 0400154  98.5 0.C037 Ll 42 68 1T 0.109E=05 e84,  (.ECCHL
G 34,35 0.249E-05 217d. C.EQL10 5He 8 04637 12 46 70.28  0.125€-07 4225, C.COCEY
22,55 40,40  0.254E=C5  247C. D.00108  1E55. 0400158 90.6 0.LC28 11 ¢ 10,40 0.169E=07 5ECh.  €.00000
14 4135 C,2546-C5 23222, 0.40107 9.5 0.C028 14 54 Tkl =0,132E=CT S68C. Q.00064
346 50,00 0.252E-05 24424 D.ROLO2 LG9,  0.C0155 S, 7 §,0038 LS H: 70,29 =0.l41E-08 &314. C.00064
e 52433 Q.2526-¢3 2559 0.0010% ek 00,0038 1t &2 10427 0.2L1E-08 5£930. 0.00057
42 E€B.1T  O.1096-05 3541, 0.CQQ91 99,4 0.0038 [ 10.30 CutCTE-CS Tiiz, C.COL55
Ak 10428  Q.]25E=07 4215, 0.00090 §9:4 0.CC5 1 Ic 16,37 G.172E-D8 4218, 0.00055
@< 104G 0.169E-0F 4925, 000070 99,0 0.0038 19 14 1,32 =0.106E~07 £4961, ©.00052
24 Jo.41 =0.132€-07 5588, C.0CC8% 98.9 0.C039 20 TE 70.29 0.715E=08 944, CoCCLSE
28 70,29 =D.k4lE-CE 6268,  D.00060 9848 0.0029 21 e2 70,37 Qu3ohE-Dr  LOCT5. 0,L005Y
&2 10.21  £,211E-GE  EEE2.  CaECCHD 8.8 0,0039 zz  ga s OulITE-CH  LEéils  €a(OC50
ab 10430  0.TOPE-05  T457. C.00CH1 9%.0 0.GC3% : 23 50 T0437 ~0.725&-08 11218, ¢€.L0C50Q
ki .37 0, LT2E-00 4102, 0400054 9.0 0.C030
14 0. 33 f835. CaCCCSD 98.6 0.0039
FL] 7029 9309, C.C0056 59,0 0C.0C30
2 13T 9545, D.COCHQ Y6.9 0,003%
16 10440 10842, C.L0CH2 99.0 0.,0039
<0 1037 =0.726E=08 1111d. 2.00051 59.1 0.CC38
SUFFARY OF FROFILE RESULTS M
RUM G330&9-1 K=2.cCX10-4 Fnla004 KE
FL H vEL K F T0 TINF DELH  DELF
4 12,8F 23,40 0.449E=0¢ £.CC4L S8,:7 T3 Q.22 Q744
£ Zlo8l 26.7C  O.192E+05 0.0040 SA,7 T1.9 ©0.801 O.§a¢
T areBE€ 25,20 Qu2450=05 £,CC30  99.¢ Tls9 0,753 0,840
3 29,81 33.90 G.249E-05 £.CCT G845 TR 0,670 (783
S .53 40,40 0.254E-05 €.0CI0  93.6 T1.9 0.58% 0736
10 0.66 50,80 0,252E=04 C.LC38  S8,1 Tle% 0.470 0,039
FL x AEH H FEP CF2 DELTAZ THETA
4 1944, 0,CC154 1218. ¢.CCL3C CyC510  C.1041
& 1539, 0.00L27 1402. 0.001A5 Q.11%0 0Q,1¢90
1 Lelas D0.00L19  12%0. 0.00150 0.1242 0.08979
& 2L6T+ 0400112  L185. C.00154 041273 (0092
% 2470, ¢.00LC L1o0.  G.00L50 9.12L3  0.055T
e 2042, ©.6E1ET 1106 C.€C159 G.L130  0.0438
Rute C&3C6%-1 KuZ,£0XL0-& Fa0.004 NE RUN GE20485-1  KmZ.8Cx10-6 Fa0.004
TE x 5 GFI2 UENF 16AS 10 F TEKFs RUN YELs AUN PLATE 14 5T ChF2 ULKF
1Lk C.CCI%% 0.00130 236 12.3 LU 0.0041 23t Lg=1 22969~ 1L & 21.81 C.QCLEY £.00245 25.1
EKTHALPY  HEPERTUN  ENFMALPY  HOMENTUH  HO. DATA THERF AL HYDRO. ENTHALPY  HCPEMTUR EREBALPY  MCHENTUN
THK« THKS RE. - POINTS K Baba TEKe BuLa THKs HK. THE . E s .
0.0510 0.l0al 1066. " 1216, 18 0. 449t 06 [#Y.11] «HOL 0.11%9 0,1080 1539, 1402,
VPLLS LPLLS ¥ ToaR U/ ULnF Y/GELM TPLUS TPLES UFLLS ¥ TOAR usutaF
2,0 0.0 0.0000 0000 9.000 Q.00 0.0 Q.0 DaC 0. 0000 ©.000 ¢.000
L6 o4 0.0025 Da070 0.046 ©0.003 1.2 Le? 1.2 Q.CC25 Q.C52 0,049
2.1 1.6 0.0C35 G050 Quce? Q.CC8 LT 2.2 (3 0.0035 Q.075 CaCed
2.7 245 00045 0allp Q.087 0,008 2.2 2.8 P32 £1GCAS Q095 0.087
2.2 3.C £, 0055 ¢.tdA L0108 o.con 2.7 3.2 2.8 €.0085 Q. l1G C.le?
3 [T Da152 G327 0, GCS Lo 4.0 3.9 0.0075 0. 140 Qalat
4al 0.4075 0elb2 Qulhk 0. 010 4.5 5.0 49 Q.CCH5 04172 0.180
5.8 0.0(55 Q. LH2 Q.LTY 0.CL3 5a5 5.7 5.5 L.C115 G197 &a2l5
&l 940125 Q. 225 .221 O 47 5 7.0 T3 Gs0145 Q4241 ¢.270
T.9 00165 Qe 2y 0.201 0.022 Ha® [-TY ] §el c.cles 0. 290 0.337
9,5 £.0205 0,365 C.339 0. 026 10.8 9iT 10.4 0.022% 0.332 0. 386
10,4 C.0243 0a345 0.308 G0 1249 LG4 1.3 20265 04438 24420
1.2 0.£295 Qa7 04399 Qa041 b4, & 1.1 12.2 ¢ C4C2C5 G179 04453
. CeC245 Oeiky 0428 0. 48 1T.1 12.0 13.0 040355 Q410 0,484
12.5 0.03%5 Qui47 0.0%5 22.¢ 1.4 1423 4 CA55 Gek5T 0.529
(1% Cu 495 0,492 0.04% 26.8 1443 15.C G 0556 0. 487 6,558
L4t 9.0595 0u5kn Q. Ck2 34,0 15.4 15 .9 9.010% 0.529 0,591
14 49 09745 Q.55 0.1C3 41,3 14.2 16,4 0. 0455 Qe 2 0.515
5.6 Q.0545 0.593 Q.11 48.7 166 7.0 TelCCS 0. 5TC Q0434
1643 0.ll4% fab28 0.159 5B.3 L7959 LT .4 00,1205 0.810 04655
11.3 041395 0ab57 0193 1045 18.9 182 C+1455 Qelidl [ ]
18.0 Qe €45 Q. 082 04228 827 19.8 a1 0.170% [Ty Qe 499
19.2 0.2145 0. 124 0,267 97,43 20,3 1943 02005 O.B5F 0,121
0.4 Qal645 0.771 04360 114.3 2l 1 20.C Ge235% Ga 115 Q.47
izeg Ge3255 Q. 829 CeuTC 13347 2240 20T ©a2U55 04748 24172
2.5 [- 15 ] Q.074 Ca 574 135.3 P 2l.8 o305 0.798 0.4(9
4.5 0.4895 0.913 C4578 22443 2543 23.2 Ce46C% Ou 636 C.810
2644 0.5695 Gabh) 0. Bib 273.3 2bat L 04+5¢05 Q4500 0,916
2.2 Q44095 © Cav8Y 0,955 32245 279 Zhed4 e BE08 Qe951 Q955
T € 0.1895 04996 1.093 396 .0 29.1 5.2 c.olcs 0,582 0,91
2144 0.9L48 t.oto L.2eb 469.5 29.6 Zo.e 0,4%408 6059 1.000
210.5 29, 26046 L0505 L.000 t.000

KE

164§
Ty

NO. OATA
FLINTS
32

Y/OERK

©.000

Tir k
Qb7 0a0040

K
s 192E-Q5

Z~690¢80

T-690£80 SNNY

0T X 09°¢=M

9

=4

#00°0

IN


http:0.4490-000(.00
http:0.430.70
http:0.290.00
http:0,900.00

Tt

[EFE,
E2CEs~1

TuthriL
Bal. Ths
C.tsC

TEFPe RUN
E20e5-1

THERFAL
Bale T,
Ca142

FUN  ¥eb. RUN

82945=1
HYCRC.

Selis TR,

0,182

YPLLS

vkL. RLA
u2yes-1

HYQKC.

dak+ THKS

€010
YPLLS

HUh C306%5=1 KeZ £0X10-6 Fad 004
PLATE X 5E Ckr2 ulNF
1 25.86  0,00L19 0.,00150 29,2
ENTEALPY  FCHEWTUM  EWTHALPY  HLMENTUM
Tk, Hhy REs FEs
€kes2 D.C879 1414, 129C.
TPLLY LFLLS ¥ {LAKR v/uinE
0.C Co0cCe C.0¢Q CalCC
2et 0.0025 0.07h DGOl
24 GyCLIB U.Cal 0.C93
3.0 040045 Be055 Ce 114
3.9 C.Q058 Dalé4 Galab
haty C.CCe5 Collu ¢.172
5.5 0.0085 Qo Lin C.215
L N.911% 04220 4279
d.8 0.C155 0.277 Caloh
Gud 0.0155 Q.30 [ LR
Ll CeC2)3 Qe dad O yhdh
12,2 C.C2L5 La b5 0,530
E3ed 0.035% Qussd Q.aTh
14e € C.Ch2y Datetrt 0,004
1540 0.05LS Gato9 Ded 3
1bsd 0.06C5 Basly Q.Y
17.8 C.C05% Qs 502 C.od7
Ldso €.0955 0.540 c.312
20.C C.L2%5 Qatrdh Q4738
0.4 Q1555 0,540 C. w0
22.3 C.205 Q9T Q.73
2304 Ca 255 04727 €. 021
24. 1 .05 CaTflL Cata?
26a G.2305 0.819 0.840
2.t $oh555 Qitsdo .50
2v.2 045550 0409 [ 210
T Dy bbhE Dby 0,572
EINY: ] CuTECS [RT-F] 0574
dda2 Ga9855 0,941 t.Luo
322 Cay555 0+999 L.000
2.3 10550 1,06C 1.L00
AUN 1E2CeS=] KnZ2.e0n10=4 f=0.004
PLATE A §1 CF/2 YIhf
E o, 25,8F  c.CC1) 00034 . 33.9
LATHALPY ECHERTUM EATHALPY MUMER TUA
THA - IHK . Kes t.
Qal213 0.0892 loi. Lius,
TPLLE LPLLS ¥ foan Y/LIHF
.9 0.0 9.0¢60 ©.000
1.4 2.1 0.052 Q.Col
2.t 3.¢ Falld
EN ] 3.k 0. l45
dak LXL} Yl
b.2 %eu 0,211
[ 2L 1.2 ©.273
Ted : 2% ] C.322
8.3 10..9 Ca4ls
a7 12417 [ L1
Tk i9.2 04541
L2.7 15.4 Caba2
1.5 lee2 Qe0l¥
19,4 le.5 Caksd
[+ 1] LT.7 C.E7%
lbe & LE .4 Q.04
1g.0 19.2 Cail¥
19. % 20a1 0.772
21.0 0.7 [PRLT]
217 21,3 Cabiy
2324 2241 0.849
25.2 Z2.7 0.874
2046 v23.3 Q654
21.9 23,7 0.41%
2849 4.l 0.%31
3C. 4 240t Q.55
2.k 2.0 [
3% x5 Cahod
KERY 2547 0.5998
34.3 25.8 1.c00
da.d 25.0 k.oce

hE

Tead
1.5

hla UATA
PUINTS
EXS

Y/0ELH

Q. CCC
£.003
¢.0L5
Quple

HE

1548
i2.0

HU. LATA
PLENT S
Al

Yiutle

V850
U.C04
CrCCY
0. 007

FUl CHICBY=1  KwZ. 40ALD-6  FED.G04
T + TE¥P. FUN  YEL. RUN  PLATE x &1 uk/2 ulnk
949.0 N.0034 23ces-1L 32949-1 L] 11,56 C.CCICE 0.001%4 “Gakh
THERFAL  HYDRC. EMTHALPY  FOHENTUN  ENTHALPY  PCRLATUF
K Hal: TFK. Bele THK: TER Thi ¢ . .
04245E-0% t.izk 0,585 Aubzls ' 040557 2470, [SEE N
YELLS THWUS  LPLL ¥ TUAR LILIRE
[N 0. €. 0000 04000 0L
t.1 2.4 C.0025 €4 051 Ga Cu9
&5 3.3 C.063% 0.072 04325
N oV 0. 0Ca5 Oullo 0. lol
5.1 5.2 6.CC55 Oy b4k Celsd
5.0 6.2 00,0068 Orlol C.l32
bad 7ol C.CLTS 0,111 C.20n
o] T ©.0CHS Cel%a Cudn?
Uel Ga3 020105 02t B354
1049 1.t C.Cl25 r,24de Guhal
[[e2 1.2 [T ¢, 30 €00t
1l 42 €455 0351 Dabel
122 15,2 0,023% Cednl Celn3
13.1 1b.3 G.0285 0,371 n.t2z
1541 173 €.0385 Gi4d6 [
16,2 .6 0.04B5 dentl Cu stk
LTy 1444 040635 Cabhs 0,142
19,0 20.1 €.08y 6,537 €169
0.4 21.0 U.102% 5l Cetls
2.7 2.7 0. 1215 Cubll £au3l
23.1 i2.1 C.153% S4B Couha
PO 2.7 0.1 705 ] Q.13
To. i Z3e4 L.2285 O 134 G911
1.7 23.5 [T By lis Oubiz
29,0 24.3 G.32H5 riv 04539
3649 4§ € 4035 Ou oLt G957
32, 5.2 C.4185 Suutw c.xte
33,7 25.5 045935 Dadnk n,565
35.C HN C.8525 0,570 CaS 4
9.6 25.4 0,7525 Ca5bh Ce 599
35,8 hes Ged3d G 1000
3.4 5.4 C.5838 1.0c¢ 1.co0
AL CE208S=1  Kw2,00R10-u  Fe0.C04
1] f TEFP. RN WEL. RLA  PLATE X 5T LRi2 UlhF
U] LR 23064-1 829451 Lo leue 0,CC1CZ  0.001bY  50.¢
THERFAL  MYDRE. ERThALPY  PCPERTUH  ERTHALPY  HLHEHTUM
A Bele THRs  $ule Dhke IhK. THK, KFa REe
V. 264k =05 Cot3y Cante 91129 G.Ch2E 2462, FEULH
YHLLS wLLS LFLLS ¥ Tedk Uiy InF
.G 0.6 6.t €.00C0 2.00¢ U, can
2.4 3.1 3.L €. 0CLh Cadsd Cal15
.4 4.2 C.Ceds c.1es c.lol
4.4 545 00645 Cats0
Suh Eat C.GC5Y Gulan
b3 7.5 C.0L05 Selew
83 10.2 0.00u5 0.199
11.2 1244 ¢.0ll% &. 241
14.2 1442 GaGi4b O. 251
14,1 .4 2.013% 0,338
2350 17.¢C C.Cilh [P I'TS
29.0 16,0 0.52%% 0.4C1
35,4 16a? C.G 205 Qaelé
43.7 19,3 CaCh4D Dyl
53,6 2041 Q.0545 U, kepa
a4 iCe$ Ly (b5 0,503
db .l Nt C.CBYS 04545
L1268 2.6 0.114% 44549
127, 23.3 Cu1355 0,641
16144 3.4 0.189% FIEL]
202.2 Fo UelO4% 04723
251.5 2u.C Ca2845 naTIE
1018 %43 0.3045 CuulB
25147 5. Ce3545 L)
40147 5.7 C.4C4S Quuys
aloeb 2646 04795 0,942
25145 ioal Ciu545 QevlL
65144 26,2 G543 Q954
51,0 2042 0x 1545 1,000

NE

Tuad
.5

hus D212
FLENTS
a2

YruLLY

QeCCn
Calilonr
C+CCe
a,ucH
Q. CCY
¢.011
[ R}
CuCla
CaClu
9,623
GaC2d
0.033

hi

TuAs
TlaY

Hiie DATA
FLELEY
2%

YieLir

Q.LLC

T} r
Yasb 2.0Gig
13
C.254f=C5
W 3
Sd. T 0.0038
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W00 =0 O WY

RUN 071569-1 K=2.55X1C-4 F=0.0
DATE 71569 RUN NE, 1
AMB TEMP? BASE TEMP GAS5 TEMP LCCVER TENP BA
78 .40 82.27 T0.78 12433

X VEL K REH 5T REM
) 23,15 -0,173E-07 502. 0.00288
10 23409 =0.438E-C7 582, (€.C0231
14 23.15 0.FL4E-CGT 3t2. "G,CQ118
e 23,52 0.8254E-06 163. 0.00463

ZleBl 25,40 0.201E-05 336, 0.C0308 196,
22 25.47 0,201 E-05 344. 0.00307
2& 28482 Ca249E6-05 457. 0.00258

2548l 33.40 0.248E-05 £2€8, 0.00:26 439,
20 33.58 0.245E-05 637, 0,00212
34 4C.4C Q.253E~G5 7%8. 0,00194

27.46 49.30 0.252E-05 855, 0.00173 528.
EL:] 50.71 0.252E~05 $6l. 0.00173
42 E5. 76 0. 109E=05 11&4. 0.00L50
46 6740 —0.318E-07 1413. 0.00214
H 67.30 04103E-07 1728, 0.,00222
£4 6Tla 45 0.220E-CY 2011, 0.00203
58 6759 0.139E-07 2%12. O0.CC201
€2 6708 d.870E~08 25362« 0.00198
o6 6775 0. 458E-08 26822. 0.C0L193
10 67.85 0.349E-08 3065. 0.00L8%
T4 67.79 =~0.1B4E-0Q7 3326. 0.00184
18 £7,69 0.546E-CH 3575, 0.C0180
€2 67473 -0.9566~08 3796« 0.00L77
£¢ 67455 C.380E-Q7 40hl. 0.00176
50 67.92 ~0.131E-07 4305, Q.€C0I7L

Ic

RO PRES
29+96

CF2

0.00255

0.00260

0.00248

BUN 071569=2 Ka2.55X1C-6 F=0.0 1C
DATE 7156¢ RUN NG, 2
REL HUKM AMB TEMP BASE TEMP GAS TEMP COVER TEMF BARO PHES

0.51 8C.47 BZ.55 70,95 12.47 29,5%6
TaQ F PL X VEL K REH ST TG
72.5 (.0000 2 & 23419 ~0.172E-07 571. 0.00290 T2.6
72.6 0.0000 3 10 23413 =0.631E=C7 661, 0, 00239 T2a7
74.1 0.0000 4 14 23,18 C.90BE~Q7 412+ D.COL21 Th4s3
95.4 0.0000 5 18 23456 0.821E-06 167. 0,00457 95.6
96.5 0.0000 & 2z 254,51 Ce 200E-0C5 344  C.C0302 9606
S6.3 0.0000 7 26 28,85 0.,248E-05 456, 0.Q0256 9846
9G4 0.0000 8 3ic 33,60 0.244E~-05 655. 0.00218 96.2
965 0.0000 9 24 40,41 Q. 253E-05 81C., 0.,00157 96.2
6.7 0.0000 19 8 5G.71 0,251E=-05 S€5. C,C0173 96,7
9643 0.0000 11 42 £5.75 0+109E~C5 1158. @.C0149 9647
96,7 0.0000 12 4b 67239 =04217E-07 14CE, 0,CQ21l4 9.6
96,6 0.0000 13 50 67,29 0,102E-07 1707. 0.00222 9646
96,4  0,0000 14 4 6744 0.228E-G7 1996+ 0.00204 9646
9643 0.0000 15 58 67,58 0.138E-CT 2297, 6.C020C 964
56.0 0.0000 16 &2 67466 Q.875E-08 2513. 0.00195 968
96.0 0.0000 17 £& ETe74 0.457E-CH 2192, D.lL01S2 P07
95.8 (0.0000 18 70 67.84 0.349E=-08 2044, 0.C0188 9648
G620 0.0000 15 EL] 6778 =0,18%E-07 3E29%. 0.001L83 G646
F6.1 0.0000 20 18 67.68 0+ 546E=C8 366C, 0,.0Q0180 96.7
$6.2 0.0CC0 21 a2 67.72 ~0.9546E-08 3778, 0.00176 96.9
Gbe2 0.0000 22 1] 67.54 0,380E-CT 3586+ 0.00176 2741
96s1  $.0000 23 50 67.90 -0Q,13L1E-CT 4282. 0.€0170 967
S6.3 0.0000

9645 0.0000

9642 0.0000

SUMMARY (OF PROFILE RESULTS
RUN 071569-1 K=2,55X1C-¢& F=0.0 ic

PL X , VEL X F TO TINE DELM DELH
€ 21.81 25.4C 0+201E~05 (,0000 96e5 TCe8 04574 0,383
8 29.81 33.40 0.245E=05 C€.0000 9€.5 Tled 04490 0,424

1€ 37446 49.30 0,252E-05 0.0000 9647 T4 0,323 0.3€3

FL X REH 5T REM CF2 DELTAZ THETA
¢ il.81 336. 0.003C8 196+ 0400255 00,0262 0.0616
& i95.81 628, 0.00226 639, 0.00260 90,0373 0.0376

1C 37446 899, 0.00173 528. 0.00248 0.0361 0.0206

REL HuK
0.329

E

. 0000
G.0G00
C. 000¢
0.000C
0.0000
€, G000
0.0000
0. 0000
0. G000
0.0000
0.0000
0.0000
0.0000
C. 0000
0.0CCO
0.0000
0.0000
0.0000
0. 0000
0. 0000
¢.0000
0.0000

€-6949T40

T~699T/L0G SNNY

g-0T X §§°2=Y

0=4d

00

Jt



4T

TEMF. FUN VEL. RUK
116651

HYGRC
Biks THK.
0.5%4

5652

T-EFFAL
BuLe THK,

De283

TEHPa FRLhy
TL5¢9-2

ThERHAL
BeLa THK.
O.42%

YPLLS

¥ELs RUN
Tloo9~

HYORO.
Bal ¢ THE.
o

TPLUS

.0
2.1

AUK OTLSHS-1  Ke2.55X10-4  F=0.0 1c
PLATE % H CF/2 ULKF
6 21.B1  0.0030B  0.00255 254
ENTHALPFY MCHERTLH EHIHALPY HGHEHTLA
THK ., THE RE. HE.
€.0262 0.08la 336, 796,
TPLUS  UALLS ¥ ToaR U/UINF
0.0 c.C €.06¢¢ 04 0CC 0,00
240 1.6 9.,0025 9.127 0.CB1
26 2.3 C.Le35 Oetb2 0.113
3.3 2.0 C.G04e 0,206 0.l4d
1.7 3,6 0.0055 0.232 0.177
4o Lo 0.0075 0,245 0.242
5.5 5.9 0.0095 0.338 0. 293
42 5.9 08115 0436 9.348
7.2 %) C.Cl45 94 45¢ 0,422
8.1 9.4 0.01Th 0.502 0.411
B9 104 00205 8,550 0.540
Ded 1143 0.C235 Je 586 0.35%
10.2 12,0 0,025 0,634 0.594
10.7 Lt €. 0305 Qatiol [
1.4 12.9 0.0155 . 703 Outnd
Yy 13,4 040405 0.726 0.b67
L. 6 1. C €.05Ch 0,174 ©.698
1341 144 040405 04006 0.120
13.5 14 .7 00705 C.829 Q130
140 15,1 0.CESH 0,459 04 159
b4 1544 0.}055 0,885 0.173
4.8 15.9 €ul305 0410 0796
15.2 1604 £01705 0.%2T o.022
15.6 17.0 0,2205 ¢.960 04822
1648 17.4 €+ 2955 0.979 04891
16.2 8.7 €495 £.5%2 0.937
1642 19.2 0.4705 0.9v6 0,564
€43 19.1 £a57C5 0,99% Q.568
1643 19.9 0.87C5 1,008 €. 598
HUN 071565-1  K=2.55%10-6  Fal,0 15
PLATE X ST CF/2 VIAF
B 29.81 0.CC226  0.C0260 3.4
ENMTHALPY KEKEATUPM ERTHALPY HCHEHTOM
THK, 1K REs HE.
0403173 0.0376 20, 539,
TPLLS  LPLLE ¥ wan LALINE
0.0 0.0 0.0000 0.000 0.000
2.4 241 0.0025 0.124 0.106
dsb 340 Q.0035 [ TR Y T) 9. 140
43 3.9 0.0045 a,198 6.190
5.0 s C.0C55 0.226 0.232
5.5 5.5 0,0065 0.250 0.275
b6 1.2 c.6cas 0+301 0,356
7.8 8.6 C.C 105 0,251 Co42l
8.7 9.7 0.0125 G394 04483
54 10,7 0+ 0145 Dehdd 0.533
t0.5 1.9 £.0175 9.418 04555
Lla6 Lot 0.0205 0.521 0,637
2.7 13.7 £.0245 0,574 0. 508
13.8 L4.5 D.0295 0420 0.72%
15,1 5.0 0.0345 Q.b65 04755
15.4 14.5 0.£255 0,693 0.777
Lbs5 [T 00495 0.4l 0. 808
L7. 2 1645 Ca 0595 0.772 0.831
18.0 16.8 0.0745 0.8C6 0. B4G
L, 7 LTk 00945 D430 O B8
1543 17.5 C.1195 0,647 0,565
20,3 16.6 €11895 0,909 04510
2.1 18,3 0.2195 6941 0,921
2.8 8.1 0,2545 0. 968 046350
2249 19.1 043695 0,944 04571
22.3 19.5 0440695 0.995 0,944
224 19.7 Ce5455 0,999 0,997
2204 19.7 C.0695 1,000 1400

TGAS
TO.4

HO. DATA
POINTS
29

Y/DELH

0. 000
9.004
0.000
0.0¢8
0.010
0.012

Tuds
Tl.4

H0e DATA
POINTS
24

Y/DELY

10 F
26.5 o, 0000

K
0.201E-05

Tw F
Poed 0,0000

K
0.245E«05

TEMP. RUN VEL. RUR
TL665-1

T156%=2

ThERHAL
Bele THK,
Ge 2D

YPLUS

hYDRQ.
2+Ls ThK,
0.323

RUH OT1565-1

KaZ .55 10-6 F=0.0 ¢

PLATE X ir 4F/2 VIKF
i¢ 37.46 0400173 0.00248 49,3
ENTHALFY  MGHENTLH  ERTHaL¥Y HCEENTLR

THE » . 11} hE s
C.0361 0.0206 891. S2H.
TPLUS UPLLS ¥ T3AR U/LLIKF

0,0 0000

3.3 0.127

L] 0.178

h & ¢.2¢6

543 Ca2i9

6.5 0,330

Ted 0,341

G.9 Q4483

1€, 5 LT ]

1L.% 0,600

12449 O 459

a4 04712

1545 0.1751

6.6 0.790

18.90 0,815

L1940 0. 849

19.7 GLEET

3% Ou i
2149 Q. EST
22.8 04903
23.4 C.528
263 Quuhd

2m G 0958

B2 0. %60

268 0.979

245 0.969

7.8 0.597

.9 0,599

8.0 1.000

TGAS
10, %

hda DATA
PUIKRYS
29
Y/DELK
Q000

Qe CCH
o.cn

TU 3
96,7 0. Q000

13
Q4 252E-05

Z-69S1L0
T-699TZ0 SNMY

=)

9-0T X 99°C

a1


http:01.0000.00

ghT

0,005

0.001

40
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St

1o
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RN EENETEEEEE IR A AN N
1t

ededrfrt:
£k dal I B B B N B R

(=]

1.¢¢

Hl

-

PROFILES

x(in.}

Symbol

13.81
21,81
25.86
29.81
33.59
37.46

&x +D> OB

¢-6991L0

T-699TL0 SNMY

g-01 X 96°2=3

0°0=4

NE



611

RUH 093469=t  R=ia30KLC-6 FLIN] ic
CATE G249 RLA hCa
AMB TEMP BASE TEMP  GAS TEMP  CCWER FEMP  BARD PRES PRE
T1.88 42.10 72453 1346 29257
wL * VEL K REM $Y REH (123
2 [ 23,20 9.120E=06 d2l. 0.0014%
3 i0 2).28 Q. 154E-{Y A5 CulL215
4 14 23,16 ~0.2LTE-CT E2l.  0.0C20%
s 18 23408 =CeaBOE-GT T4ta 0456217
& iz 21:10 =0.8E58=CT ET2.  0.C049
T 26 21,02 235E-CT §92.  0,00i57
L] 1189 0, 00245
49 1225« 0.C0E37
10 132¢: 040035
1l 1430, D.CL222
it 1527.  Q.Ce20}
12 1577  0.00242 1529, 0.00210
i3 30 23.25 Ou1ARE-CE 1e51 C,(0230
1% 5% 23.80  0.590E-00 1712 8.0G2L3
15 ta 25.57  0.L78E-65  labb. 0.L0210
15 58.94 Ze.40 Qe 119E-CS 1843, o.00202 1366, 0,00267
Ly &2 28,96 0.24%E-05 L5154 ¢.0013)
L& CE.84 26.7C 0+ d4%E=CS E6Te.  0.00167 1162, 0.00264
17 33.57  Q.248E-05  ZCEZ.  CaCOI171
LT .16 34.00  QLZ4BE-05 2046 0.00170 938, 0.00257
18 4 40,53 0.264E-C:  32%L. Q. ¢C150
18 .9 42.00 O.204E-05 2165, Ql.CC1E2 To2.  Q.C0243
33 4 5i.138 0.2556-05 2366 0.0013%
19 74.50 33,20 0e255E-CX  22Che  0e£0133 &40,  0.00217
20 i) 44,04 0.125E-06 2511, gaoOl
21 2 64, TL Cu11TE-OT gl%4s  C.00172
22 L1 L4.76 O.TL2E=CE 2675, 0,00200
23 50 64,73 =0al4]E=07 32l2. 0.00192
PL
12
15
1€
17
18
15
FL
12
185
1¢
17
1
15
RUh CSZaéS=L  Ke2.40K18=6 =0.0 ic
TEKP, FLN VEL: AUN  PLATE X T LFiz UINE TLAS
QT4E9-L 93685-1 12 46. TS O.0C2AZ 0.00218 23,5 13.9
ThERVAL HYDRCw ERTIALPY FCHENTUN ERTHALPY HUMENTUH HU» DATA
Beks THK.  Buls THKS LI THK . Rk RE. PLINTS
1.147 1041 0.1354 LRSEIL L377. 1524, 25
YPLUS PLLS LPLLE ¥ TEAR U/uINE YSOELM
Q.0 0.0 0.0 0.000 Q.00%
Le3 1.5 1.7 0.074 0,002
Lo 19 2.1 0,104 0,803
244 2.2 0.133 (R [
24% 2.€ 0,183 0,008
3.9 3.5 Qes22 . 0,007
545 he G,269 0,010
7.1 5.1 £k 0.0Ll&
944 &7 Q0,400 0.C17
(1% a6 [ 0.921
(L 845 G.488 0:028
17.7 G0 0,521 0oz
il.8 Se & 6,547 a.037
28.3 0.4 0. 581 Q. GAT
E L] 1.0 0.410 2.061
4541 Ll Q.64 2,090
SBef L2.2 0,861 0.1c3
5.1 L13.2 Q.700 0,150
11149 13,7 €129 0.1%7
14242 Loadr 0,7%38 0,208
19244 15,1 0. 800 04239
24642 15.9 0.4839 0.413
1.4 1%} 0. €31 8. 55¢L
JEQLE LTk 04920 0164
47542 Lg.1 D.%63 0,633
S5L5.& L. 4 0.57¢6 0:504
5Ll 5 18.8 6,994 1,044
41T % 19,1 Q+959 L.C00 L LBT
.2 19:1 1.3595 ta0ue 1.000 1.241

L UM
Q.55

10

94,9 Q.0000
98,9 ©.00C0
$E,7 0.CCCH
98.8  ©,GC00
96,9 040000
58.9 Q.C000
9849 0.COCH
9d.8  0.0000
54,9 O.0000
99.4 0.0000
qu.8  0.000D
990 0.0000
98,9 G.0000
Sus? L. CLCD
50,9 0,LCCH
99.0 ©.C000

58.9

9849 040000
S6a% Q10007
99.0 0.000C
988 040002
94,7 . CO0D
94.6 0.0000
90,4 Q.C0C0

§8.7

9843 Q.COCH
4B.3  0.C0AD
$8.5 ¢,C000

Rus 052465-1

SUMMARY GF PROFILE RESULYS

] VEL 3
4€.76 13,30 C.21hE-06
£0.54 2840 0.1 TIE=05
LE €€ 2573¢C Qel#hil-C5
¢6.26 34,40 0.2R3E=05
7C.65  42.0C Q.284EuDY
Th.58 52,36 0.255E-CE

E] RER =1
46,16 L5711, 0.00242
£0.54% 1643, D0.00202
€Z.E0 1516, 0.001ET
LETE 2040, 0.001T0
1669 2149, 0.00152
Th.58 2281, 9.00133

mn E
9.8 4.0000 N
13
02L5C=06

NEZLECXIE-¢€

AU OFZ469-2

K=250X10-6 F=G,0Q

Ic

DATE S24E9 LI I 2
AFE TEPP  RASE TGMP  GAS TLMP COVER JEMP BARU PRES HEL WuM
TEo 5L 82,13 12451 4,03 fr 0.53
PL x VEL K REY 5T TC F
2 [ 23.19 G.128E-06 319, 0.00345 98.4 Q40000
3 10 23a26 04 155E=CT 4%1.  D.CC21¢ 98,5 C.0000
4 L6 23,15 -0.2LTE-D7 616, 0.0029¢ 98.2 C.0000
5 18 23413 =0.4008-01 040027y Sdeh  0.0000
L] 22 23.09  =D.9E4E-CT 0.CC272 , $8.% ©.0000
1 25 23,0l 0.235E-02 0.00255 98,4 0.0000
e 2 2314 0 7LYE-CT 0.0C244  98.2 0.0000
ki EL] 23.11 ©+2863E-01 0.C0340 94,2 C,000C
1C 28 23,24 V.BHEE=OY 0.00230 98,3 CW0400
11 42 13.05 =(,.HQDE=CT 0.00234% BE:6 0.00Q0
12 46 23.1B  0.204E-C4 0.06232 98,4 C.0000
13 £ 23+24 0u L4LEDG 9.C0230 9844 0.0C00
[ 2] £4 23.79 0s9%56-CE B.CQ215 96,3 G.O0Q0
15 50 25.56 BLITTE-05 000210 Yd.4 €. 0000
16 &2 20,95  0.243E-03 0.00185 9B.1 0.0000
11 &6 3355 0.247E-05 ¢.t8172 38,3 0.0000
18 10 4052 0.264£-05 0.00151  99.3 0.0000
19 T4 £N.1b  0,2556-05 0.€0135 94,3 0.0000
z0 T8 44,01 .727E-04 0.Cotle 8k L40CS0
21 (2 b6 0.LITEROT 0.00175  91.9 0.0000
2z 86 64433 0.TL1E=CE 0.C0200 9,0  0.0000
2 90 5470 =0l L4LE-CT 0.CC161  Su.l C.00C0
Fat.C e
¥ Ta TINF  OCLH DELE
€.CC00 95,6 2.9 1.Cak Lals7
©40000 99.0 2.9 024 1.12%
€2 0000 8.5 1340 D408 Lle029
c.occo S5, T2.9 0. 143 0,455
€,0000 98,1 TZib Qu500 0.775
GEE00 984 TZad 0.435 O.bud
FEF <F2 DELTAZ  TLETA
1246, 0.C0210 041354 C.liléd
1366+ ©0.0026T 0.1393 0,L¢8h
1142, 0,002u4 ©.1314 0.0500
538, Q.00257 0.1166 0,0457
22, 0.00243 ©0.1021 0.0iT4
€4Ge  CeC02LY 040450 0.02¢9
RUN 092469w2  Hw2,50X10-8  Fe0.0 ic
TEMP, FUN VEL. RUN  PLATE & 5T cF/L UIRF
$24c5~-1 srpey-1 15 50+ %4 $.00202 ©,00367 ek 7
THEFHAL FYDRO. ENTHALPY MOHCRTOY EHTHALPY MOHERTLM
Bobe THE,  Bels ThEs HK. THK RE, '
1.8 L.o2z4 0. 1353 C.1065 La43, 1366,
YPLLUS TPLLS UPLLS Y THAK UL INF
0.0 0. o0.00¢¢ 0,000 ¢.C00
.9 lae F.0025 Gells Q.83
led Za2 D.003% 0.14%5 Qalle
LT 2.4 0.0G45 Q166 Calhy
&1 344 0,005 0.195 0,182
5.7 AuE 0.0C75 0.219 0,241
bad 5al C.CCHY C.253 Ca 200
4.3 T.5 2.0135 0,39 £.390
e 8 845 CaQLlTH Q43067 0,407
1.0 10.1 0.0225 04424 c.532
Va0 [1R%% D.02TS [P Y33 o.280
13,6 (1 %% D.0135 0. 459 0.629
faly 12.a D.039% 0. 540 .44y
158 12,9 0.0495 0,573 0.679
15,5 13.¢ L.0€45 0. 6E2 g.110
losd 14,0 0.084% D.661 ©.131
1.8 l4.4 0. 1145 0,650 0,100
10.2 14, & 0.13%5 0, 485 D.T7s
19,1 5.0 041895 0,128 0.798
20,0 15.5 0.2645 0,765 0424
28,9 Io.c 0.3345 0,198 0. 49
220 la.é 04395 0.935 Ga0TY
€ 17.1 D.5355 L. 868 0.604
2349 17,7 D.5895 0.908 0,540
24,9 18,1 0.8395 0,944 0,960
284 9.4 C.5395 Q2 96% 0,58t
2842 18,7 1.1395 0.952 Q5%
§15.7 Had 18,12 1.233%4 1.000 0.5499

TGAS
TZed

hC« BATA
PUINIS
28
Y/VELY

9:0C0

fu F
w90 Q40000

L3
0.174E-85

T-68%260 SNNY

¢~6941Z60

=3

g-0T X 0§°7

0°0=4

J1



RUN £92469-1L  Kw2.50X10+4 Fud,0 16
TEFFe FUA  VEL. RUN  PLITE X 5T CFr2 UINF
S24€5-1 §2565-1 L] 62.66  D.00187 Q00204 29,7
THERPAL HYDRC. ENTHALPY  HGHENTAM  ENTHALPY  HCHENTWM
Bebe THR, Bale THE. THia THK . Es REs
14039 G.EE3 C.1314 c.0elC 1674 1162,
YPLLS FPLLS LFLLS ¥ TUAR U/UINF
0.0 0.0 0.4C Q.0000 0+0¢0 ¢+C00
a8 Zel L.d 040025 0.077 Q092
2e7 245 2.5 €.0C5 9,090 0.129
L 3a0 3.2 0.0045 0.109 0.186
4.1 38 3.9 00055 9,129 G.203
4.9 443 &1 CoCC45 Q. 155 G240
643 5.3 L 0.0005 ¢el9l €209
B0 7.0 Tt 0,015 0.25¢ C.393
10.% B4 49.C 0145 0. 384 L PELT)
13,9 94 10.3 0.0165 G, 155 04526
17.0 L. L Lle4 CeQ225 0.%02 0.%593
2242 13.2 2.6 0.0295 [N 3 Cu€52
21.5 14,5 13.4 0.0365 G520 Q.895
3.7 L5.4 14,1 00445 0,553 ¢. T30
4la3 léus L5 0.0545 D553 760
4845 17.2 14.5 Qe064D Qabl9 0.740
6042 17.49 15.2 C.C¥9% 0. b44 Ce 195
7545 8.3 1.5 0.0995 0,673 C.810
LLTH 15.5 5.8 0.1245 2701 0.826
117.4 20.2 1641 Qa]245 23 0.861
15544 21.0 las 0.2045 »750 0,857
192.5 il 7 los & 0,2545 0.77% CaHT1
250.7 22.7 17,0 C,3295 0,810 0,39t
el 23.5 1144 04045 0.837 0.%0%
b4 5 2A. 5 17.8 0.504% 0.873 0.930
4402 2546 1a.2 0.6295 Q911 e 554
416, ¢ 2648 1.6 01545 [T 0.974
&52.7 27.2 18.7 QaBE45 Ca 567 G.547
12944 2T.7 8.9 049545 Q.943 Q.594
$4443 28.1 18.5 1.1045 04997 0.999
959.0 28.1 19.0 L.2545 Q4959 1.000
1635, 2841 14.0 1.3545 14000 1.000
=
LN} RUN 09246%~1 K=Z,50X10-6 Eag,0 114
o TEHP« RUN  ¥EL. RUN  PLATE x 5T CR/2 A
§2449=1 §25869«1 1T 66.7b 0.0C170 0.00257 34.¢
THERHAL HYCKG. ENTHALPY  FCHENTUM  ENTHALPY  HEKENIUK
Bels TRy Bele ThK. TR, K REs .
D.EE Qe T4 Cellés 0.0557 20404 938.
YFLUS TELUS upLLS Y Taar U/LENF
Qull 0.¢ Gel 0.acac 0,000 Q000
242 2.9 2a1 c.8025 [ LL] Q.110
3.0 3.5 3.8 ©40035 0117 Cu)5d
39 47 e85 CaQC45 D154 0.197
4aT 3.3 4B 04005 Qa L6 Qs ial
S» 6 baB Y5 040065 Q4 lud 0.245
Ted T2 T8 0,985 Qe240 Q269
0.0 8.9 8.9 0,0115 0.293 Cu459
12.¢ 1044 9.9 0.0145 0,346 0L50T
1641 L2.2 1.7 0.0185 Qs 402 0.£06
20.4 k3.8 13.0 0.02345 0.455 0.6%3
2447 15.1 13, e 0.0285 0,497 Q.712
30.0 1644 1448 0,045 0.539 04753
.2 17.4 15.1 Q0415 Q.579 T.781
f449 18.7 15.¢ 0.6515 Q614 Q.810
53.7 19.3 1.0 0.0615 Qebd5 Q.E27
Tie2 26.5 16.4 00815 Q4675 0.849
92,0 21.4 16.7 0.tLE5 9 162 0.867
135.8 2248 17.2 0.1565 QeTaT C.B89
18C.T 23.7 17.% 042065 0,774 0.505
24645 24.8 17.8 C.2815 Q. 822 C.524
EFERL) 25.9 18 .0 Q,3565 0,843 0.530
4C0.3 27.¢ 18.4 Qs4555 Q.d81 0,553
448 o4 6.0 16.6 [S111) 0.515 0.949
5767 29.0 168.48 0.0565 04543 0.98%
bh4e 29.7 12.C C. 7565 9,969 0.591
753.1 3042 191 D.85b5 O B85 C.597
41,3 30.6 12.1 0.9565 0.957 045%%
952 3c.4 19.¢ L.CL15 Qe 959 l.¢g0
106k.2 340.7 19.1 1.20&5 000 1.600

1G4S
73.0

HOe DATA
POINTS
a2

YFDELH

0. 0CC
0.GC3
0,004
€. 05
0,000
04007
0,01iC
0.013
0. 016
0,021
0.025
Q. 033
CeCol
¢.050
2862
0.073

TGAS
2.9

hD. GATA
PUINTS
0

Y/DELK

m F
99,9 940000

K
Ba244E~0%

Tu F
499:0 0.9000

K
Gr248E~05

TEEP4 FUN
S2489=1

THERMAL
Bala TFK.
115

TEHMPs KUN
52469-1

THERHAL
Bels THE,
&

HUN 0924é5w]  Km2.5GX10-4  Fad.0 1©c
VEL, RUh  PLATE X 57 cks2 ULAF TGAD
92569-1 18 TC.8%  O.CCL5Z  0.00263 4240 1206
N
HYORC ERTHALPY  FCFENTLE  EATHALPY  HCFERILA KO+ DATA
Bals ThKe THK. K o RE. RE. POINTS
9.560 0.1c21 0.6374 FITES 762, EL)
YPLUS  TPLUS  UPLLS s Teak U/LIRE  YJDEL¥
0,0 2.0 0.4 0. 0060 0,000 0,000 0,000
248 3.0 243 C.C025 0.1909 Qallt 0,004
3.5 4,0 3.3 0.0035 0.1l 0,163
44 5.3 N G4+0CAS 04159 0,209
5.6 5.8 5ol 6.0C5 Co134 6,295
6u8 bub 6l 0.00b5 04198 0.202
£ 8.6 Tek 0085 0,242 0,391
17 10.0 2.4 0,0115 €.204 Ceh55
L4.8 kL5 1148 0,0145 0,349 0,580
19.0 13,4 13.¢ G.0185 0.4G5 0. €57
2642 155 14 4% 040235 Quii bl 0,125
9.2 16.8 15.2 0.0285 04504 GaJ68
3444 18.3 15,8 0.0225 a.550 0.798
394 1943 1642 0.0385 0,518 94620
4145 2044 Loe? Co L4865 OubLE 04866
58.3 2l.4 171 040565 0. 649 €. 866
13.8 z2.8 1745 ¢.071% 0.643 04885
96,5 23.8 1.1 9.0515 8. 705 4,402
12044 2446 16.0 01165 C. a5 Ca5lb
15647 25.4 1842 ©.1415 ©.742 04527
Fr s 26,7 183 0.2015 Q.751 0,540
260.5 2745 187 042515 0. 823 0,550
33645 28.7 185 0.3265 04857 04562
46246 30,1 19,1 CehZes 0. 896 0574
Sks.8 31.3 19,23 0.5265 0,932 0,465
47743 32,5 1%45 Cab515 0,968 04995
an? .t 33.3 14,6 0.7165 C.95¢ 0,598
511.0 3346 8.5 0.87b5 0,998 1.600
101545 EENY 1946 0,9785 0. 999 1.C00 14684
1172.0 33.6 1940 11265 1,000 [ 1.%43
RUN 092445=1 Ka2.5¢Kl1C-6  Fu(.C Ic
vils RUN  PLATE X 5T LFez UIRF TLAS
92569-1 19 74,58 0.00122  €.002LT 532 72,4
HYDRO. ENTHALPY  FCFRHTUM  ENTHALPY  HCHENTLH KO, DATA
Hele ThRe THK Tilka RE» RE. PLINTS
0,435 6.0850 0.024% 2261, b4, 28
¥PLUS TPLUS LPLLS ¥ ToAR U/LINF Y/OELF
[ ] L 0.0000 0.000 0,000 6.6¢C
4.3 Zat £.0¢25 0.121 o.1zz
5.2 EN 040035 0. 147 0.171
bk 4ab 0,045 04182 0,320
T2 5l 00855 De 263 Qa9
Bl bl 0.0065 0.225 0.318
8.9 71 0.0075 04249 64347
2.8 L C.00E5 a.276 0.4C5
146 11.2 0.0115 0,325 0.532
1440 134 C.0155 043492 0.5
1640 15.2 0.0155 Gubdo 0926
17.8 1643 0.0235 0.49% 0,779
15.2 17.¢ £.0275 0,532 0.4
2044 1746 0.0325 0567 0,843
21.9 18.2 ©.0395 Q4498 0.E70
23.1 18,5 C.CATS . 642 D.k62
2414 18,9 A.0515 C.676 0,509
2644 15.2 0.0720 0.704 0.925
2648 1945 €.C575 €. 740 0.53%
24+ 4 1945 0,475 0.784 0,557
2% & 208 041575 0.81% 6.96
3.2 20.2 Gl2125 ool 0.575
33,0 2044 0.3125 0,908 04585
Jhakt 2045 G4 125 Q. 948 ¢.993
3546 20.6 045725 0.518 €.597
36,1 20.6 046725 0.99 0,99
1643 0.7 06,7125 04955 1.000
3644 2047 0.4725 1.080 1.000 24007

T0 B
9ds7 20,0000

L3
Q. 264E-05

10 F
984 0. 0000

K
042356=C5

{-639%760

T-69%260 SNNH

g-0T X 0§°Z=Y

0°0=4d

a1


http:0.259.32
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RUN 100269-1

CATE 10C2¢9 RUN
AM8 TEMP BASE TEHP
14457 15.59
X VEL K
] 23411 C.000E CC
10 23.1) 0.,000E 00
14 23,07 -0.352E-C7
18 23,07 C.000E& 00
22 23.07 C.000E 00
26 23.017 C.000E CC
30 23.08 =0,854E-07
34 23,07 0,138E-06
IE 23,05 Cu306E-CT
42 23.18 -0.146E-06
46 23416 0.200E-07
48.76 23.5C C.200E-07
50 23.29 0,338E-0¢
54 23.68 0.879E-06
€8 25,45 G, 186E-05
68,94 26.40 0.106E-C5
£2 28469 0.227E~05
&6 33.14 04254E-05
£6.76 34.60 0,z54€~05
10 40,18 0.258E-05
14 50.74 0.253E-05
714,58 63.20 0.253E-05
16 63445 0.727E-06
a2 64.17 0.176E-07
E6 84,250 0.490E=-08
S0 64018 =0.179E-07

NO.

k=2 .50X10=6
1

F=0.0 ic

GAS TEMP CCVER TEMP BARD PRES

66432
REF

Sla
165,
240,
217
Ml
563,
47¢&.
T27
457,
167,
336,
343,
“8c.
615,
Hhée
157
B4
1CC7.
1015,
1153,
1295,
1312,
147€.
1702,
1960,
2236,

67.88

ST

0,00166
G.00146
0.00172
04 COL5T
0.00157
0.,00221
C.CCa18
0,00195
0.00087
0.CC418
0.003C4
0. £0310
0.CC252
0.00264
€. C0251
0.00243
0.00223
0.00201
C.00195
0.00174
0.COLES53
0.00151
0.00136
0.CC2C2
0.00222
0.0C209

29,80
REM CF2

L4866, 0.00210

1327, ©0.C0267

895. 0.00257

595, 0.00211

REL HUM
[ Pe1

TO

6B4
1P
LT
4.4
844
68.1
68.¢
8.2
6945
8.8
9.0
89.1
88,9
BB.H
88.8
49,3
48.8
88.9
89.6
6840
89.0
87.2
60.8
68.8
§9.0
89,41

RUN 100269-1

4E.TH
58494
€& 76
14.58

46.76
5£.94
£&.TH
T4.58

F

0,0000
Q.£000
0.G0C0
00000
D.CC00
0.0000
0.0000
0.CQ00
G 0000
0.0000
0. 0000
G.0000
G, CCO0
0.0000
Q.0000
0. 0000
0.00C0
0.0000
00,0000
O L0000
0.000¢
0.0C00
G2 0000
0. 0000
0. 0000
¢,0000

VEL

23.5¢C
26440
34.60
53.20

REH
363,

757,
10154

RUN 1002469=-2 K=2+ 50X 10-¢ F=C.0 Ic
DATE 100269 RUN NO. 2
AMB TEVMP BASE TENP GAS TEM? COVER YEMP BARD PRES
75.07 15+73 67.16 68,58 29.480
PL X VEL K REkL ST TO
2 & 23.12 0.0Q00E Q0 116. 0.00202 68.8
3 10 23.12 0.000€ Q0 2€5. Q.00179 68.8
4 b4 23.08 ~0.352E-C% 297, 0.00211 &8.8
-] 18 Z23.00 Q.,000E 00 392. ©Q,.00192 088
] 22 23+CB C.000E 00 483. 0.00192 68.8
7 26 23.58 C.000E OO 617, C.0C261 [-1-7%.}
] ac 23,09 =0.856E-CT T86s 0400246 1213
9 34 23408 0. 138E-C6 E45., C€.00222 6847
10 38 232.06 0.306E-07 48l.  C.OQCE9 TCal
11 42 23420 =0.Ll46E~0Q6 167. 0.00522 69.3
12 4€ 23,17 C. 200E=C? 334, C.CC3C5 8946
13 50 23.320 0,338E-06 482, Q.00255 89,3
14 £4 23.79 Q.880E-C& &l 0.00269 894
15 88 25.47 0.187E~-05 147. 0.C0283 B9. 4
146 &2 28,71 0.228E-0b 874. 0.00224 89.5
17 (L] 33.16 0.2b5E-05 10¢9. 0.0020] 89.5
18 70 40,20 0.259€E~08 1158. 0.00176 9.3
19 14 5076 0.,253E=-05 1316, 0.00156 89.3
20 18 £3449 0,728E-06 148b, C€.00137 89,4
21 a2 64421 0.177E-Q7 17¢7. 0.€£C203 86,4
22 £6 64,20 0.490E-08 L1579, 0.00225 89.5
23 90 64422 ~0.1l7%E-C1 2261s 0Q.C0213 895
SUMMARY OF PROFILE RESULTS
K=2+50X LO=6 F=0.0 1C
K F T0 TINF  DELM DELH
Co200E-CT . 0000 891 6648 1,061 04514
0.186E-G5 €,0000 89,3 67.2 14024 0.75C
0.254E-05 0.0000 89.&6 67.2 0.743 04670
0.253E=C5 (. 0000 #47.2 6741 0.435 0.508
ST REM CF2 DELTA2 THETA
0.00310 1456, 0.00210 0.93¢6 C.1231
0.00243 1327. 0.00267 0.0565 00,1022
0.00155 855, 0.00257 00,0576 0.0530
0.00151 595, 0.00217 0.0511 9.0230

1372.

REL HUM4
0.42

F

0. 6000
0.0000
C.C000
0.,0C00
02,0000
€. CGQC
¢.C000
0.00G0
0.0000
0.0000
0.0000
C.C000
G, 0000
0. 0000
0.0CQ0
0.00G0
G.0CQ0
0.0000
0.0000
0.0000
0.0000
0.0000
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€aT

VEMP, RUN VEL. RUK
FR25L9-1

1002¢5-2
THERMAL

tdel, ThR.

C.t14

TEHP. GLN
190249-2

THERM AL
Bal, TFK+
.33

HWYDRG,
Eels Fhhe
l.céL

YPLUS

483.5

YEL, RUA
92565-1

HYDHC.
Bal. THRa
l.024

YPLLS

KUM 100269-]1  Km2.50%10-6 Ful.0 ic
PLATE 3 T CF/2 ULAF
12 4#GeT4 0400310 64002L¢ 23.5
ENTHALPY  MGHENTLH  CATHALPY  MCEENTLA
. THA . . N
C.c306 8.1231 163, 1a64 .
TPLUS UPLLS ¥ Tear LILINF
(%)) C.0CG0 Q000 0,000
Lo C.0C25 0.128 C.CTh
2.3 0.0035 Q.1by C.k0s
2.4 C.0C45 Q0e133
3.3 06055 0. 163
Al T00TS 0.222
Sl 0. 01¢5 D.209
Gul 0.0135 0,324
byt 0.0145 0,371
7.8 €.0208 8.424
3.3 0.024% B2
Gul $.0285 0,604 04454
9.8 €.0235 0,642 C.521
1C.2 Q.0355 0.484 0547
10y 7 C.C485 Q. il6 0. 564
11,3 0,0555 Q. 158 e 594
Tley 0.074s Q.70 0.€17
12.4 0.0505 0.3830 0.£41
12,4 0.L155 Ta B3 Oubto
13,2 Qeb403 0883 02607
13.7 CelECS 0.91& CaTL3
la,1 Q.2305 0.9%1 0740
14.% 0.AC55 0.054 0771
14,7 CoIECH 0,979 0.8304
lé. 4 C.4805 LFLLT Qufat
14,9 CoBEQS Q793 L1
15,0 0.66C5 049595 au5l2
13,0 C,.7405 0954 0,539
L15.¢ C.8ELS (1.0 a.562
RLE 1CL2E5=1  Kw2,50X10-b F=C.0 ic
PLME X ST CF/2 USAF
15 5E54  0.00243  0.002e7 2644
ERTHALPY  MCAERTUM  ERTHALPY  HUMENTUN
THK HK 1 .
0+0565 . 1022 27 1321,
PLys LFLLS Y fHAR UruInF
0.0 0.0 0.0000 c.0co 0.¢og
2.7 Lo4 0, 0025 Oells 0.043
3,5 L] £1CC35 G. 150 0.1l
Gud 2ok 0.005% QuLdT C. 149
5.0 3.2 GaCLhs Q. 212 0a182
5at 3.7 0.0C45 9.229 Ca21b
be2 4.k 0¢.0045 Q. 205 Q.27Y
T.8 &l 0.011% 0.338 [ 2:%:]
I Tl 0.0145 Q. 358 Ci4lo
LC. 5 Bey 040155 U406 0481
11.9 9.3 0.0235 0.504 04532
12.9 0.9 LE T H 0.543 0573
L3.0 Lo.5 0.02L5 04545 Q45607
Lé.5 il.o 0. Cles C. 820 [ SLE 1
15.6 i1.5 0.G42% 0.645 8,661
16,3 1.7 €.CAYS 210 0.6Tg
17.0 1241 Qe055% Q.71 Q. 700
17.7 12.5 0.0695 04743 0,717
1E.4 12,7 0.0E45 Qa1 Q.737
19.2 13.2 Qall4s 0« BOT 0.740
2¢,1 135 0a1545 04845 04782
2046 3.k Qal945 Qs 0L 04600
212 189 Ga22%5 o887 vaglz
Zle ¢ L1443 $a2795 0.906 0,82¢
22.2 1447 0u2545 0 931 Q.44
22,8 152 04545 Q956 Ga862
2d, 2 15.1 Q-5b45 0.913 0.700
23,5 6.0 Qa0545 04994 Qe532
257 iGab 0.804% Qo994 02501
23,9 1645 Ca5255 . 958 04500
2349 171 1.0545 1,006 ¢.542

16a%
Gus b

hCs VATS
PUINTS
29

Y/OELK

GAS
&T.2

NEa DATA
PLINTS
3l

Y/UELH

¢-840
0,002

T0 F
at b 0.0000
L3
0. 2C00=C7
TO F
85.3 0.0000

K
Ga LubE=0%

RUN 10¢26£5=1  Rw2,50K10-4 Fa0,0 e
TEMP4 RUN  VEL. RUN PLATE X £ LR/ ULAF TGaY
1002¢9-2 92691 17 6428 0.GCC153 €.00257 34t &1.2
ThERK 2L HYDRU, ENTHALPY  FEPENTLF  ENTHALPY  MUMEMTUH  hO. DATA
Bele TEK. B4l ThK. THR. L . Kk PULNLS
€t ic QuTaa 0.057¢ €.C530 1015, S5 3¢
YPLUS TPLUS UPLLS Y 13aK (AN Y/DEEH
o.c 0.0 a.c .0.caca 0.600 6.C00 0.000
2.2 3.3 2.1 C.0C25 Qeles 0.110 0,063
2.0 3.9 0 C.003p Qalak Culbs 0.00%
4.0 41 3. €.0C45 0pL 85 0,197 0,006
4.8 5.2 ] 0+CC55 0.1%5 Go2hi 0. 007
547 'R 5.5 0.0C65 0,225 0.285 0,089
(1% LI &7 0,0075 Qa42 0.229 9.019
8.3 T.6 T8 0.0095 6,247 Cadc2 CiCi3
10.1 9.0 H.l 0.0116 Do diy Qehb? Qo015
12.8 101 5.7 C.C145 0v 385 o.507 04020
1544 Ll 1.2 0.0125 0.541 0. 544 0,024
1841 L2.9 12,2 0,02Q5 04482 Q63T Qa0
21,7 14.5 13.0 TaC245 £.535 04881 Q023
25.2 L5.b 13.6 G.0245 0.519 0.112 0. 020
20.8 1o 1641 C.032b 0509 Q.80 0,064
33.2 1T.F V4.6 C.0375 0,635 0. 765 QutBC
Tt 17.9 15.0 ¢.0425 Cevod 0 +7d4 0.C57
LY ] (LI} k5.4 Q0825 Q. 112 0.812 0.011
9.9 204 1545 0.0075 U136 Ul b3 Oa GYL
T1.7 213 [ 1Y ¢.0875 Q. 7490 04+654 Q.L14
104.5 22.% 16.¢ C.1115 CuB2b Cu8T4 04128
4%l 23.% 1740 0.1875 Q.B6b Q.83 0,223
2h6eC 2ha5 1744 Co2h2s 04704 Qafla 032
283.0 2bil 1742 €. 3175 0530 G530 04427
72,3 259 17.9 0.4175 0.9%0 0,547 ©4 b2
441,7 2844 18.2 C.5175 0.974 04953 LA T
$51.0 26.7 1.5 £.617y 0.9¢b C.477 . 831
€484 3 27.0 .1 0.7175 21994 Q.588 .55
T29. 6 21,1 14e 8 0.4L75 0ad%8 0.995 1.100
BlU.9 2T 4.9 c.oLi5 l.00C C.558 l.224
RUN 10C285-1 Ka2.5CX10-4 Feds ¢
TEMP. RUN VEL. RUN  PLAIG E 5T R/ UINF TCAS
1002€$-2 92569~1 19 T4:58  0,00051 C.002L T 532 6Tl
THERHAL HYDRY, EhTHALPY FLFEATUM EhTHALPY BOPENTUR  HO. BaT4
Gobs THK. Biks ThK, THE THA . Re, kEy FLINES
Cy5Ca Qa435 0.0511 040230 i372. Ei% 40
¥ALUS TPLLS LeLLE ¥ THAR U/LINF Y/UELN
0.0 Ta0 Q.0000 C4000 .09 0Ll
L.5 i€ 0.0025 Qs D40 0.122 GaQ0d
3.4 3. 0.0037 Qs lG& 0,181 Q. CCY
3.9 Aab 00045 Qel22 0,220 0.010
4.8 5.4 <152 Ca2b? 0,014
Sa1 a0 Cait9 0,318 0.CLS
6a7 Ted Qa2L2 0367 0017
B.7 gal 0,271 0e443 G, 022
98 L.l 94510 De932 Qi Q2b
12.2 1.l 0,302 G029 0.033
L4490 1444 0.438 D4 654 Ce 040
L5.T 15.3 04449 0,740 0.047
14,2 L.l Ca523 0.054
1Be4 1t od Cebis 0. C&3
15,7 1744 Qubld 0.073
2la9 8.1 0. 681 0.094
23,3 LEe> G225 0,121
2406 G 104 0. 1565
25.9 0. 64 Q. 201
24,9 Q.63 0. 259
27,5 CGadtsT c.324
28.9 0. 856 Goa2l
294 [P 0.2C¢
0.2 0,92¢ 0613
30.% o300 £.788
.6 0,978 Q.960
32.0 0. 551 L.190
A2.2 Q.998 L, 425
32s4 1,000 1+650
3.4 0.8175 1.8CC 1.88¢

10 F
89t 040000

X
Q.254L-C5

Tv r
87,2 U-0000

LY
0:251E=C5

¢-69Z001

g-0T ¥ 09°2Z=N T-69200T SNNY

0°0

21



HGT

G.0%

St 1 " i
L e it

gt
4 -
By
) &
4 n ® Sog
>
%
u
Re
001 R S A
102 103 5%10
40+ :! +
E HOW ;E
: 0 3
[ ® 4 ¥
F @ i 1
A o 0" Lt ++mmﬂfim i
: 4 & + + mm@m :E
[ T + n® I
[ n:+ P L
i@
s & b@ [ufuluiuuua) 1
- & ow ¥
+ wﬂ%’g +
1 a0 1
Lo o™ v :
Q 9] +—+ ::':.’!l =ttt e s o R
10 10 10 10

PROFILES

x(in, }

Symbol

46.76
58.94
62.86
66,76
70.69
T4.58

&x + b o

e mm&% |
@,
bd
&

<+

o

¥/ by ot
o] '“—‘H—4‘H4+H—|—|—1-FFH*—|—H—H+W—@——+—H4+H-
10‘3 10-1 2 10

¢~69200T

T-68200T SNNY

=%

g-0T X 06°2

0°0=4d

31



GaT

b
-

oSm=-eenLsSLN

RUN 101789~1

CATE 1C1769 RLN
AMB TEMP BASE TEMP
71 .49 1347
X VEL S
] 23454 ¢.CO0E 00
10 2349 -0.166E-06
13,81 23,20 0.,208E-06
14 23.45 0. 208E~-006
18 23.82 C.750E-06
21.81 25,60 0.200£~05
2 z5. 62 Ce 200E-05
26 29.29 0.253E-C5
29.81 34.20 0.256E-Q5
0 3472 Ce256E-05
14 42 o444 0,258E~05
21,46 52.6C 0.262E6-05
28 54,74 Cs262E-08
42 7523 0.115E-05
46 1756 0.000E 00
50 7732 =0.1$8E-07
54 TT.52 0.163E-07
Ly T17.62 0. 811E-CB
£2 1752 -0.807E-08
13 17448 =0.349E-08
c 7. 51 0,231E-CE
T4 T7.45 ~0.469E-08
8 77.36 =0.699E-08
€2 T745) O+ L15E=-07
86 TTe48 =0.,235E-08
SC T7.23 -0.1588-07

K=2 .56X10-6& F=0.0 BC RUN 101769=2 K=2.56X10-¢ F=Q.0 BC
NC. 1 CATE 1017469 RUN ND. 2
GAS TEMP COVER TEMP BARD PRES REL HUM AMB TERF EASE TEMP GAS TEMP CGVER TEMP
64.75 66.03 30.C4 0.51 T2+59 T3. 6L b4, 15 664,07 30.04
REH 5T REM CF2 T0 PL X VEL K REF ST 10
277. 0.00324 89.4 0.0C00 2 6 23«44 {«GODE CC 212. C€.C0225 69.4
425, 0,CC310 89.6 0.0000 3 10 23440 -~0.168E-06 425, ©€.00313 6946
572+ 0.00251 1120, ©0.00253 9.4 0.CCCO 4 14 23.35 {.210E-06 57T+ 0.00289 8%,2
575 0.00286 8%.4 00,0000 5 18 23.73 0.758E-06 T13. C.Q0zi8 89.3
712. 0.CC275 89.% 0.0000 ] 22 25.53 0.202E~-05 842. 0.,00257 89.5
788, 0.00253 1220. 0.0027% £6.8 0.0000 1 26 249,21 0.255E=C5 $76. 0.00221 8926
E46. 0,C0255 89.6 0.,0000 8 30 34.66 0.257E=05 illz. 0.C0192 8946
S8l. 0Q.€£223 89.6 0,0000 G A4 42.38 0.259E-C5 1254. C.CO170 89.7
1038. 0.C0197 825. 0.00260 9.9 0,L000 i¢ 28 54.7C 0.262E~-05 1403. €.C0149 9Ce0
Lil9. ©G.C0190 89.6 0.0000 il 42 15.19 0.110E-08 1695. 0.C0120 £89.9
1265, Ga.(017C 45.6 0.C000 12 46 17.583 ¢.CG00E O 1£54. 0.00180 8%.6
1275. 0.00151 627. 0.00238 90.0 Q.0000 13 0 77+28 =0.158E-C7 2l66. 0.00214 8g.6
l14l11. 0.C0150 B9.9 0.0000 14 24 TT449 Qe163E-07 2518. ©0,00201 B9.5
1606. 0.00120 89.9 0.0000 L5 28 17.5% 0.812E-08 2845. (,00196 B89.4
1876, 0,00182 89.5 0.0000 l& €2 77.49 =0.8C8E-08 3122. 0.60191 894
2183. c€.c0218 89.5 0.0000 17 &6 T7e44 ~0.349E-08 3429. 0.00187 49,5
2530, 0.00203 £9.4 0,0000 t8 7C 17447 0.231E-CE 3741, 0.00182 89.5
2864. GCa.CCL98 89.3 0.C000 19 T4 77.41 =0.470E-08 4CEL. Cl.CClEL 86.2
3166. 0.00193 89.4 0.0000 2¢ 78 77.33 =0.TO0E~08 4313, 0.0075 85.5
3457. 0.00188 #9.5 0.CC00 21 82 1747 0. 115E-01 46C5.  C.CCLTS 89.4
316, 0.C0182 89.4 0.0000 22 g6 TT.44 -0.,2356-C8 4822. C.0C172 89.7
4066, 0.CC180 89.4 0.0000 23 S0 77.20 =~0.158E-07 5114« 9.00170 89.6
4354, 0.00177 89.4 0.0000
4586, G.C0174 89.6 0.0000
4853, 0,.,00173 89.7 0.0000
5153, 0.00176 89.6 04000
SUMMARY OF PROFILE RESULTS
RUK 101769-1 K=2,56X10-¢ F=(.0 BC
PL X VEL K F 10 TINF DELH CELh
4 13.81 23.20 G.208E-06  (.00Q0 B8%.4 64,8 1.139 0.652
€ Zl.81 25.60 0.200E-C5 €. COCO 89,8 68,1 1,377 0.729
& 26.B1 34.20 0.256E-05 (.GCO0 86,6 64.8 G,746 0,672
1¢ 27.46 52.60 0.262E-05 €.0000 90.0 64.6 0.433 0.516
¢
PL X REk ST REM CF2 DELTAZ THETA
4 13.81 572, 0.00291 1120. 0.00253 0.0471 0.0922
& Zl.81 188, 0,00253 122C. C.0G215 0.0595 0.0920
£ 25.81 1038, $.00197 §25. 0,00260 00,0581 0©.0459
iC 37446 1275. G.0CL51 62T, 0.0023E 0.0464 0,022}

BARD PRES REL HUW

0a47
[

0, 0000
040000
0,0000
c. 0000
0.0000
0.0000
0. 0000
0.0000
0.0000
0. 0000
0.0000
0,0000
C. 0000
0.0000
G. G000
0,0000
0.0060
0. 0000
0.0000
0,000
0.0000
0.0000
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oGT

TEFF+ ALK
101749-1

IHER* AL
Giko TEK,
Cab52

TEMF. RUA
164T45-1

TFERF L
Baks ThHK.
0.729

VEL. RUN
10104%-1

HYDRC
Hols THK.
l.139

YoLvs
0.9

1.1

VEL. RUR
1010651

hYDRE,
Balu TH
1,312

YRLLS

RUN 1CNT&§=1  Kw2.56X10<6 Fa0,0 ;14
PLATE ] ST CF/2 VIAF
4 13,61  0,C0291 0,00252 23.2
EATHALPY  NCHENTUH  ENTHALPY  HOMENTUA
THK THK. E, HE,
0,041t 0.0922 512, 1120.
TPLLS ueLLs ¥ T8aR [PIN{NG
a0 0.0 0.0000 0,000 0,800
2.4 led 0.0425 O Lyt 0.077
1.0 2.2 0,015 0.1E2 i loe
35 2.8 010045 0.208 ¢, 130
At FIY £.0058 0,235 €. 170
4§ %l 00065 0,265 0.icl
5i2 5.2 Q.0085 0,305 04260
S.4 642 0.C1c8 04347 €361
8.7 1.0 6,042% 0,365 .26z
Te$ 8.2 00155 Ovthl 0.40%
8.2 9.2 C+G185 0,481 0.45L
.1 10,2 C.0225 9,512 0.502
[ 3] Hlal 0.0274 [ 04549
10.5 11.8 040325 01613 Ge582
1143 12.3 0,040% 0,645 0.E2L
12.¢ 13-4 0.0365 0.703 0,651
12.1 1344 0.0855 04 Thi Q. U5
13.3 1442 +040% 0.77% 0,105
13,9 14,8 £ 1038 ge8ll ¢.735
Lauh 153 0,1455 0. Bad 0.179
15¢3 1641 Q41555 [T 02804
15,8 1645 Gu27¢8 04923 04842
L 1T.5 Q43455 0740 0a875
1be 6 1647 Cab455 04969 0.503
1649 1.8 0.57C% G+ 945 0. 534
1L 19.2 0.6955 0,993 6.558
1tal 19,45 T TS55 0.997 6,909
17.l 1946 0.4y55 04959 0.578
ATil 19.1 T9455 1,000 0.580
FUR 101789-1  Ke2.56X10-6 Fag 0 ue
PLATE x 4T CE/2 LIRF
£ 21,81 0.00253 0.002T8 4k
EN;H:LP% HOMEWTUH  EATHALPY  HCHENTLH
. . B '
[ALTH g.c52¢ Bk, 1220,
TRLLS UPLLS ¥ TEAR WUINE
040 0.0 [ §.08¢ . Cob
2.4 1.1 G.0025 0.126 0,086
L0 2.9 $a0037 . o l28
3.4 1.0 ¢.0C48 04156
4,0 3.7 C.0055 0.190
4 4k 0.0063 0,225
5.0 5.0 0.0075 C.259
5.5 6l €.0095 0.317
Tat Tul Cif11s Ce3b6%
8.t d.3 0.0145 £.429
942 Sali 0.0175 0487
9.8 a2 c.czes 0.529
10.9 1.0 040245 0.5TL
11,8 1L.€ CoCZ5h 0.611
12.4 1244 040255 [-TH
1344 3.0 0.042% VedTh
14a1 1321 Ge0505 0,694
157 13.9 040605 9. 718
i5.3 1442 0.075% 0.4
léal baa1 € lOCS Q4759
1649 15.1 0.1305 Qe 740
116 15,7 O, Eg65 O.8ly
18.5 1641 Q42555 0.852
1944 16.9 0,3555 0, k6
1948 17+4 Q44558 04513
20.2 1747 Q5555 4§29
HE 18,2 0.705% 0.553
26 7 18,5 048555 0,548
20.1 1645 049555 0.5T4
20.8 1847 1.0558 0.97%

TGAS
648

KO DATA
POINTS
A

Y/UELK

. 000
0.002

T6aS
L7}

hG+ DATA
POINTS
13

YAOELH

BUN 11769=1  Km2.54X10~4 Fo i
T r SEMP. BN WELs HUN  PLATE X 1 cE/2 Ul ke
Baa4 0.0000 16Les=1  Lolced=) [ 29.8%  0,00157 0100200 34,2
TREFRAL hYDRE. ENTHALBY  HGHENTUM  ENTHALSY  HGHENTLA
LY BeLe ThK, Bels This HK « THK . REx Ak
Q. 209E-06 ¢.ti2 CuT48 LPULET Ca0ass 1028, 8254
WLLS  TPLUS  UFLLS s TBAR W teF
8.0 c.0cte 0.4 04600
Z.9 o.i1e 0,108
4,C 0.15% Q.14
445 . 400 <4190
8.3 0.2k2 0.232
bt 0,282 a.318
. 8.4 0334 0,431
9,7 0365 04515
1lak Cukil D579
12,3 Oe4H5 0.€36
1341 04521 G476
14et 0,373 o117
15,3 da 005 0,953
1643 Q47 e.782
17.2 0: 678 €. 809
18.2 0,718 0,831
1941 04755 0.855
2041 G t9l 0,874
20,5 0,622 04890
2l.1 0851 0,904
2241 [ ) 04512
22.8 0595 0.528
2348 0,925 D544
P 0.941 [T
24,1 04943 92909
25.1 0,545 04540
2543 0,953 C456Y
23,5 04997 0,943
25.5 €19155 0,959 0. 596
2545 0494545 1.000 0,548
HUK L0LTs9=1  Ka2.55%10-6 [N ot
10 F TEMF. YN VEL. AUN  PLATE x &7 tks2 YIME
89.4  0.D00p 1ELFeS=1  10L0&S-L 10 3746 000151 0.00238  52.¢
TEERFIL  RYDRC. ENTHALPY  MZKERTLH  EATHAWPY  BEPENTLE
K Bake TFK. Bels ThKe ThK 4 THK Ry RE .
0.2086-05 Catle 0,433 Calabh 040221 1275, 627,
YPLUS toLus WPLLS ¥ TBAR U/uINF
0.0 ] 0.8 6,080 0,000 0.000
343 43 3o 040035 04 b4l 0.127
445 5.6 #.2 040035 0. L44 04191
5.5 645 5.3 0.9045 0.214 L2496
T2 Tab &b Q40255 01247 €201
8,5 8,3 7.7 00065 0.273 4355
1.2 9.9 0.0 £.0C85 0.324 0. 4bk
13.1 11.7 1i.9 0.0105 0.37% 0,549
16,2 12.% [F ] CiGl2s 0e4L0
19.0 13,9 14,4 0,0145 04452
23,0 15.3 15.6 0.0175 Ai599
23.3 1.0 16,8 040215 0.553
34,9 18.8 17,4 040260 bl
455 2012 16.2 0.6315 04653
3.2 21.1 18,7 €.0365 0.683
bl ek 22.5 19.2 0.0465 0,130
Tha? 23.5 196 B.0365 0,762
G446 284t 19.9 ¢aC?15 0. 154
L21.8 26,0 20,2 0.0965 6.835
17443 2140 i0.5 Ca12i5 0,872
22745 2040 6.7 641715 0. 563
293.9 24,3 20.8 02215 0,925
193,17 2946 20,9 042945 04953
493,46 3042 1.0 Q43715 0,973
£26.6 0.7 21,1 9.4TLS XTI
759.7 20.9 .2 Ca5T15 04554
89247 3.l zl.2 948718 0389
1625406 el 21,2 0.TT15 1,000 0.997

1645
4.8

hD. HATA
POINTS
30

Y/DELH

d.000
9,083
0.00%

TuAS
b,

KU, pata
PUINTS
29

YIDELK

6.900
G 6CG
0.0CH
0.010
0,613
0015
0. 020
0,024
0029
0. Ga3
04040
0,050
0. GbL
0.073
0.084
0.1¢7
0130
0:16%
0.223
0,304
0, 358
0.512

to F
25,9 o Gooo

K
0.256E-C5

Ty [
90.0 Q. 04000

K
0+2426=05

{-69.L7101
T-694T0T SNNY

=}

9-0T X 95°7

0°0=4

o9
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94T

RLN 102469~

1 H=2,50X10-&
1

Fa0.0=0,004 BC

CATE 102449 RUN NC.
A¥B TEMP BASE TEMP §AS TENP COVER TEMP BARO PRES REL HUH
12450 T4 10 85482 664087 29.99 0.54
PL X VEL K REH 5T REM CF2, T0
2 & 23.54 -0,298E-06 248, C.C0347 89.5
3 lc 23.65 0,258E-06 510, 0.00313 N 89.3
4 12,81 Z23.60 0s211E-CE ¢ECs Co.C0292 796+ 0,00248 BG.7
4 14 23.62 0.211E-06 €56, 0.00296 * B9y 4
£ 1E 23.8%  0.L93E-D6 179.  0.9027% 0.0
) iz 5. 68 Qe lTIE-QE 422, 0.00251 89.8
7 26 29.20 Q.255E-0F 1983. 0.00223 €9. 6
8 i 24.3% G.2556=05 1146. 0.00)92 89,9
9 4 42407 0.264E-05 I482. C.CCC86 8945
1 28 54432  0.269€-05 1937. 0.00112 50.1
11 q2 T4e 64 0.120E-08% 26C8, €£.00091 90.0
12 4o 17.55 -0.963E-08 338¢. C.CGC53 85.9
3 5C .40 0,169E~0T7 4122, C.00C81 50.0
14 £q TTeb3 Ga 274E-CB 4826+ C.0GC89 90.1
L5 a8 TT+54 ~0.3T6E-C8 b5EC. G.COLTD 90. 1
¥ (¥ 17+48 0.529E~10 6318+ €.00Cs61 90.0
17 &6 17453 0.468E-CB  7{78. 0.CCO58 9.9
18 70 7765  0.1656=08 7E54. 0,00057 ESe &
19 14 17,61 ~0.946E=C8 8465. 0.00058 89.9
2 78 7,56  0,.807E-Cd  92C1. C.C0054 6948
21 £2 17+68 0.545E-08 9901s 0400054 a4%.8
22 11 1768 ~0.872E-C8 10635, 0.00052 89.8
23 90 77454 =0.112E=07 1127Z. 0.C0C52 69.7
RUN 102469=1  Ko2.50X10-b F=0.0-0,004 B
TEMF. RUh VEL. RUN PLATE X 87 CF/2 ULAF )
1024¢€5-2 102469-1 4 13,861 9,00292 0,00246 23.6 L)
THERHAL HYCRQ, ENTHALP ¥ FOHENTLY  ENTHALPY HCMENTLF hC.
Bale ThKs Bals ThK. THK & THK » . RE« PO
C.E55 0.553 0.0533 0.0653 650, 796,

YRLUS TPLUS upLLs ¥ TBAR U/LINF Y

0.0 0.0 Uel C.0CoD 6.000 9.000

1.5 2.1 Loa 0.0025 0.127 €. €69

2.1 3.0 2.0 0,0035 0. 180 9,097

2.1 3.2 2.6 Ce0L45 0.154 0.124

3.2 3.8 3l 0.0054 0,225 Q.152

4e5 heb 402 G.0CTS5 0.273 0.207

5.6 4B 5.2 0.6055 C. 284 C.254

Tatr b2 b5 0.0125 0.373 0.318

Ge2 Tal T8 C.0155 0.422 0.388

1140 8.0 9.0 C.0185 0.475 0,439

L3.5 Ba 7 i0.0 0.0225 0.517 0.492

lée5 ek 11.¢ C.0275 0,560 0.541

20,1 10,0 1l.8 0.0335 0:594 0.582

25.5 1049 12.7 00425 0645 04626

31.5 Fl.3 13.2 0s0525 0.673 0.¢654

39.3 tle9 13.8 0.0655 0.706 0.602

4504 12.3 14.2 040755 Q4720 04699

40 .4 1249 14.8 G.1005 0. 764 0. 730

8.5 13.5 15.4 0.1305 0.799 0.760

168.7 1442 16.3 0.1805 0.842 0.804

138.9 L4.9 17.90 G.23C5 Q.B878 GeE42

1692 1544 177 0.2805 0.906 0,874

199.4 15,7 18.3 €.3305 0,929 0.906

229.7 16.1 18.8 0.3865 0.949 0,633

290.3 l6.8 19.6 0.4005 0,977 Q573

350.8 L&.9 20.0 C.5ECS 65994 0.993

4l1.3 17.0 2041 D.68085 0.9%8 0,598

4118 1T L 20.2 €.7805 0.999 1.0c0

532.2 17.0 20.2 0.5805 1.0¢6 1,C00

E

0.0000
0.0000
0.0000
0. 00600
0+00C0
0.0000
0.0000
0,0000
0.0039
9.6G03%
0.003%
0.0039
0.0038
00039
0.0039

4

GaS
5.5

VATA
INTS
29

FDELH

TQ F
89.7 0. 0000
K
0e211E-08

RUK 102469~2 K=2,50X10%€  F=C.C-0.C04  BC
DATE 102489 AUN KO. 2
AMB TEMP BASE TEMP GAS TEMP COVER TEMP BARD PRES REL WU
1241 Tau1t 65,62 66,87 29,99 0.55
L X VEL K REH ST 10 £
2 6 23,59 ~0.2986-06  353. 0.00248 894 0.0000
3 16 23,65  0.2588-C6  5lé. 0.00302  §9.3  0,0000
4 14 23.62 0.211E-06  E55. €.00292 89.6  0.0000
5 18  23.90 0.594E~06 786, 0.00279 89,9 0.0000
€ 22 25065 GolTlE~C5 933+ 0.00252  89.6  0.0000
T 26  29.20  0.2556-05  1084s 0.0C222 89,7 G.0000
a ac 34,35 0.25%E~05 1158. 0.00L94 89,7 0.9000
9 34 42,07 0.264E-05 1487, C€.C0CH6  89.5 0.0039
L0 38 54.33  0.269E-05 1945+ G.00115 901 0.6039
1l 42 T4r6h  G.120E-05 2613, €.00095 9040 0.0039
12 46 11,85 -C.S564E-C8  3357. C.COCS4 89,9  0.0039
13 SC  TTo40  O0.M60E-GT  4lé6. 0.00080 89,0 0.003H
14 4 .63 C.2T4E-CB 4850, 0.00069  90.1 0,003%
18 586  77.54 ~0.376F-C8 5&13. £.00CTL 89,9 C.6C39
16 €2 77.49 0.529E-10 6351, 0.0006) B89.9 0.0039
17T €6 M.E3  0.460E-CE 7123, €.00C55  U9.6 ©0.0039
18 70 17.65 0.1656-08 TEE2, (.COC57  B9.6 0.0038
1S 74 1.6l =-0.94TE=C2  B4E4. 0.00055 B9.8 0.0039
20 78 17.51 0.8076-C8 $2CC, C.00055 89,8 0.0038
21 82  T7.69 0.545E-08 9942, 0.00057 %6 0.0039
22 11] 17T.68 -0,672E~CH 10636. (,00052 8%9.7 00,0039
23 90 1T.54 -0.112E-01 11404. 0.CCOE6  E9.6 0.0038
0,005 frmmomactte i+ bt il
P
1 Ty "
|
[ |
4 n EN
st
.}
0.001 T 1
I . & I
] " 1
i =" ]
i . 1
1 Re, |
0,000 d——t—t—tett+- bbbt
ex10- 103 Y

¢-694201
T-69%201 SNMY

=3

0T X 09°2

g-

%00°0-0°0=4

24



6ST

RUN 111369-2 Kx2.50X10-0 F=0.004-0.0 BC
CATE 1113¢9 RAUN NG« 4
AMB TEMF EASE TEMP G#5 TEMP COVER TEMP BARD PRES REL HULM
12.40 Tee39 48469 69,69 30.13 0.51
PL X VEL K REF 5T REH Cr2 TO F
4 [ 23422 =0+1508=C7 478s Do 0G216 F4et Q0042
ES 10 23.18 0.24TE-D6 Te€s  0.COLT9 94. 8  {.0042
4 13.81 23,30 0,231E-06 102C. 0Q.00156 1210, 0.00130 §5.0 0.0042
4 14 23.29 O+ 231E-0€ 1023+ G.CO0155 95.2 0,0042
5 18 23.82 D.BT9E=-CE £217. 0.00134% G425 040041
& 22 25439 0. 84E~05 151z« 0.00123 95.3 0,0042
T z€ 26499 C.+259E=-03 1848++ 0.CGL17 95.5 0.0028
] 3¢ 34.26 04261 E~05 2206+ 0.00106 $5.0 0.0038
9 H 41.58 Qe262E~Q5 2476.  0.00170 94.7 00000
19 ag 53484 0.262E-05 266%, 0.00147 S4e4  0.0000
11 42 72,52  0.106E-05 2869, 0.00126 S4e4  0.0000
12 L1 Theld -04146E-CT 3CE3.  0.C0191 9446  0Q,0Q00
13 50 73497  0.115€-07 3440+ (.COLB1 F4.0 T.00Q0C
14 S4 T4el3  0.136E-07 3778. 0.00173 93.5 Q.0000C
15 58 The 12 =0.6499E=08 404Cs  QaCOLT2 93,5 0.0000
14 &2 73,97 -~0,776E-QB 4204« 0.L0168 53+5 Qe.00QC
17 & 13,97 0. 150E=-0% 4571. 0.00144 §3.% 0.,00G0
) 70 Tiel3 0.000E 0C 4B27. 0.00164 Q3.4 0.9000
1% 14 T4.05 =-0.724E-08 50%9%. 0.00143 S3.3 C.C000
0 8 T4. 85 0.68BE-0D8 5336, 0,00162 93.3 0.0000
2} B2 T4.21 0,141E=-07 5567, 0.€0159 3.3  C.000C
22 Eb T4.2! -0.714E=-08 5839. 0.00140 $3.2 Q.0000Q
é3 ¢ T4.C5 =CalalE=DY 6115. C.00157 93«1  0.0000
RUN 11E365-2 K=2.50%10-6 Fxl.C04—C.0 BC
TEMP. RLN  VEL. RUN PLATE X 5T CF/2 UINE TGAS
111369-1 11136%-1 4 12.81 0.C0L5é 0.00120 2342 6747
THEABAL HYDRG ENTHALPY HCMENTUM  ENTHALPY MCHENTUM  NO. CATA
Beli THK.  Bele ThKe THK « THK. RE. RE. POINTS
C.725 0.7Ch 0.0854 0.1010 1020, 1210. 30
YPLUS TPLUS upLLE ¥ THAR U/LINF Y/DELKF
e.¢ 0.0 0.0 G.0000 0,000 0.C00 0,000
lel 1.6 1.2 €.C025 0.012 0.L43 04004
1.5 2.3 1.7 0.0035 G.102 C.Cs0 0.4c5
1.9 2,7 2.2 0.0045 04118 C.07T 0.006
2.3 3,2 2.7 C.CCHS 0,143 0. (94 0+008
247 3.6 3.1 0,0065 0.160 d.111 0. 009
3.2 29 3.6 G 0075 OulT4 0.128 0.011
4.0 4,5 4.6 0.0095 0,159 Q4162 0.013
4.9 5.1 5.4 0.0115% 0,225 0. 184 0,014
6ol el 6.9 C.0145 0,268 0.229 0.021
7.9 o6 4,1 C.0lE5 0. 343 €.28% Qs 026
i0.¢ 8.5 9.7 0.0235 0,373 0344 0.033
12.1 54 4 10.5 C.C285 0,412 0,384 0,040
L4.3 10.1 11.7 0.033% 0,443 Qe hlé 0. 047
Loe & 10,3 12.4 9.0388 0,454 0.440 0.055
20.7 1l.5 13.5 CoG4EY 0, 4¢3 C.480 04069
27l 12.5 L4 6 0.0635 Q0,549 221 0. 0%C
5.7 13,4 15.4 G.0835 0. 586 04551 G.lle
4644 Liag 1645 G. 1085 Q0,529 G« 550 Oulb4
59.3 15,3 17.5 0.13a858 0.667 0624 $.196
0.1 164 0 1642 0. 1£35 Q.697 0.651 ¢.232
9146 i7.1 19.% Ce2135 G744 0.70C 0.302
113.2 14.1 20.7 0.2635 0,787 ©.744 04373
134.8 19,0 2148 C.3135 G.026 Q. 782 Outehdy
167 .3 2041 2344 0.3665 d.870 0 E40 Je 550
199.8 21,9 2448 0. 4635 0.910 0,892 04656
243.2 2l.9 Z6.2 C.5¢35 0.950 Ga547 0.758
286495 2ée6 27+2 0.6435 0.980 0.561 04940
2295 23,0 £T4E CeTERS 0.996 04995 1,081
3T3.0 23,1 2T 7 C.8¢35 1.000 0.599 1,223

RUN 111369-3  K=2.80K10=¢  F=0.€04=0.0  8C
CATE 111369 RUN NO. 3
AHB TEKP BASE TEFMP GAS TEMF <CCVER TEKP BARD PRES REL HUM
12,51 76.39 65487 €. 86 30.13 .51
Lo VEL % AEH ST TO 3
z L) 23:24 -G.150E-07 475. C.C022C S5.1 0.0042
3 10 23.21  0.24TE-06 767, 0.00185 95.3 0.0041
4 14 23.31 C.232E-CG 1021. Q,LCL59 95.7 0.0042
5 18 23.85 0.682E-06 1214. C.C0137  95.4 0.0C41
6 22 25,42 0.1856-05 157C. 0.00128 95.8 0.0042
7 26 29,03  Q.260E-0E  EB44s 0.00119 96,0 0.0038
B 30 34,30 0.2626-05 21544 0,00107 95.7 0.0038
5 24 42,02 0.262E-05  2470. 0.00174 95,4  0.0000
10 28 53,90 0.263E-05 2666. €.00148 95,1 0.c000
11 42 12460  0.106E-05  2792. 0.00125 95.7 0.0000
12 48 T4e21 =0.14TE-07  3CB4.  0.00194  95.2 0.0000
13 56 74.05  0.1186E=07 3446+ 0.C01E4  94.4 C.0000
14 24 T4 21 Q.l3G6E~-0T 3756« 0.00174 94.1 Q.0000
15 58 T4e21 ~0.65LE-C8  4{42+ 0.C0L75  $4.2 0,0000
16 62 74.05 -0.778E-D8 4312. C.C017EL  94.2 0.C000
17 (1] T4 06 0. L92E-LS 4557+« 0.,00170 G4e2 0.0000
18 70 T4a2l 0.000€ cC 4831, 0.00164 94,1 ©0.0000
19 T4 T4eld -0.7266-08 51Cl. 0.00166 S4e1 0.C000
20 48 Téeld 0«L6FCEmDS 53k4s 0.00103 9442  0.0C00
2L 82 94429  0.141E-07 5€1T. ©.00162 9440 0.C000
22 £5 T4e29 =-0.718E-08 5838, 0.00143 94,1 0,0000
23 SC T4el3 —0414LE-07 6104+ G.CO159 F4e0  0.0000
70 F
95.0  0,0042
3
0.231E-06
0.005 T e = + L
.}
T st T
[ s
5
5 e
]
"
L™
0.001 | s 1
Rey
¢.oco7 e t ettt
2x1c? 103 10
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091

TEHP« FUA
111665~1

THERKAL
Bels THK.
1.150

RUN L1Lgés«1l  K=C.C X10=¢ F=0,0 Fp
LATE 111669 AN NG L
ANB TEMP DASE TEMP GA3 TEMP CCVER TEMP UAHD PRES
T0. 42 716453 6T+ E2 C. 10 a1
L H VEL K REM 5T REH CRZ
2 L] 23,06 -0,.880E-07 il6., C.C0369
2 1c 23. 01 €.000E QO 480, D.00322
4 14 23,01 C.O00E CQ €2¢. 0.CC257
E) 15 2301 =0.45LE=07 159. 0.00276
& 22 22,56 C+000E €0 851 0+CD26Y
T 6 23,01 Q.44TE~Q7 1015, C.CC258
8 ac 23.06 D.443E-07 1138. 0.00245
9 24 23,04 C+000E 00 124k, CoCO241
10 28 23.10  G.439E=QT7 137C.  ¢.C0236
11 42 22.19  0.544E-DT 1475, 0.0022%
12 KL 3. 15 C.OCDE CC 1593. 0.00236
12 46476 23.10  9.000E 00 L5561, 90.00232 1568, 0.C020€&
12 0 23,15 C.000E OO 1656+ D.00230
14 54 43.15 0.0005 00 1788, (£.{0218
15 8 23415 C.QC0E 00 , 1913. 0.00223
1 2 23.15 =D.438E-G7 2023, 0,.00218
17 L1 23.10 0.800E 0D 2128, GaCC22K
18 1C 23.10 C.000E DO 2229, 0.00213
15 74 23410 €+ 000E 00 2332s  €.LC213
20 78 23.15  0.TO3E-0V 2424, 0.C02C8
2¢ ig.B0 2310 0.703E=07 2259, 0.C0210 2z86. 0.00lu%
a1 a2 23418  CelT4E-C7? 2£25. €.00208
22 £6 23.25 C.44DE-07 2823, 0.C0210
21 90 23+25%  €.0006 00 2Tl4s 000207
RUN L11669~1 K»D.0 X}0-4 Fa0,.9 FP
VEL. RUN  PLATE X 57 CF/2 UTAF TGAS
111865=1 12 46eT6 0400232 0.00208 23,1 68,7
HYEGRG. ENFHALPY  MCHENTUN  EATHALPY HCHENTLK  hO. CAT#
BsLe THK. THK. K - Ex - POINTS
1.012 fa131 Gy1328 1561, L1568« al
YPLUS TPLUS UPLLS Y TBAR U/UINF Y¥/DELH
0.0 [ .t 0.0C00 9,009 0,000 0.000
1.3 2.0 L.5 0.0025 0. 101 Q. C67 0. 0C2
1.8 248 Zal G.0Q35 U.135 0.C92 0,003
244 3.2 2.1 CaGCLY 0.158 Q.120 0,004
2.9 3eb 3.3 0.0055 0.180 0. b4t 0. 0L5
3.4 4al 3.9 CeQCEY 0.205 04173 0.006
440 4uh 4.5 0.CCT5 0+224 €200 0, 007
4“5 4.9 5.0 0.0085 04243 C.223 9.0G8
bel 543 Gal CaCll5 0,290 0.279 0.011
8.2 7.1 TS 0,0155 0.352 04353 s 014
10.3 7.8 9.2 G.0195 0.387 Q.4il 0,18
12.5% b 10.0 0.023% D.418 04449 0.022
15.2 Ged 10.9 ©.0205 04457 0,487 0. 027
18.4 9e9 1.0 0.0345 0,493 Q.523 0.032
22.1 10.9 12.2 C.64l5 0. 538 G554 0.039
2745 11.3 12.9 0.0515 0.559 04564 ©,048
32.% 1.7 13.3 QaGelh 04581 D.602 0057
4345 124 l4.1 0.CELS 0.620 04836 G076
56,9 13,1 14 .5 0.1065 0.4650 0.658 0.059
5.7 13.8 15.1 f.1415 Q.635 D.6a% 0.132
7.2 14,5 15.8 0,181% Q.712 0.713 de los
124.0 14.9 164 02315 0.735 014l 0.2146
1&4e4 15.7 17.2 C.3065 G777 D0.778 0.286
21842 bs.7 1840 0s406% 0,821 0.E18 0.37%
2ES5.7 17.6 19.0 0.5315 Q. 866 Q.884 D4496
36647 1845 20.C 0.06815 Ue 506 0.511 0.635%
54749 1942 20.9 0.8315 0.942 C.450 e TS
£29.) 19,9 2l. 5 0.9615 G972 0579 0,915
63743 2043 21.9 1.1E15 0.993 0,996 1.102
T45.2 2044 21,9 1.3815 0.999 1,000 1. 288
85341 2044 21e 5 l.581% L.000 1,000 1,474

RUN L11469=2 K#0.C X10-6 Felu0 FP . at v
DATE 111¢69 _ RUN KO. 2
REL HUM AMB TEFP EASE TEWR GAS TEMP COVER TEMF @AHD PRES REL HUW [ L . e HLA
0.5 7611 16487 604 86 16466 30.08 C.4B wh M
T0 F PL X VEL K REH 5T 10 F
ST+l 0.,C000 2 4 23.C1 =C.HGDE~CT 213+ 0.00372 97,8 0.0000
97.1 @.0000 310 23,02 0.00906 00 4%6e 0.00324 97,9 C.0CG0
§7.5 0.0000 4 34 23.02 C.O000E &¢ 618. 0.00300 98,2 0.0000
51.3 0.CCO0 5 18 2302 =04452E-01 i55. 0.00201  98.0 0.0000
97.2 040000 & 22 22.97 C,.000E 90 095, 0400271 97.8 0.0000
97.1 0.€000 7 26 23402  C.44BE~D7  102l. 0.00259 97.8 0.0000
$7.8  0,0000 8 24 23.01  0.449E=0T 1144, 0.C0E49 9146 C.CCQO
97.1 0.0000 5 34 23,07 C.O00E A0 1249, 0.0023¢  57.9 £.0000
56,9 0.00CC ¢ 28 23412 C.440E-C7 1387, 0.00237 97,7 0.0000
97.0 O.CCO0 11 42 23.12 0 +445E-0T 1427. 0.00228 $T.T 0.0000
6.9 ©.0000 1z 44 23,17  C.DO0E 0C  155%. Q.0023& S7.6 0.0000
§7.3  0.C000 13 0 23,17 C.0DCE 00  LiC4e 0.00232 9T+6  0.,0000
97,0 0,0000 14 5S4 23,17  0.000E 06  18C6. 0.CC222 97.7 0.0000
§7.2 0.0000 15 58 23,17 C.000E 00  LS27. Q.00226 9T.4 0.0000
$6.8 0.CCCC 6 t2 23.17 =0.439E-07 2C4T7. 0.00226 97.0 0.0C00
96.8 0,0000 17 &6 23,12  0.000E 00  2147. 0.00223 97+4 0.0000
96.8 D.0000 18 0 23,12 0.000E G0 2250. 0.00216 97.4 0.0000
56,8  0.0000 19 4 23.12  0.000E OC 2354, 0.€0216 $7.3 0.,000¢
G6.6 0.0000 FX ] 23,17 0.705E=07 2443, 0.00213 1.5 0.0000
S6.9 0.CCCL 21 82 23020 0.174E-C7  2532. 0,00205  971.6 040000
7.7 0.€000 22 8b 23.26  0.440E=07  2£40. 0.0C210  Sh5 C.0000
96.9 0.0000° 23 96 23.26 Q.00DE G0 2746. 0.00210 97.4 0.00C0
S6.9  0.000D
97.0 G.0000
SUMFARY GF FRCFILE RESULYS
FUN 111469-1 Ke=C.0 X10=§ Fal.0 [
Py X VEL K F T¢ TINF CELM  CELk
12 46,76 23.10 0,000E DD C.0000 57.3 68,7 §.673 1.150
2C 8.80 23.1f G TOAE=8T 0,0000 977 68.5 1.551 1.4677
L X REF ST REM CF2 DELTA2 THETA
12 46476  1561ls 0,00232 1558, 000208 0©.1317 0.1326
20 78.8¢ 2259. 0.00210 2286. 0.00185 0.1505 10,1932
RUN 111669-1  ¥=0.0 X10=4 F2040 FP
TH r TEMP, FUN VEL. RUN  PLATE X st CF/2 UIKF TGAS 10 F
9743 0.000C 1116651 1118691 20 70,80 0400210 0,00189 2341 b8eb 97,7 0.0000
THEFFAL HYDRC. ENTHALPY  MCMENTUM  ENTHALPY  MGMENTUM  NO. DATA
K Bebs THK. Beds YHK. THK. HE.. RE. REs POINTS K
0.000E 00 1671 1,551, G.1508 €, 1932 2259, 2286, 32 0.703E-07
YPLLS TPLUS UPLLS Y TBAR U/UINF Y/DELH
0.0 0.0 0.0 [ 0.000 0.00C G 000
1.3 1.1 1.5 0.0025 04056 0.062 0.002
1.8 20 2.t 0.0635 0,100 0,086 0,002
2.3 246 2.5 040045 0.12% G111 0,003
2.2 3.2 3.2 0.0055 04155 0.136 02004
3.2 3.4 3.8 0.0CE5 0. L6é 0,140 04004
3.8 3.9 443 040975 0.193 0.185 0. 0C5
4o 4e 5 5,2 0. 0055 0+221 0223 0.006
443 5.7 64 0.0125 0.277 0.273 0,008
748 6.7 Tt 0.0155 0.325 0,323 0.010
9.4 Teh Ba3 040185 0,362 04363 0.012
1l.4 8.2 9.5 0.C225 0402 0,409 0.015
13.9 9.2 1043 0.0275 04445 04452 C.018
1745 1040 14 0.0345 0483 0,490 0.022
21.6 1046 12.2 040425 0.516 0.523 0. 627
2647 11.3 12.9 0.0525 64549 0,553 0,034
3443 11.% 13.4 0.0675 0.577 0.583 0,044
4445 124% L4 2 0.0875 0,600 0.£09 0. 056
57.3 13.0 1446 0.1125 0,628 0.629 0,073
75.1 1305 15.2 041475 0.652 04453 6. 095
10047 1442 15.8 0.1975 0,691 0,682 0.127
139,1 15.¢ 1645 0.2725 0.725 0704 04176
190.3 1547 17.4 043725 0. 759 0.753 0. 240
25444 Lé.6 1843 0.4375 0.797 0.708% 0,221
331.5 1.4 19,2 Qe 6475 G.836 0.830 0.417
434 o4 18.3 20.3 0.0475 0,877 0.879 04 548
s11.6 19.8 21.0 0.9975 0.902 0,912 Qe 643
El4eE 15.5 21.% 141575 0.937 0.949 0,772
718.0 2042 22.5 1.3975 0,968 0.577 0,901
e21.2 2046 22.8 1.5975 0,986w 11 04993 4y s uleD30 3e995 . Mbevdy Saya!
92443 2048 23.¢C 1.7575 0.555 +.C.998 . -Llel59 0y PO
1027.3 20.9 23.0 1,955 1.00¢ 1.£00 1.280 L, fentd
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Some ratios formed -from boundary layer integral parameters

.

Description Plate X 8,/ ‘AQ/AE,i 8/6; ReM/ReM,i REH/ReH,i
Run 070869 6 21.81 | 1,100 1.0 1 1.0 1.0 1,0
A2, = 0.07002 7 25,86 | 1.360 0.982 0.800 0,900 1,110

Lo 9 33.59 | 2,140 0.8%0 0.459 0.730 1,410
K=2.55x10-0, F=0 10 37.%5 | 2.55 0.780 | 0.338 0.673 1.550
Run 071569 6 21.81 | 0.425 1.0 1.0 1.0 1.0
bp 4 = 0,0262 8 20.81 | 0,990 1.420 0,610 0.802 1,870
8; = 0.0616 10 37.46 | 1.750 | "1.380 0.335 0,662 2.740
K=2.55¢10-6,F=0
Run 092469 15 58.9% | 1.30 1.0 1.0 1.0 1.0
b 3 = 0.1393 16. 62.86 | 1.6% 0.2 0.750 0.850 1.070
6; = 0.1065 17 66.76 | L.46 0.838 0.522 0.685 1,100

L=y 6 18 .| 70.69 | 2.7% 0.733 0,352 0.558 1.160

=2,5x10~C, =0 19 74,58 | 3.40 0,610 0.234 0.468 2.220
Run 100269 15 58,04 | 0,541 1.0 1.0 1.0 1.0
bp 5 = 0.0565 17 66.76 | 1.080 1.020 0.518 0.672 1.325
8; = 0.1022 19 T4.58 | 2.220 | 0.903 | 0.225 0. 447 1.800
K=2.5 x10~0,p=0
Run 101769 6 21,81 | 0.648 1.0 1.0 1.0 1.0
Ap,i = 0.0595 8 29,81 | 0.760 0.977 0.4%99 0.676 1.385

B 10 37.46 | 2.100 0.780 0.210 0,512 1.670
6; = 0.0920
K=2.56x10-6,7=0 i \
Run 091069 6 21.81 | 0.953 1.0 1.0 1.0 1.0
Ap, 3 = 0.0633 7 25.86 | 1.230 | 1.007 } 0.777 0.884 1.155
6; = 0,0667 8 29.81 | 1.620 0.972 0.568 0.755 1,300

- 9 33.29 2,020 0.929 0.436 0.677 1.493
K=1.99x10-6 ,F=0 10 37.%6 | 2.520 0.837 | 0.315 0.63% 1.695
Run 072769 6 21.81 | 1.100 1.0 1.0 1.0 1.0
Bp 3 = 0.0939 7 25.86 | 1.380 1.018 0.810 0,917 1.150
6. = 0,0850 8 29,81 | 1.700 0.997 0.648 0,855 1.320

i . 9 33.59 | 2.180 0.¢84 0,498 0.793 1.570

2.5 x10-6,F= 10 37.46 | 2.600 0.892 ©.380 0.761 1.795

0,002
Run 083069 6 21,81 | 1.100 1.0 1.0 1.0 1,0
Bp 4 = 0.1190 7 25,86 | 1.k10 1.0k45 0.813 0.918 1,180
6: = 0.1080 8 29.81 | 1.840 1,070 0.640 0.843 1.%10

i 9 33.39 2.180 1.020 0.513 0.820 1,630
k=2,6x10-0, 7= 10 37,46 | 2,650 0.948 | 0.39% 0.788 1.905

0.00%

Run 111669 ] 13.81 | 0.767 1.0 1.0 1.0 1.0
Ap ;3 = 0,0520 12 46,76 | 0.993 2.533 1.956 1.967 2.550
9 = 0.0678 20 78.80 | 0,986 3.663 2.850 2,868 3.687
k=0.0,F=0.0

L

Subseript "i"

Length unit = inches
refers t0 first profile recorded in accelerated region
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SUPPLEMENT 3

LISTINGS OF DATA REDUCTION PROGRAMS

STANTON PROGRAM:

PROFILE PROGRAM:

ENERGY PROGRAM:

reads raw heat transfer data in order to
compute surface heat transfer results and
associated uncertainty analysis.

reads raw temperature profile data, and

calculated velocity profile results, in

order to compute temperature profile in-
formation and intégral parameters, plus

the aesociated uncertainties.

reads final temperature integral results,
and surface heat transfer results, in
order to recalculate the plate enthalpy
thickness from the energy equation, and
to determine the boundary layer energy
balance at each profile\'

163



STANTON PROGRAM

STANTON NUMBER AND RELATED PARAMETERS FOR PRESSURE GRADIENT RUNS ON
HEAT AND MASS TRANSFER RIG

PROGRAM REARRANGED AND UNCERTAINTY ANALYSIS ADDED BY DWKEARNEY
LATEST COMPILATION 120169

OO0 O00

REAL KCOND(24) KCONV{ 24} ,KFLOW{ 24} ,KFUDGEI24}) (KPROP,KS(24),
1 KVI4BY y KW MA, MDOT{24) , MV, NPHR, I1S0(24) s TERMI25)}  TERMCP(25)
2 XINTL25} ,XINTCP(25]

INTEGER CMFLAG,DATE,ENBLFG,RUN,TITLE(18}

COMMON /A/ AR,BETA,B171,B3T7T3,CMFLAG,COEF1,C0EF23,CP,DATE,DEN,
ENBLFGsEl4E2,EMISS ,EPSyER1 yER2,ER34F124F13,F22,1,INSTQT,J+KCOND,
KCONV 4 KFLOH s KFUDGE S KPROP 4 KS s KV, KWy KLM s MA, MDOT ;MY s NPWR NPLATE
NSTAT+P,PBAR,PROTAy DELP ,PVAP,Q1,02,0Q3,QHEAT,
QHEATA,QHTA,QLOSS yBAZRCF,REPS,RHOA, RHOH ;RHOL ,RHOV, RHOZRO,RUN,
RH1+RH2yRH3yRHUM 4 RM T TAMB s TBASE,TCOV,TGAS, TROT
TROTA+TL,T2,T3,VAPH;VAPL,VEPSy WCORR WSCALE,WSTDI,
ISO,REENCP{24),ENTHLP{24) ,ENTHIR,
AREAL24),088(24),CFHT{ 24} ,CM( 24} ,CONLAT{24),DFLH{25),
DELTAT{24),0UDX{48),DUDXS{24) ECONV(24),ED(24) s ENDEN{ 24},
ENNET{24),E0{24 )y ENTH{24} +ET{24},BU{24) yF(24)4G65(24) 4 H{24)
HYFRAC{24) JHTRANS{24) , INSTK{48) 4MASSK{24),PK{48),
PROT{24) ,PROTABI{24),PSAT{9)+PSTAT(48),QCOND{24),
QRAD(24) yREENTH{24) ,REENW( 2?51 RHOGT48),
RHOSAT{9) ,57T(24) +STCP{24) ,TAVG(24) ,TENP{O) ,TIMEGD{ 48},
TOL{24) s TOEFF{24) ., TO{24) s TITLE,TTL{24),TU{24),V{48},
VISCG{4B) ,VISCGS{24),UG{24) +VZEROI24) +WACT(24),WIND{24),
HNET{ 24} yHSTD(24) +X{48),X51(24) 4, XSTCP{24),XMDOT{24)
LOMMON /7B7 DCMP,.DDELP,DPAMB,DPSHILDPSLO,DPOTHILDPITLO+DQRADP,
DTEMPA,DTEMPPyDTBASEsDTTsDTROTsDTGAS,DHWINDDXXsF2,F3,F4,
F&4FT,FB8sDEL,DDUDXS{24),DI50(24)+DENZRE,
DB(24) ,DBNDI24),DCM{24) ,0DL2(24),DDLZND{24)+DF(24),
DENDL{ 24, DHTF(24) ,DMDOT{24) , DMDOTN{24) ,DPSTAT( 48],
DQRAD(24 )} s DRE{24) +DREND(24),DRHOG(24),DS5T{24]),
DSTND{24),DUG(24) + DUGND{ 24} ,DV{48) ,0D0UDX{(48),
CLRYI{24) ,CLR2{24) +CLR3{24),CLR4(24},CSR1(24},
CSR2{24) 4y CSR3{24) ,DVISCG(24),DEL2,DMUP,MNPLAT,
DOTMINs DOTMAX s DOSMIN,,DSMAX,PTOTAL  NPORT ,MNPORT

~NOPHLWEPNE OO0 S BN

OO =W -

READ AND HWRITE INPUT DATA

TRANSDUCER CALIBRATION CONSTANTS ARE READ FIRST. USED FOR K~RUN.

AOOCOOON

READ{5,1353} A97,BS7,(97,D97,E97+A5,85,C5,05,E5
1353 FORMAT{5F10.0/5F10.0}

UNCERTAINTY INTERVALS

o000

READ{5,1354) DCMP,DDELP,DPAMB,DP5L0,DP5HI D5MIN,DSMAX,DPOTLO,
i DPITHI s DI9TMINS DITMAX DQRADP s DTEMPADTEMPP y DWIND
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DENZRP + DXX,DMUP
DP5LO=DPSLO/100.
DP5SHI=DPSHI/1CO0.
DPOTLG=DP9TLO/100,.
DPOTHI=DPYTHI/ 100,

1354 FORMAT( 8F10.0)

PSTAT(48)=0.0
IP-PUNCH COMMAND FOR ST-REENTH DATA AND PUNCHED GUTPUT: O FOR NO
PUNCH, 1 FOR PUNCH
NRUNS— NUMBER OF SETS OF DATA ENTERED
READ(536)NRUNS , I P
DO 500 TRUN=1,NRUNS
ALL DATA READ AND PRINTED DURING THE NEXT OPERATION
WRITE( 6,31 )
777 FORMAT(1X,18A%4,13X"THIS VERSION OF THE STANTON NUMBER DATAt}
1777 FORMAT