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ABSTRACT

An experimental investigation has been conducted to determine
mean flow properties for both near and far wakes behind several two-
dimensional slender bodies at M_ = 6. Three adiabatic wall models

consisting of a flat plate model and two 20° included angle wedge
models (H= ,15", H= ,3") were tested. The effect of wall tem-
perature on wake properties was examined by cooling the larger of
these two wedgie_ models with the internal flow of liquid nitrogen
(TW/T0 = .19).:'; Free stream Reynolds numbers were varied from
Rem/in. =.5x%x 105 to 2 x 105 for each of these four configurations.
In the far waké; measurements of total temperature, as determined
with hot wire p?obes, and Pitot and static pressures iwere used to
derive all othexg, mean flow properties, The effect of transition on
these far wake data was determined, Near wake flows were lami-
nar for all adiabatic wall tests and at least for the two lowest test
Reynolds numbers of the cold wall wedge. Base region flow field
mappings and shear layer profiles were obtained for the .3'"'H wedge
model by combining Pitot pressure data with hot wire measurements
of total temperature and mass flux, These results illustrated that
for slender bodies with flat bases, the basic structure for laminar
near wakes is appreciably more complex for hypersonic than for
supersonic flow primarily because, in hypersonic flow, the corner
expansion fan extends into t};1e separated shear layers and base region
shocks now become imbedded within the viscous portion of the shear

layers.
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I. INTRODUCTION

The wake of a body moving at high speeds through air (fig-
ure 1) has intrigued investigators for many years, Originally, because
of the interest in base drag estimates, this problem was looked upon
primarily as a ''base pressure problem.'' However, with the advent
of hypersonic Yehicles and the necessity to understand and evaluate
wake observable phenomena, attention has more recently been focused
on not only the near but also the far wake regimes., To date, reason-
able progress has been made in analytically treating the laminar and
turbulent far ;;vake, including the effects of transition, once initial
profile data have been provided (1-7). As a result, current studies
are now concentrating on the near wake (that portion of the wake up-
stream of and including the wake neck) with the intent of suitably
evaluating the complex coupling processes that occur within the base
regions of hypersonic wakes. In these regions separated shear
layers, which initially may often be considered as constant pressure
mixing regions, enclose a low speed, recirculating flow which ex-
tends downstream to the location where the shear layers coalesce to
form the wake's rear stagnation point. In the vicinity of this point
the flow recompresses as the shear layers turn parallel to the wake
axis. This turning process generates the wake shock observed
experimentally in hypersonic wake investigations., The wake thick-'
ness beyond the stagnation point continues to thin down because of
the acceleration of the wake flow until the neck or minimum thickness
location is reached. In many cases, the separated shear layers for

low supersonic flows and even for hypersonic flows behind blunt
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bodies, experience negligible lateral pressure gradients.(8). This is
not the case however for high speed flow in the base regiéns of
slender bodies with flat bases, The rapid expansion of the boundary
layer at the body's trailing edge gives rise to inviscid rotational
flow phenomena with lip shocks becoming deeply imbedded within the
vortical flow of the shear layer (9,10). The Chapman dividing
streamline mpdel based on conservation of mass wi!:hin the recircu-
lating flow reglon (11), and the significance of base rng.on mixing due
to momentum transport as outlined in the Crocco-Lees Theory (12)
are indeed still applicable for the slender body near wake. However,
the outer ﬂow is highly complicated in this latter case and at the
present time the complete matching procedure wh1ch joins the base
region flow to ‘the pre-separated boundary layer is not satisfactorily
understood. Furthermore this coupling process is dependent on the
upstream influence of the corner expansion and the pronounced pro-
file distortion that takes place in the vicinity of the trailing edge.
Thus a current need exists for experimentally investigating the near
wake with emphasis on flow field mappings and shear layer profiles,
The far wake investigation reported herein has been carried
out because it was realized early in the present investigation that
not only did there appear to be a scarcity of such data for slender
bodies with which to verify existing theory, but the effect of transi-
tion on mean flow properties, the approach of laminar wake flow to
classical linear theory and the effect of model cooling on the far
wake properties seemed to merit further study. In addition it was

well known that the onset of transition and its proximity to the near
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wake could appreciably alter the base region properties. For ex-
ample, as Crocco and Lees have shown (12), the significant increase
in base region mixing associated with the onset of turbulence in the
separated shear layers of the base region, results in a substantial
increase in tﬁ,e amount of recompression the flow is able to sustain,
In fact, even for transitional flow a significant rise 1n base region
mixing may occur, if the most forward location of the wake's‘
""transition zone'' is in the vicinity of the wake's ''critical point'',
This characteristic wake location (the point where the wake goes
supersonic on the ''average'') is located just upstream of the center-
line sonic point., Since the downstream pressure appears dominated
by the inviscid flow and is relatively insensitive to Reynolds number
effects, the increased recompression capability results in a lowering
of the base pressure with a correspondingly greater expansion of the
separated shear layers, It is therefore important to determine the
most forward location of the wake transition region, so that an ex-
perimental investigation of the laminar near wake can be undertaken
with confidence that the flow corresponds to only laminar conditions,
and does not include the additional effects of turbulent mixing phe-
nomena., Thus the far wake results reported in Section VI,1 were
obtained prior to initiating the near wake investigation discussed in
Section IV, 2.

| It is with these ideas in mind that the present study has been
undertaken., It is a study which examines experimentally the effects
of free stream Reynolds number, wall temperature ratio and model

geometry on the flow properties of hypersonic wakes behind two
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dimensional slender bodies, Taken together the complete set of
results serves not only as a means for verifying existing theory
but also provides additional insight into those hypersonic wake

regions which are not yet amenable to analytical treatment,
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II, TEST APPARATUS AND EXPERIMENTAL TECHNIQUES

II.1 Wind Tunnel

Leg I of the GALCIT Hypersonic Wind Tunnel (13) with a
nominal Mach number of 6 was used to obtain the present set of wake
measurements, This tunnel is a continuous flow, closed return de-
vice with a 5''x 5'' test section. A usable test rhombus extends from
23" (model position) to approximately 33'' downstream of the nozzle
throat. Tests were made for stagnation pressures of P, = 10, 35,
60 and 85 psig corresponding to free stream Reynolds numbers of
Reoo/in. = ,465, .94, 1.42, and 1.9 x lOS/in. A reservoir stagnation
temperature of 275°F and a dew point of -40°F was maintained for
all tests which satisfactorily eliminated condensation effects. Table
I summarizes the various test conditions covered during the current
experimental investigation.

Because of the boundary layer along the tunnel wall the Mach
number in the test section varies slightly with stagnation pressure
and with axial position. Pitot and static pressure surveys both in
the axial and vertical centerplanes were made without a model in the
tunnel ('fred'tunnel) to determine the magnitude of such variations
and to establish suitable corrections to measured data. The results “
of these surveys,which compare favorably with similar data of Dewey
(8), Herzog (14), and Behrens (7);are shown in figures 2, 3 and 4.
Since flow conditions were sensitive to wall boundary layer effects,
the tunnel was always warmed up for approximately 2 hours before
any data were taken., This provided sufficient time for the tempera-~

ture of the tunnel wall (figure 2} to reach its equilibrium level,
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In comparing free stream stagnation temperatures, as meas-
ured with hot wire probes, with the reservoir temperature of 408°K,
a consistent deficiency of 1 to 2% was observed, Such a result was
similarly found by Behrens (7). A calibration check using an iron
constantan thermocouple located 1 inch upstream of the nozzle throat
confirmed the accuracy of the automatic regulator which set the
reservoir temperature., However some energy loss takes place as
the low speed air accelerates through the nozzle and it is tentatively
concluded that this is the primary cause for the noted deficiency.

In any event,all results cited in this report have been suitably nor-

malized so that this effect is relatively unimportant to final results., .

II,2 Wind Tunnel Models

For the present investigation four separate models consisting
of a flat plate model and three wedge models of 20° included angle,
were fabricated from Ketos steel. The geometry of these models
and the manner in which they were installed in the tunnel are showh
in figure 5, The leading edges of all models were carefully machined
to thicknesses less than ,002'"', Alignment with the free stream flow
was established either by checking the symmetry of Pitot pressure
traces in the wake or by comparing the lower and upper surface
pressures, as was the case for the one wedge model which had surface
pressure taps (.3w-1, Table I). To minimize the interference effects
from the boundary layer on the tunnel wall, fences were designed
for the wedge models. These fences were triangular in shape, 1/16"

in thickness, and attached perpendicular to the base, They were
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located 3/4'' from the tunnel wall and extended two base heights
downstream.

The first model tested was a flat plate with a 1'' chord and
.0156'' thickness. Both the leading and trailing edges of the plate
were tapered to a 4° included angle with an edge thickness of ap-
proximately .,0017'"'., The plate was tested while under tension to
eliminate vibration.,

The smallest of the wedge models, one with a base height of
.15", was the next configuration investigated. Two base taps,
.0135'" in diameter, were installed on the model centerline and a
base pressure lead, .042'' stainless steel tubing, was flush mounted
in a groove on the base and brought out of the tunnel through one of
the side ports.

In order to extend the base pressure results of this small
wedge model and also to obtain surface pressure data near the trail-
ing edge of a 20° wedge, another model with the same included angle
but with a base height of .3'", was machined from a sélid piece of
Ketos steel., Surface and base pressure taps were installed as noted
in figure 5c¢ with the pressure leads, .042'' stainless steel tubing,
being flush mounted in surface grooves and led out one of the side
ports.

The design of the final 20° wedge was determined by the
need to test a .3'' base height model, which could be cooled by the
internal flow of liquid nitrogen. This model was constructed in a
rib and skin configuration by first machining the upper, lower, and

base surfaces and then soldering them together in the manner shown
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in figure 5d. The thicknesses of the three surfaces were initially
somewhat- oversize so that the assembled model could be machined
to the specified dimensions. Four copper constantan ''"Ceramo'’
thermocouples, each enclosed within ceramic insulation and a . 040"’
stainless steél shroud, were spot welded to internal surfaces at
locations specified in figure 5d. Cylindrical model supports, con-
taining nitrogén coolant lines and the thermocouple leads, were
soft-soldered tq each end of the model. IL.eak free mounting was
insured by soft soldering metal bellows to these supports after the
model was installed in thermally insulating micarta inserts and
aligned in the tunnel. These bellows proved satisfaétory in not
only sealing the model in its mountings under extremely cold tem-
perature conditions but also in allowing for the contraction and
expansion of the tunnel side walls during the start and shut down
operation of the tunnel. Although this model was designed primarily
for cold wall testing, it was also used as an adiabatic wall model, -
and a complete set of wake measurements were obtained for both
cold and adiabatic wall conditions. This proiréd important to final
results since the effects of cooling on wake properties were readily
discernible.

A schematic diagram of the nitrogen cooling system developed
during the current investigation is presented in figure 6. The sys-
tem's inlet side consisted of one nitrogen pressurizing bottle with
gauge, a pressurized storage tank, and a cooling bath, all in series
with the modei. Similarly, a cooling bath and storage tank, vented

to atmosphere, were attached in series on the outlet side. This
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arrangement made it possible to cycle the nitrogen from one tank to
the other with relative ease while achieving spanwise uniformity in
model temperature (77°K) with only approximately 1 psig inlet
pressure., Some frost buildﬁp was observed on the model, approx-
imately .002'" after about two minutes of operation at this low
temperature level. However most transverse traces took less than
two minutes duration so that the effect of frost buildup would seem
to be ?elatively unimportant. After each trace, the nitrogen flow
was shut off and the subséquent heating of the model rapidly ""burned'’
off any accumulated frost. Unfortunately some temperature gradient
always existed in the chordwise direction since the leading edge
‘could never be sufficiently cooled due to its lack of direct contact
with the liquid nitrogen. This was evident in that the frost buildup
always began about .,I" downstream of the leading edge. Such a
gradient will influence the initial boundary layer and subsequent

interaction effects.

II,3 Probe Design and Instrumentation

A) Pitot Pressure Probe

Pitot pressure surveys were made for the present set of
wake measurements with a .042'" diameter probe flattened at the
forward end to a .004'" by .035'" opening, figure 7. The probe posi-
tioning mechanism of the tunnel activated a Helipot potentiometer
which in turn converted probe positions to linear electric signals for ,
use in a Moseley XY recorder. A 5 psi Statham pressure trans-

ducer was used for most measurements to convert pressures to
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electrical signals which were recorded,after suitable amplification,
on the XY recorder, The transducer was calibrated against a mer-
cury manometer and the results are shown in figure 8. Near the
base of the various models, where measured pressures fell below
the lower limijt of the transducer's range of linearity, Pitot pres-
sures on the centerline were more accurately measured by means
of a silicon micromanometer. A vacuum reference pressure for
this manometer was maintained at less than a .5 microns by com-
bining a diffusion pump in series with a mechanical vacuum pump.
The precisioh gauge on the manometer permitted reading pressure
levels to within .5 mm of silicon.

B) Static Pressure Probes

Static pressures along the wake centerline were measured
with the above-mentioned silicon micromanometer using pressure
probes fabricated from .042'' stainless steel tubing. The conical
tipped probe shown in figure 7 was identical to that designed and
calibrated by Behrens (15). On this probe three pressure orifices
were located ten diameters behind the shoulder of a 20° cone tip.
Although this probe was used for the majority of the static pressure
measurements, its tip to orifice length prevented taking measure-
ments near the base of a model, and additional probes were used to
obtain near wake data for the largest wedge model tested. These
probes, three in number, consisted of 2'' lengths of ,042'" tubing
with one end capped off. For each probe two orifices were located
at a prescribed distance from the capped tip and the open end was

soft-soldered to a pressure lead holder. In practice the sealed tip
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of the probe was placed in contact with the base of the model on the
wake centerline and the subsequent pressure recorded by the pre-
cision micromanometer, Since tip to orifice lengths were different
for each of the three probes, it was then possible to obtain a distri-
bution of static pressure on the wake centerline, Great care was
exercised to maintain all probes at zero angle of attack because of
the pronounced sensitivity of static pressure probes to angle of
attack effects (16).
C) Stagnation Point Probe

Because of the significance in near wake studies of the rear
stagnation point, a special probe (figure 9) was fabricated to aid in
determining the location of this point, This probe was made from
. 032" stainless steel tubing and actually consisted of two pressure
leads. A spanwise section of the tubing, sealed at the centerline
location, was joined at each end to these leads. Pressure taps, one
facing upstreém and the other downstream, were located on alternate
sides of the center cap. When in use the pressure leads were brought
out of the tunnel through tl}e probe strut system and attached to oppo-
site sides of a silicon '"'U'! tube., The probe was then maneuvered
along the wake centerline in the base region until the pressure levels
were equal. In principle, as the probe moved into and out of thé
recirculating region, the pressure levels would be unequal at every
position except the rear stagnation point since, except for that loca-
tion, one tap would either be experiencing ''base type'' flow while
the other would be under impact pressure conditions, or vice versa.

In this manner the location where the pressures just balanced each



-12-
other, namely the rear stagnation point, was determined.
D) Hot Wire Anemometer

The hot wire probe‘s used for the current set of measurements
were similar to those designed by Dewey (17) and modified by Herzog
(14). Each probe consisted of a platinum-10% rhodium wire approx- .
imately ,030'' in length, soft-soldered to two needle supports, figure
10, Chromel Alumel thermocouple wires (., 001'') were spot welded
to within , 005'! of one support tip for each of the probes. All wires
were annealed and calibrated in the manner outlined by Dewey (17).
From these calibration measurements wire resistivity coefficients
(ar) and reference resistances (Rr) for zero current were deter-
mined. Manufacturer specified resistance values for 68°F were
checked against these calibration results and slight variations, less
than 1% were observed.

For the actual flbw measurements, the instrumentation
system (figure 11) developed by Herzog (14) was used with consid~
erable success, This system not only automatically positioned the
probe in the tunnel but was also capable of measuring and recording
on IBM cards the probe position, support temperature, and wire-
voltages corresponding to five known currents. A comprehensive
description of this system is furnished by Herzog (14) and a dis-
cussion of the manner in which the measured data were reduced to
furnish adiabatic wire temperatures and measured Nusselt numbers

is given in Appendix A,
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III. DATA REDUCTION AND ACCURACY ESTIMATES

II1.1 Corrections to Measured Data

All Pitot and static pressure measurements have been

- adjusted so as to account for the tunnel axial gradients discussed
in Section II. This was accomplished by dividing the measured
pressure at a given axial location by the ratio of the pressure at
the same locatipn to the pressure at the location corresponding to
the model's leai,ding edge under ''free'' tunnel condit;;)ns, figure 3.
Since lateral gr:'adients in Pitot pressures under ''free'' tunnel
conditions (figure 4) were relatively minor no corrections have
'been made to the measured data for these effects.

Virtual leak corrections were also made for Pitot and static
pressure measurements as well as base pressure data. Because
all high vacuum systems experience some outgassing or even small
in-leaks, a pretest calibration of each probe was carried out using
the silicon micromanometer to determine, if necessary, suitable
corrections fox; these effects. As discussed in reference 21, such
corrections are determined for a sealed system with a given volume
by first measuring the change of pressure per unit time for that
system. The product of the volume and this rate of pressure change
can be shown to be proportional to the mass inflow rate for a sealed
systém. Using the perfect gas law and assuming small volume

changes this follows from:

dp . dM
Vit ™ & (‘)T
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The noted product is often termed the throughput in vacuum technology
and given the designation Q. Under actual test conditions this mass
flow is exhausted out the probe opening and,as a result,a certain
pressure drop éccurs along the length of pressure lead between the
micromanometer and the probe orifice. Since the pressure levels
for the present measure.ments corresponded to viscous rather than

free molecular flow, it can be shown from Hagen-Poiseuille pipe flow

theory that the resistance to such a mass flow is given by:

For many pressure measurements this virtual leak correction is
relatively unimbportant and can often be disregarded. On the other
hand, in regions where very low pressures exist, such as base re-
circulation regions behind slender two dimensional bodies, this
pressure loss can prove significant tofinal results and should be
accounted for where applicable. Thus all low pressure data herein
have been corrected for this effect whenever the estimatéd pressure
drop was greater than 1% of the measured data.
A) Pitot Pressure Probes

Additional corrections to Pitot pressure data, such as those
associated with angle of attack, streamline displacement and viscous
effects were also investigated. Probe angles of attack were main-

tained within j_lo to the local flow direction for all measurements



-15-
except the separated shear layer and outer flow regimes of the near
wake. For these cited exceptions the angle of attack varied by as
much as + 10°. Since the data of Matthews (22), McCarthy (16) and
also Dewey (8) indicate t;ha.t even for these angles, corrections to
Pitot pressure data are negligible, no corrections for angle of attack
effects have been applied to any of the Pitot pressure data presented
herein,

Similarly, streamline displacement effects for those shear
flows investigated herein were also found to be unimportant, Dewey
(8) indicates that these effects become negligible when the ratio of
free shear layer thickness to probe size is greater than 2. For the
present set of experiments this ratio was greater than 25.

The final correction, that of viscous effects, was examined
with the aid of figure 12. In this figure the different flow regimes
covered during the present tests are easily discernible., Although
the Reynolds numbers for those measurements in supersonic flow .
were sufficiently high, according to Matthews' results so as not to
make necessary any viscous corrections for the supersonic data
(<1%), such is not the case for the subsonic measurements., Using
the data of Sherman (23) which describes the variation of the nor-

malized viscous correction

Pimpact ~ Pimpact w/o viscous effects

zPu
as a function of Reynolds number ,A this correction has been applied

to all subsonic Pitot pressure data measured during the current



-16-
investigation. For some of the low Reynolds number results herein
this correction reduced measured data by as much as 20%.
B) Static Pressure Measurements

Since the conical probe shown in figure 7 was identical to the
probe calibrated by Behrens (15), all corfections for viscous inter-
action effects have been carried out using the results of reference 15,
In that reference Behrens indicates that the increase in pressure

associated with viscous interaction phenomena is given by

P e

p _ . 3
M _)=,065X+.040 %2, X = M7)C
| YRe_

For the present measurements the noted corrections were always
less than 2%. Figure 12 indicates the various flow regions covered
by this probe d?zring the present tests and illustrates the range of
applicability for the Behrens' data.

Those data taken with the base region probes have been left
uncorrected for 1ov;/ Reynolds number effects. From the Behrens' -
results such corrections to probes of this diameter appear to be
less than 1% . If any corrections are in order it would seem that
interaction effects resulting from the probe's interference with the
base recirculation region should be considered. Because of the
difficulty in obtaining a quantitative measure of this correction, such
an effect has not been accounted for, and there exists greater uncer-
tainty in the resulting data (Section IIL, 3,)

C) Rear Stagnation Point Probe
During a pretest checkout of the virtual leak effects associ-

ated with the stagnation point probe it was determined that the
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required corrections to each of the two measured pressures were
identical. Therefore the uncertainty in the measured location of the
rear stagnation point was caused primarily by the base interference
effects, No corrections were made to the data for this effect and
the resultant uncertainty is discussed in Section III, 3.
‘D) Hot Wire Probe

The ho;; wire probe, with the availability of suitable calibra-
tion data, has };;een shown to be an effective tool in carrying out mean
flow measurements (17,24). By direct measure'ment it determines
recovery temperature and heat transfer rate for a wire (cylinder)
immersed normal to a fluid stream. These measurements, when
corrected for end-loss effects and coupled with established calibra-
tion results, cén then provide stagnation temperature and mass flux
data for the flow in question. A detailed discussion of the manner
'in which the raw data measurements have been reduced, corrected
and finally combined with recovery temperature and Nusselt number

calibration data is presented in Appendix A.

II1.2 Mean Flow Calculations

By suitably combining the corrected data discussed in the
previous section, with the compressible flow relations (25), final
mean flow calculations have been carried out for the present inves-
tigation, Because of the characteristics peculiar to the various wake
regions examined, several different computation procedures were
necessary. All these calculations were made on an IBM 7094

using semiprofile traces of Pitot pressure and total temperature
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along with a third independently measured quantity. For the majority
of the present results this third quantity was the static pressure
which was assumed constant across the wake and equal to its value
at the centerline. This procedure was followed not only for all far
“wake results herein but also for those neck and base regions within
the wake shock boundaries. For comparison purposes flow field
results for these latter regions were also calculated by using semi-
profile traces of the mass flux data in place of stati¢ pressures,
All other sheé; layer data were computed by similarly combining
mass flux data with Pitot pressure and total temperature résults.
For those regions of inviscid flow located between the nose shock
and the shea;;: léyer edge, as determined from total temperature
profile traces, total temperatures and stagnation pr?ssures remained
constant thro;ghout since it was assumed that all stfeamlines suf -
fered the samé total head loss in passing through the leading edge
shock. As a result,the calculation procedure adopted herein for
determining mean flow properties for these isentropic, inviscid
regions combined total pressures; as calculated from the nose shock
orientation and free stream conditions, with free stream total tem-
peratures and measured Pitot pressures. Admittedly, curvature
of the nose shock wave near the model's leading edge invalidates
the assumption that all streamlines within such inviscid regions
experience the same total head losses, In fact it is estimated that
stagnation pressures along streamlines closest to shear layer edges
may in some cases be iO to 20% less than stagnation pressures

based on the ''straight'' portion of the nose shock. Howeves even
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with this uncertainty in stagnation pressure, derived mean
flow results are still within the accuracy limits of hot wire
data (Section III,3) and thus the assumption that stagnation
pressures remained invariant for these outer inviscid regions
was considered reasonable. For one model, the smallest
wedge configuration (.15w), total temperature distributions
‘were not measured, and calculations in this case were
made by assuming that all stagnation temperatures remained
constant and equal to the free stream .value. Streamline
calculations for the base region were performed by inte-
grating mass flux data from the nose shock toward the
wake centerline., Since near the wake centerline such a
procedure results in appreciable errors, additional streamline
data were obtained by integrating from the centerline out
to the wake shock. For these calculations the first compu-
tation proced\;ure described above was used wherein static
pressure was assumed constant across the integration
region.

All profile results for the present investigation
have been normalized with respect to edge conditions. Al-
through the definition of edge location is often somewhat
nebulous, depending on whether total temperature or velocity
traces are used, the values for edge properties can be
established with some degree of consistency. For example,
most transverse traces of Pitot pressure in the far wake

exhibit the existence of a maximum value outside the viscous
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wake and within the wake shock boundaries. Such a value, when
present,has been used to compute edge properties, For several of
the most aft locations of the smallest wedge model investigated
(.15w) the "'inviscid'' Pitot pressure traces, instead of displaying
a peak, ex.hi‘bit initially a plateau followed by a gradual rise until
the wake shock position is reached (Appendix C). The slight rise
in Pitot pressﬁre between the plateau region and the wake shock is
believed causea by the weakening of the leading edge shock by the
expansion fan generated at the base of the model, Thus streamlines
in the far wake at increasing lateral distances from the centerline
of the wake will exhibit lower total head losses with corresponding
Pitot pressureivariations. As a result the edge property data for
these traces has been based on the plateau pressure level in lieu
of the maximum ''inviscid'' value. In the near wake all edge re-
sults correspond to mean flow data as measured at the actual edge

location determined from total temperature traces,

IIT.3 Accuracy Estimates

A) Free Stream Mach Number

The free stream Mach numbers herein were determined
under '‘free'' tunnel conditions from the ratio of measured Pitot
pressures to the tunnel's reservoir pressure (25). Because the
magnitudes of reservoir and free stream Pitot pressures were rela-
tively high and thus could be measured very precisely, Mach num-
bers so computed were correspondingly quite accurate. However

some repeatability difficulties existed due to iwéﬂ bounda'ry layer
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effects, which caused the flow in the test section for a given set of
measurements to deviate somewhat from that for the tunnel survey
results, This effect was most pronounced at P, = 35 psig since transi-
tion of the wall boundary layer occurred at this pressure, By combin-
ing measurement accuracies with repeatability difficulties it is
estimated that values of the free stream Mach number, whichhave been
used herein for flow field calculations, are accurate to within .5% ‘.
B) Positioning and Alignment

From repeatability checks and by examining the reliability
of position indicators it is estimated that probe position uncertainty
was within + ,002''. In order to eliminate the mechanical backlash
effects, all vertical and axial positionings of a probe were carried
out by moving the probe upward and forward respectively. It is
interesting to note that the semiprofile results herein are perhaps
even more accurate from a position standpoint than the cited +.002',
since final results were established by averaging full profile data
and thus any systematic offset would be compensated for in the re-
duction procedure.

Alignment of the pressure probes with the free stream direc-
tion was accomplished through use of a precision level. Because the
tunnel used for the present investigation was designed with the flow
parallel to the horizontal, this level was capable of aligning the
pressure probe to within .5° of the axial flow direction.,

C) Pitot Pressure Measurements
In Section IIl.1 it was indicated that all Pitot pressure

results herein have been corrected for axial tunnel gradients,
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subsonic viscous effects and even virtual leak phenomeha. Presum-
ably, therefore, the uncertainties in Pitot pressures due to these
effects have been all but elimvinated. On the other hand, the effects
of streamliné displacement, angle of attack, lateral tunnel gradients,
and viscous interaction in supersonic flow have been ‘examined and
are believed to have a cumulative error amounting t;b less than +1 %.
Since extreme care was exercised to minimize errors caused by
electronic circuitry, transducer calibration, and Moseley recording
uncertainties, only an additional +1% uncertainty is expected from
all these effects. Admittedly, for the large pressures measured
outside the viscous wake regions, the percentage error arising from |,
recording uncertainties is much smaller than for the centerline data,
and thus this latter error estimate probably should be only about
+.5% for such data. By taking into consideration all these effects
the overall error for Pitot pressure measurements is believed to be
within 2%.
D) Static Pressure Measurements

As mentioned above for Pitot pressure data, corrections for
low Reynolds number effects, axial tunnel gradients and virtual leak
phenomena have also been made to static pressure measurements,
and thus any uncertainties caused by these effects should be of negli-
gible importance to final results. In addition the use of a precision
micromanometer for measuring these pressures reduced consider-
ably possible recording errors. Thus the primary cause for error
with these data appeared to be angle of attack effects and the assump-

tion that the static pressure was constant across the wake. Several
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lateral surveys were made to check this latter assumption and slight
dips in the pressure traces were observed near the wake edges for
laminar flow conditions. However, since static pressure probes are
exceptionally sensitive to angle of attack as brought out by McCarthy
(16), it is tentatively concluded that the noted ''dips'' are caused by
probe alignment difficulties that occur near the wake edge. As a
result, static pressures across the wake have been assumed constant
and equal to the value at the wake centerline for all the far wake com -
putations here:{?. Since centerline data are accuraée to within 2%
when all uncertainty factors are considered, it is estimated that the
assumption of zero lateral pressure gradient causes an error in the
value used fofﬁ: the pressure at the wake's edge to be approximately
;!-_5%. Because those static pressure probes, used to measure
recirculation region pressures, caused some base interference
effects the resulting measured data are uncertain at the lower pres-
sures by as much as + 7%.
. E) Stagnation Point Measurements

Since the accuracy of the stagnation point probe in measuring
the location of the rear stagnation point is dependent to a great extent
on probe diameter, the smallest tubing size, .032'' OD, consistent
with structural requirements was used for its construction. Possible
virtual leak effects for this small probe, though of importance in
quantitative pressure measurements, we re not significant to final
comparative results because, as discussed in Section III. 2, any such
effects tende d. to be self-compensating. Therefore, recognizing

the interference effects which exist when the probe is situated just
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at the rear stagnation point, it is estimated that measured values of
(x/I—I)sp are accurate to within one probe diameter, namely + ,032'',
For the .3'' wedge model, the only configuration . for which rear
stagnation point locations were measured, this amounts to an uncer-
tainty of within one-tenth of a base height,
F) Base and Surface Pressure Measurements

The lowest pressures measured during the present investiga-
tion were the base pressures and great care was exercised in
obtaining these data. Not only were measurements made by the
already mentioned precision micromanometer and virtual leak
effects accounted for, but spanwise three dimensional effects were
‘minimized, if not eliminated altogether, by use of base fences,
Pronounced base pressure increases were observed at the higher
tunnel pressures for the .3'' wedge models when the models were
tested without fences as compared to similar data with fences.
Apparently the boundary layer on the tunnel sidewall, turbulent
at these high pressures, caused a significant cross flow to occur
because of turbulent mixing effects and the pressure differential
which existed between the sidewall boundary layer and the recir-
culation region. Dewey (8), on the other hand, observed no differ-
ence between the base pressures with and without fences. However,
the included angles of Dewey's models (45° and 30°) were larger
than the present 20° case, For the .15 wedge model, with its
higher aspect ratio, no indication of cross flow effects was evident

since the data with and without fences were nearly identical.,
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In determining the suitable fence configuration for these
models, it was considered necessary not only to position the fences
near the edges of the sidewall boundary layers, but also to extend
their length downstream to at least the wake's centerline sonic point.
To determine the final spanwise separation distance pf the fences
(b = 3.5'") measurements of base pressures and Pitot pressure pro-
files in the far: wake were carried out for separation;distances of
both 2.5 and 3.5 inches. Since both sets of data were virtually iden-
tical, the 3.5 inch sepé.ration distance, with its correspondingly
larger aspect ratio, was selected for the final design, Taking all
the above factors into consideration it is estimated that base pressure
uncertainties vary from + 5% at the lowest pressure level tested,
Py = 10 psig, to + 3% at P, = 100 psig. These noted uncertainty
estimates correspond to those data measured by base pressure taps.
Since the wedge model designed for the cold wall tests (. 3w-2) was
fabricated without such base taps, all base pressure data for this
model were taken with the Pitot pressure probe positioned within
.001' to ,002' of the base on the wake centerline, Comparison of
base pressure data obtained in this manner with ''tap'' data for the
adiabatic wall model (.3w-1) indicated that these Pitot probe data
were high at the lowest pressure investigated by +7% due to base
interference effects, Thus the uncertainty factors for cold wall
base pressure data range from +7% for P, = 10 psig to + 5% at
P, = 85 psig.

Since surface pressures measured with the .3'' wedge model,

(.3w-1) were relatively high, it was possible to obtain data with good
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accuracy. For example the‘ small pressure error that occurred due
to virtual leak effects was essentially negligible when compared to
the magnitude of the measured pressure, Similarly the slight read-
ing uncertainty that existed with the precision micromanometer was
relatively unimportant in determining the overall uncertainty for the
surface pressure data. Thus, based primarily on repeatability
results, it is estimated that the surface pressure daté herein are
accurate to within + 2%.
G) Hot Wire Anemometer Measurements

In making uncertainty estimates for hot wire data, considera-
tion must be given to such factors as the reliability of the tempera-
ture—resistiv'ity data for a given probe, measurement and recording
procedures, probe end loss corrections, and finally wire calibration
results for determining stagnation temperature and mass flux data
from a wire's recovery temperature and Nusselt number. One ad-
vantage in evaluating the first of these factors is that often post-test
calibrations are possible which enable a redetermination of a probe's
temperature -resistivity curve. As Dewey has indicated (17), starting
loads and exposure of these annealed hot wires for long periods of
time at high temperature levels sometimes cause slight shifting of
calibration curves., Thus post~test results offer a method for esti-
mating any resulting uncertainties. Several wires used for the
present results were therefore recalibrated after testing and changes
in reference resistance due to tunnel exposure effects of less than
+ .02 ohms (+ 1/2°K) were observed. No variations in resistivity

coefficient (ar‘) were evident however., Although on occasion some
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wire calibration curves exhibited slight deviation from linearity,
only those wires which had a variation of less than ,02 ohms for
the temperature range considered were used to obtain the results
herein, Thus the overall uncertainty arising from wire calibration
effects is estimated at being about + .04 ohms, i.e., t 1°K.

The aé;tual hot wire data were obtained with the system de-
signed and uséd by Herzog (14). Hot wire resistances as measured
by this system are accurate to within + .02 ochms. An additional
uncertainty in adiabatic wire resistance of + .02 ohms exists be-
cause of slight errors that arise when reducing the measured data
- (Appendix B. L). The curve fitting technique discussed in Appendix B.1l
although reasonably accurate in determining the zero power inter-
cept (adiabatic wire resistance), is however somewhat poorer when
evaluating the zero current slope of the resistance power curve
because of the high sensitivity of this slope to the measured data.
Since measured Nusselt numbers are proportional to these slopes -
it is estimateci that these data are thus only accurate to within +2%.

The end loss corrections to measured hot wire data herein
. varied between 1.05 and 1.2 for adiabatic wire temperatures and
ranged from .13 to .85 for measured Nusselt numbers. Any esti-
mate of the uncertainty associated with these corrections has to take
into consideration not only the analysis of Dewey but the dependence
of such corrections on other measured quantities with their own
accuracy limitations. By using these accuracy estimates with an
analysis of the dependence of derived parameters on measured data,

uncertainties in stagnation temperatures arising from end loss
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corrections have been made. These uncertainties vary from -_I-_ZOK
for edge data to as much as _-I;IOOK for those centerline measure-
ments corresponding to cold wall, low Nusselt number conditions,
In a similar manner it is estimated that uncertainties in final Nusselt
numbers due to end loss corrections alone are approximately + 3%,

The final factor of importance in evaluating hot wire accu-
racies is the recovery factor and Nusselt number calibration data,
Dewey (17) indicates that recovery factors as determined from his
correlation results have a maximum uncertainty of less than + 1.5%
for all values of Mach number and Reynolds number. On the other
hand, for the Reynolds numbers covered during the present investi-
gation and using the Nusselt-Reynolds number correlation of Kubota
(Appendix A), the uncertainty in mass flux data (Reynolds number)
for given values of Mach number and Nusselt number is less than
+5%.

In determining overall accuracies for stagnation tempera-
tures and mass flux data some improvement over the accumulated
uncertainties mentioned above is possible. This was accomplished
by reducing the effects of data scatter with proper curve fairing,
by averaging full profile data into semiprofile results, and finally
by compensating for possible systematic errors through suitably
normalized final results. Several repeatability checks confirmed
the acceptability of this procedure., When all these effects are
considered together with the specified uncertainty factors the over-

all accuracies for stagnation temperature and mass flux data
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are as shown in Table II. This table also summarizes uncertainty
estimates for all other measurements and those derived results

which are of interest to the study herein.
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IV, RESULTS AND DISCUSSION :

IV.1 Far Wake
A) Mean Flow Results

To initiate a discussion on the results from the present set
of far wake measurements, it seems appropriate to begin by first
examining data along the wake's centerline and edge for each of the
four configurations under investigation. These data are indicated
in figures 15 through 22, and the trends exhibited by a given flow
variable are observed to be quite similar for all four cases., The
one pronounced exception, as might be expected, occurs for the
total temperature and enthalpy data for the highly cooled model (fig- -
ﬁres 18b and 20d) and these results will be discussed shortly.
i) Centerline Static Pressure

In figures 15a through 15d-2 static pressure data along the
wake centerline are presented. Except for the flat plate results,
these data illustrate the degree of recompression the flow experi- .
ences in rising from the low pressures in the base region to the
dOWnstream pressure levels, It was not possible to determine the
amount of recompreésion for the flat plate model, since any attempt
to measure centerline pressures near the model's trailing edge
would result in appreciable flow disturbance (figure 15a). In any
event, all pressure data indicate an initial overshoot followed by a
gradual decay back to free stream conditions. A slight oscillatory
feature to this decay is observed, especially downstream of the cold
wall model (figure 15d-1). This type of behavior has been ob-

served by other investigators such as Martellucci et al. (26) and
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Badrinarayanan (27) and as of now there still does not exist a satis-
factory explanation, It is interesting to note that the decay of the

""overshoot'' value seems to commence

centerline pressure from its
at locations closer to the base as the Reynolds number increases.
As will be shown shortly, these initial decay locations, in general,
coincide with the onset of the wake transition region, which like-
‘wise moves forward with increasing Reynolds number. It is not sur-
prising then that the flow will attempt to readjust itself to free
stream levels at a faster rate, once turbulent diffusion effects begin
to play a more dominant role,
For the wedge data, rough estimates have been made of max-
imum pressures at the overshoot location and these are labeled
- "Inviscid Estimate'' in figure 15, To obtain these approximations,
inviscid flow aiong the wedge face was expanded to measured base
pressure values and then turned through an oblique shock which
would bring the flow parallel to the wake's axis. All the calculated
values are seen to be within 5% of the overshoot pressures. Such
a finding, in spite of the fact that base pressures vary as much as
25% for the Reynolds numbers considered, illustrates that the in-
viscid flow plays a significant role in downstream pressure levels,
One final observation appears worthy of comment at this
time and that is the noticeable inflection in the centerline pressure
curves near the bases of the adiabatic and cold wall wedges (figures
15c-2 and 15d-2). Such a trend has been similarly observed by
Hama (28) in his experiments with wedges in supersonic flows. For

his results Hama points out that this effect is caused by an expansion
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fan emanating from the region of interaction of the base's lip shock
with the wake shock., For the present set of measurements the lip
shock and wake shock, as determined from transverse Pitot pres-
sure surveys, appear to form a continuous shock strﬁcture (Section
IV.2). This was found also by Hama in his experiments at high
Mach numbers and occurs because the lip shock turns more toward
the wake axis as the Mach number increases until eventually it ap-
pears to coalesce with the wake shock., The fact that the noted
change in cenf,erline pressure gradient occurs for Hama‘s high
Mach number data and for the present results, suggests that some
shock interaction phenomena may be taking place for these cases
even though, with the current measurement resolutions, two dis-
tinct shocks atﬁre not discernible in the base regions';
ii) Centerline% Mach Number

Mach numbers along the wake centerline and edge have been
computed using Pitot and static pressure measurements, and these
results are shown in figure 16, As discussed in Section III, static
pressures at the edge have been assumed equivalent to static pres-
sures measured on the wake's centerline. The centerline data of
figure 16 illustrate a tendency to break away from the curve corres-
ponding to the lowest Reynolds number at progressively moreforward
locations as the Reynolds number is increased. Such an upstream
movement of the ''break away'' point with increasing Reynolds nurﬁber
reflects the influence of transition on the centerline flow. This

trend has also been observed in other wake investigations,
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Behrens (7) in his experiments on hypersonic wakes behind cylinderé
and also Sato and Kuriki (29) in their investigation of incompressible
flow behind a flat plate, have compared such growth increases in
centerline mean flow data with fluctuation measurements, Both in-
vestigations have shown that these pronounced centerline deviations
‘are not necessarily indicative of fully developed turbulent flow but
only of the termination of a linear growth region characterized by
linear stability theory, and the initiation of a region of non-linear
instabilities. The absence of any ''break away'' phenomena for the
lowest Reynolds number data suggests that these data correspond
to completely laminar flow, even to the most aft location at which
measurements were made. Additional discussion of the laminar
nature of these lower Reynolds number results will be made in
Section IV, 1-B,

Except for the cold wall model, all centerline Mach number
data illustrate that the onset of the transition region is well down-.
stream of the centerline sorﬁc point. Since disturbances in super-
sonic flow cannot propagate upstream, the near wake for the adia-
batic wall 20° wedge (.3w-2A) is experiencing steady, laminar flow
for the present set of measurements, even for the ﬁighest Reynolds
number under investigation. This result is not necessarily true
for the near wake of the cold wall wedge especially at Re 5 =
5.5 x ]lO4 (.3w-;ZC). The proximity of the ''"break away'' location
to the centerline sonic point is obvious from the data of figure 16
and the possible effect of fluctuations on the base region should be

kept in mind when examining the near wake results for this case,
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The trend of transition to move closer to the base with cooling, how-
ever, is an effect predicted by linear stability theory (6).

In an attempt to verify the consistency of the Mach number
results in ﬁéure 16, a comparison was made using the data for the
two adiabatic wall wedges. Since free stream Reynolds numbers
were equal for two test conditions for each model, even though base
heights differed by a factor of two, it would be expected that axial
Mach numbers should be in agreement. Figure 17 éresents the re-
sults of this correlation and the comparison is seen to be quite
favorable.

iii) Centerline Total Temperature

Corrected total temperatures along the wake centerline for
both the flat plate and the large 20° wedge models are shown in
figure 18, Similar data for .15'' base height wedge were not meas-
ured and all results specified herein for this 20° wedge model cor-

respond to the assumption of isoenergetic flow, namely Tt = Ttooe
Figure 18 again illustrates the increase in centerline growth rate

as the flow exp;eri‘ences the onset of transition. The upstream
movement of the most forward location of the transition region
with increasing Reynolds number, is again clearly evident, and
offers another illustration of the effect of turbulent diffusion on the
wake's mean flow properties. Total temperature data were ob-
tained only up to 6 inches downstream of the wedge bases because of
probe support limitations. The abséence of data forward of x/H = 1,5

for the 20° wedge data {excluding the wall temperature measurement)

was caused by the ineffectiveness of the hot wire probe in very low
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density, low speed flow., Convective heat losses from the wire were
so small that the wire temperature became dominated by probe sup-
port effects resulting in unacceptably inaccurate total temperatures,
The variation of total temperature with Reynolds number and the
distribution of total temperature within such a near wake region areof
considerable importance to development of the wake downstreams.
The inability to obtain such information from the prvesent investiga-
tion points out the necessity of other techniques for obtaining total
temperature data in base flow regions. For example, several
investigators have succeeded in measuring near wake temperatures
behind slender bodies in both shock tubes and shock tunnels

taking advantage of transient phenomena.

Examining the total temperature data of figure 18 clearly
illustrates the pronouncéd effect which model cooling has on center-
line total temperatures. Since wall temperature ratios (TW /Ttw =
.03 —>.12) as sociated with high speed entry into the atmosphere
correspond to cold wall conditions, the cold wall data (TW/Ttw = .19)
would seem to be of more practical interest than the adiabatic wall
results ("J'Jw./T,‘:o° = .87). The measured wall temperature, inciden-
tally, for the adiabatic wall model agrees favorably with that pre-
dicted by theory for laminar flow (r= .85) at M = 6.

iv) Centerline Velocity

.Centerline velocity data for all four models used in the
current investigation are presented in figure} 19. Since the Mach
number and total temperature data used to generate these results

have already been discussed, little comment seems necessary at
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this time., The typical growth increases associated with the onset
of transition are again clearly evident. The comparison between
linear wake theory (5) and the lowest Reynolds number data for the
adiabatic wall models is seen to be quite reasonable. The results
for the larger wedge model (.3w-2A) are the least favorable and this
is primarily the result of applying the theory not far enough down-
stream where the velocity defect has becomé sufficiently small
(1 - a‘—"*<< 1) as required by linear theory. Additional discussion
of theeva.lidity of using linear theory for the present results will be
presented shortly.
v) Centerline Enthalpy

Another quantity which is of interest in any study of far wakes,
especially with the extréme temperatures associated with high speed
reentry, is that of the distribution of enthalpy along the wake center-
line. Figure 20 presents the results from the current investigation
‘and, as might be expected, an appreciable difference between the -
adiabatic . and cold wall data is evident. All three adiabatic wall
cases are quite similar in their decay characteristics, even to dis-
playing the upstream movement of transition with increasing Reyn-
olds number. Results of linear theory calculations are also shown
on figures 20a, 20b and 20c illustrating the effects of Prandtl num-
ber and initial conditions on the computations. The cold wall results
indicate a maximum centerline temperature of almost triple free
stream values and in addition, for the low ReynoldAsr number data,
these relatively high temperatures persist for some distance down-

stream, a factor of great importance in evaluating wake observable
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phenomena. The sharp temperature rise taking place in the vicinity
of the base occurs primarily within the recirculating zone of the
base region. This result and the fact that 2 maximum temperature
occurs somewhat downstream of the rear stagnation point can be
explained by examining the balance between thermal and kinetic
energy along the wake centerline. Since the flow velocities within
the recirculating zone are small, the total energy of the centerline
flow initially consists primarily of thermal energy. The axial dis-~
tribution of enthalpy along the centerline thus follows closely the
total enthalpy variation (figure 18)., However once downstream of
the rear stagnation point the flow velocities increase rapidly with
the result that the centerline enthalpy attains a maximum followed
by a gradual decay as the kinetic energy of the flow increases and
begins to account for a greater share of the centerline total enthalpy.
. This latter effect is clearly in evidence in the adiabatic wall cases
wherein, because the total enthalpy is nearly constant in the far
‘wake, the enthalpy decay along the centerline is just matched by
- the kinetic energy increase.
vi) Integral Thicknesses

Integral wake thicknesses for the present results are pre-
sented in figure 21, Integration of the boundary layer equations
indicates that the expected variation for these thickness data should

be as follows:
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The slight increases in momentum thickness with axial distance are
partially caused by the small axial pressure gradients depicted in
figure 15 and the transverse entropy gradient characteristic of some
viscous wakes, This latter effect is brought about because some of
the streamlines passing through the stronger portioﬁs of the curved
bow shock first enter the viscous far wake at varying distances
downstream. The additional ''drag'' associated with these stream-
lines is similar to the outer wake drag typical of blunt bodies which
experience extensive normal shock pressure losses. Some growth
of momentum thickness (drag) with axial distance is thus not sur-
prising.

Similar explanations based on fluid mechanical phenomena
cannot be made to account for the slight increase in energy thickness
of the cold wall data. Since these data should remain constant with

axial distance, the small growth rate experienced by the energy
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thickness in figure 21d represents a measure of the cumulative error
occurring for the present results. Considering the various correc-
tions and calibrations associated with the current measuring tech-
niques such a result, however, is not unexpected,
vii} Wake Thickness

Figure 22 presents results of wake thickness and wake shock
position for the four models used in the current investigation. The
rapid change in Pitot pressure at the wake shock {figure 44 ) clearly
determines the location of this shock. The midpoint of this sharp
Pitot pressure change has been used as the wake shock position.
The wake edge data of figure 22 were obtained by determining those
locations where the tangent to the maximum transverse gradient in
Pitot pressure intersected the edge value of Pitot pressure.
This definition coincides, within the accuracy of the present results,
with the total-temperature edge (figure 45). From the data in figure
22 estimates of wake neck position are possible by noting the location
of the minimum thickness point. Further, these results indicate
that all the wakes initially grow almost linearly with downstream
distance until, except for the low Reynolds number data, some point
is reached where a sudden growth rate change takes place. The new
growth rate again is nearly constant, Since fluctuations bring about
increases in wake growth rates, these data are good indicators of
the breakdown of the steady laminar flow condition. The upstream
movement of this "'transition’'’ point with increasing Reynolds number
is very noticeable. Similar results for wake thickness were obtained

by Demetriades (30) in his experiments on hypersonic flows behind
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20° wedges using hot wire probes to measure turbulent fluctuations,
B) Analysis of Transition

Wake transition distance is defined as the axial distance
downstream from the base of a body to a location where the effects
of transition produce a pronounced change in flow characteristics.
In Demetriades' measurements behind 20° wedges (30) and also
Sato and Kuriki's data for incompressible flow behind a flat plate
(29), the onset of increased turbulent fluctuations was designated
as the beginning of transition. A similar approach has been used
by Behrens for flow behind cylinders in hypersonic flow (7). The
present results correspond to a transition location based on the
axial distance from the model base to the position in the wake where
the wake thickness growth rate shows a sudden change. These
transition locations are specified in figure 22 and are replotted in
figure 23 as a function of reciprocal of Reynolds number. The re-
sults therein illustrate that a linear variation exists not only when.
free stream Reynolds numbers are used but also when the Reynolds
number is based or;.edge conditions’o This linear variation in turn
can be used to define a transition Reynolds number since the slope
of the curves, for each of the models, corresponds to a Reynolds
number based on the axial distance between a zero intercept dis-
tance, obtained by extrapolating the measured data to infinite Reyn-
olds number, and the transition location. As explained by Lees (31),
the noted linear variation of transition distgnce cannot continue
indefinitely as the Reynolds number is decreased. In fact a minimum

critical Re‘yholds number is reached below which viscous dissipation
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prevents the existence of wake turbulence. Thus all curves in figure
23 would eventually curve upward if lower Reynolds number meas-
urements had been made., Demetriades illustrates this effect in his
measurements (30),

From the results of figure 23 the following transition Reyn-

olds numbers seem appropriate:

X b 4
Model Reoax ﬁ)TRo Reeax H)TRO
Flat Plate 50,000 35 - -
20° Wedge, adiabatic wall 3.5x10° 8.5 2.8x10° 8.5
20° Wedge, cold wall ’ 3.3x105 2.0 2.5x105 2,0

Although the flat plate value corresponds closely to the result
which Demetriades obtained by extrapolating his wedge data to the 0°
included angle case (flat plate) [Rewa= 56,000] , the zero intercept
distance found:herein [x/H)TRo = 35] differs substantially from his
data [x/H)TR-'-l 5]. H, as used both for the present correlation and
' Demetriades”oresults, represents the sum of the total boundary layer
displacement thickness, as calculated, and the plate thickness. A
satisfactory explanation for the noted discrepancy is not known at the
present time. |

On the other hand, present transition results for the adiabatic
wall 20° wedge data not only show agreement between the two differ -
ent sized models, but are seen to compare favorably with those data
measured by Demetriades in his turbulent fluctuation experiments.
This agreement occurs both in terms of free stream transition Reyn-

olds number (Rewa =3, x 105, Demetriades) and the zero intercept



-42-
distance. I.n addition, transition data for flow behind sharp nosed
cones at M_ = 6 indicate that a transition Reynolds number based
on edge conditions (ReeAx= 2.3 x 105), compares favorably with the
present data., Such findings verify the use of the present mean flow
technique for locating the approximate location of transition in lieu
of detailed flow turbulence measurements.

It should be pointed out, however, that centerline properties
‘apparently ''sense'' the onset of transition a short distance upstream ,
of those locatjons of transition as defined from wake thickness re-
sults. This ié evident from figure 16 by comparing these transition
locations with thé initial deviation of the centerline Mach number
data from the low Reynolds number results. These centerline devi-
ations becom’e important when evaluating the forward extent of the
transition zone and its relevancy to the laminar nature of the near
wake. For example, from figure 16, it is questionable whether or
not the near wake for the cold wall wedge at Re_yy= 5.5 x 104 is
indeed completely laminar, since the centerline Mach number data
therein commence deviating as far upstream as x/H = 3,

Figure 23 illustrates the pronounced effect which cooling has
on wake transition. The significant upstream movement of transition
distance for a given Reynolds number with cooling indicates the in-
creased flow instabilities associated with cold wall bodies,

As a final comment on these transition results, it is approp-
riate to reexamine the low Reynolds number data of figures 15

through 22, Since now transition Reynolds numbers are available,
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it is possible to make estimates of transition distances for these

cases, The results are:

Model *)TR
Flat Plate, L = 1 inch 7.5L
20° Wedge, adiabatic wall, H = .15 inch . 58.5H
20° Wedge, adiabatic wall, H = .3 inch 33.5H
20° Wedge, cold wall, H = .3 inch 27.5H

These results additionally substantiate the earlier claim that
the low Reynolds number data were representative of laminar flow
for large downstream distances, Furthermore, the absence of the
""break away'' phenomena in.the centerline measurements also veri-
fies that such data correspond to laminar flow even to the farthest
downstream station at which measurements were made,

C) Comparison of Present Results with Linear Wake Theory

The two-dimensional linear wake theory, as derived by
Kubota (4) for compressible flow and arbitrary streamwise pressure
gradient, incorporates the Oseen type approximation along with the
assumption that the initial velocity and enthalpy distributions corres-
pond to delta functions. A modified version of this theory has been
developed by Gold wherein arbitrary initial profiles are acceptable
(5). Basically the theory requires, in addition to the necessity for
the boundary layer equations to remain valid, that the velocity defect
be small (1 - &1— << 1), and that both the Prandtl number and Chap-

(]

. _ Pele
man-Rubesin factor (C =

) be constant. Under these assumptions
and with the additional approximation of negligible axial pressure

gradient, which would seem appropriate from the far wake resuits
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of figure 15, the linear wake theory gives the following results:
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This formulation of the linear wake solution has been pro-
grammed on the IBM 7094* and various calculations have been car-
ried out to examine the effect of initial conditions and Prandtl number
on the computations. Several results of these calculations are shown
in figures 19 and 20, where centerline distributions of velocity and

“enthalpy for the low Reynolds number cases are compared with meas-

ured adiabatic wall data. In general, the flat plate calculations of

%
Behrens, private communication
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both velocity and enthalpy are in favorable agreement with the data.
The velocity results, for the small base height 20° wedge (.15w),
similarly agree with the data. However such agreement is not as
satisfactory for the large wedge model (.3w-2A) for both velocity
and enthalpy results due apparently to the use of initial conditions
(I-’% )o = 10) not sufficiently far downstream where velocity defects are
small enough to justify using linear theory.

The relatively large deviation between theory (Pr = .75) and
data for the ell_uthalpy results of the small wedge, figure 20b, are
perhaps due mainly to the lack of measured total temperature data.
The noted variations therefore should not be taken too seriously.
Shown also on this figure is the éffect of varying Prandtl number
from .75 to 1. The Pr = 1 case, which compares quite favorably
with the data, may be more realistic here since it too corresponds
to constant total enthalpy.

Velocity and enthalpy profile distributions have also been
calculated and these results are presented in figures 24 and 25 as
functions of the transformed y coordinate. For the flat plate and
small wedge models, the comparisons between predicted and meas-
ured velocities appear to be quite good, A better correlation in the
case of the large wedge data (.3H-2A) for both velocity and enthalpy
results would be possible if the initial stations were chosen further
downstream say at x/H)o = 15 instead of X/H)'o‘-,r' 10, The flat plate
enthalpy profiles, as predicted, are not in very satisfactory agree-
ment with the measured data even though centerline results agree

quite favorably. Again this indicated deviation would improve
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considerably by making use of an initial station further downstream.
From linear theory it can also be shown that velocity defect
results for all models should correlate well with the normalized

axial distance

x/R e-éavgeavg

The results of such a correlation are presented in figure 26 and the -
collapsing of the data for all three adiabatic wall models investigated
verifies the use of this normalized distance.

In general, the low Reynolds number far wake data obtained
during the present investigation under adiabatic wall conditions show
very satisfactory agreement with linear theory. Such a finding
further substantiates the laminar, steady nature of these data and
illustrates the value of this theory as an effective method of analysis

for the laminar far wake behind two-dimensional slender bodies,
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IV.2 Near Wake
A) Near Wake Geometry for a Flat Plate in Hypersonic Flow

The flow in the vicinity of the trailing edge of a flat plate
represents a problem in fluid mechanics which has been of in-
terest to investigators for many years. Since some near wake
measurements were made during the present investigation of
the ﬂaf plate hypersonic wake, it was considered desirable to
report on avéilable data even though, because of inherent meas-
urement limitations, results were limited primarily to near
wake geometries. Figure 27 presents these geometry data for
each of the four Reynolds numbers investigated. Shear layer
and wake thicknesses were determined from total temperature
distributions i‘(figure 45) whereas both the wake and leading
edge shocks were located from pilot pressure traces (figure
44 )., Those boundary layer edge locations indicated on the
figure were calculated from the weak interaction theory (36) and
the finding of Kendall (32), from his flat plate study, that & /6 2
.75, The existence of the wake shock illustrates that the flow
recompresses as it turns back to the free stream direction
from its trailing edge orientation. The two degree reverse
taper to the trailing edge, and the thin but finite thickness
of the plate are clearly not in keeping with the infinitesimally
thin flat plate assumption of analytical studies. Also shown in
figure 27 are centerline sonic point locations (x/L 2 ,2) as de-

termined by extrapolating the Mach number data of figure 1l6a.
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Correlation of the wake thickness data with predicted boundary layer
thicknesses are shown in figure 28, The favorable correlation indi-
cated in figure 28 illustrates the dependence of the near wake thickness
on the plate boundary layer thickness. The fact that the initial wake
thickness is somewhat larger than what would be predicted from
boundary layer theory can be accounted for by analyzing the mass
flow balance Between the boundary layer and near wake, This analysis
indicates ‘that

['puﬁ (1 - %j)]BL = [pua (1 - gj)]NW

pu
pu)dv

¢)
*
where 51=5(1-
o ee

Since

the ' mass balance equation reduces to

(P8, = (PO)gw

However, assuming isentropic flow, it follows that

1/vy
5 . (pBL) 5

NW ~ pow BL

- Thus, because the near wake pressures are lower than the plate

pressures (figure 15a), some increase in wake thickness over that
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predicted by boundary layer theory is expected.

Another wake feature that can be determined with reasonable
accuracy from the present results is the wake neck thickness, From
the wake growth results of figure 22a it is estimated that the neck
occurs at or near x/L = ,5. The resulting thicknesses are presented
in figure 29 as a function of free stream Reynolds numbers and a
square root variation with Reynolds number is evident. The variation
of the neck thickness with Reynolds number in this manner can be de-
duced from a mass balance analysis, similar to that described above
for the initial n}:ar wake thickness, and on the depef;dence, according
to boundary layer theory, of the thickness of the trailing edge bound-

ary layer on the square root of Reynolds number.
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B) Near Wake Behind 20° Wedge

The near wake behind slender bodies has been the subject of
many experimental investigations for the past several years. Both
shock tunnel facilities and continuous flow wind tunnels have been
used for these investigations. Mach numbers ranging from low super-
sonic to hypersonic values and flow regimes from all laminar through
transitiona_.i to fully turbulent flow have been examined., The primary
aim has been to define a physically realistic model for the flow which
will be amenable to analytical study. Since many of these investiga-
tions were somewhat limited in the amount and type of measurements
that could be obtained, it was felt early in the current experimental
program that a reasonably detailed study of the near wake with hot
wire and Pitot probes would prove meaningful even though some
accuracy difficulties would be experienced. Such data, although able
to provide only limited information on the base recirculation region,
because of previously mentioned hot wire uncertainties in subsonic
flows, would furnish an interesting supplement to the near wake data
already available.
i} Neck Thickness

By examining the wake growth results of figure 22 the mini-
mum wake thickness values have been determined for all three of the
20° wedges used in the present investigation. These neck thickness
results are presented in figure 29 as a function of Reynolds number
and a square root variation is apparent. The mass balance analysis
discussed above for the flat plate results (Section IV.2A), and which

provided an explanation for the dependence of the flat plate neck
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thickness on the square root of Reynolds number, is similariy appli-
cable for these wedge data. Consistency of the adiabatic wall results
is evident in that the data for both the H = ,15'" and H = ,3'' wedges
coincide in a favorable manner. Also shown on the figure are trailing
edge bou_ndarf( layer thicknesses as measured from jﬁotal temperature
profiles for the three tenths base height wedge under adiabatic and
cold wall conditions. From boundary layer theory these data should
vary with the square root of Reynolds number and the results of figure
29 satisfactorily indicate this trend.

In conducting an investigation of this type it is of interest to
determine the significant scaling parameters which play a dominant
role in establishing the flow field. Although the neck thickness data
in figure 29 illustrate that a correlation with Reynolds number exists,
it is also indicated therein that, when presenting the: data in this
manner, the results for the adiabatic and cold wall wedges correspond
to two separate curves. However, if the data are replotted in terms
of the thickness of the trailing edge boundary layer, both the adiabatic
and cold wall data collapse to one curve (figure 30), This result
additionally verifies Chapman's (37) finding that the noted
thickness represents an important length scale for near wake flows,
Figure 30 also indicates that for flow approaching zero boundary layer
thickness the neck thickness behaves properly for this inviscid limit
and becomes negligibly small.

ii) Wedge Surface Pressure
" The upstream influence of the low base pressure and the

corner expansion on wedge surface pressures is illustrated in figure
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31. These adiabatic wall data were obtained with the solid wedge
model {,3w-1A) discussed in Section II and indicate that the flow first
'"'senses'' low base pressures roughly two to three boundary layer
thicknesses upstream of the base., Also shown on the figure for com -
parison purposes are calculated trailing edge pressures as determined
using Kendall"s results from his investigation of hypersonic flow over
a flat plate (3 2)

Unfbrmnately, the small size of the model uged in the present
investigation prevented making pressure distribution measurements
along the model base. Hama's results for such base pressure data
on 12° wedges (28), clearly demonstrate that an undershoot in pres-
sure first occﬁrs on the base after which the flow undergoes a rise
in pressure to the base pressure value. Such a trend is indicative of
flow which remains attached to a surface so long as a favorable (de-
creasing) pres sure gradient exists but then tends to separate once it
senses an unfavorable (increasing) pressure gradient. Thus separa-
tion of the flow from the body does not necessarily occur just at the
corner but in fact occurs some distance below the corner and only
when a sufficient overexpansion takes place such that the surface
pressure falls below the final base pressure level. This off-corner
separation result is further substantiated from the flow field mapping
results to be discussed in detail shortly. These data illustrate that
zero velocity and sonic line extrapolations upstream to the base,
intercept the base line below the corner in the manner depicted by
Hama, This finding supports the conclusion of Hama that the lip shock

in the near wake is caused by a separating boundary layer and thus
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is similar to the separation shock generated in the near wake of a
cylinder,
iii) Wedge Base Pressure

The results of base pressure measurements fc;r the three
wedge models are presented in figure 32. These data show the
variation of ba}se to free stream pressure ratio with trailing edge
Reynolds numl%er as determined from inviscid flow f:heory. Also
shown in figuré 32 for comparison purposes, are th; adiabatic
wall data of De‘wey for both 30° and 45° wedges (8). General
agreement in both trend and magnitude is seen to exist for all
adiabatic wali results. The significant decrease in base pressure
with increasing Reynolds number is again emphasized by the present
results. Conéistency of the present adiabatic wall data is illus-
trated by the correlation of results from both the small {,15w) and
large (.3w-2A) 20° wedges. Figure 32 also indicates that a drop
in base pressure is associated with model cooling.

Since Chapman (37) as well as others have poinfed out the
dependence of base pressure on the thickness of the trailing edge
boundary layer, and further, because a successful correlation of both
adiabatic and cold wall neck thickness data has also been achieved
herein with this scaling parameter, a correlation of the base pressure
data has also been made with the trailing edge thickness and the re-
sults are shown in figure 33. For the adiabatic wall data the weak
interaction theory modified per Kendall's results has been used to

determine (& /H)TE « On the other hand, the cold wall trailing
Theory '
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edge thickness is based on Chapman-Rubesin boundary layer theory
for arbitrary wall temperature (38), Base pressure estimates using
Chapman's dividing streamline model (11) have been made and results
for 0 = 45d and 8 = 20° are shown on figure 33. According to the
idealized ver%sion of this model, the flow along the dividing streamline
separating the;" base's recirculating flow from the outer flow, attains

a maximum vglocity of u*/ue = E* = ,587 and then recompresses

isentropically:?nd instantaneously to the downstreag;n pressure level.

Thus
- v/y-1
e Y- '
EE ) (psp' 1 1+ == M
poo H p' n 1 + :,_1 M'Z
2 -2
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Here, {( )! refers to downstream conditions determined by expanding
inviscid wedge flow isentropically back to the free stream direction.
Such a computation method has been found to give essentially the same
results, as one where inviscid wedge flow is first overexpanded, then
recompressed through a weak oblique shock back to the free stream
direction. The factor, ;PFS,B- % , represents a ''recompression effi-
ciency factor'' and accounts for the uncertainties in the analysis.
Although the estimates on figure 33 are invariant with Reynolds num-
bers, the overall levels seem to compare favorably with the measured
data for an ''efficiency factor'' of one. This favorable magnitude
result occurs even though the isentropic recompression assumption

of the Chapman analysis is seen not to be realistic for the present

results (figure 15).
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Although the method of correlation used in figure 33 still re-
tains the wedge angle as an important variable in the base pressure
determination, it is clear that the data for each wedge scales favor-
ably with the trailing edge thickness. Admittedly, for the adiabatic
wall data, this is an expected result since it has already been shown
that the base pressure varies with trailing edge Reynolds number
(figure 32), However, as was found in correlating the neck thickness
data discussed above, the important finding indicated by the figure
33 results is the collapsing of both the adiabatic wall and cold wall
base pressure data for the present investigation to a single curve,
This result further substantiates the significance of the trailing edge
thickness as a suitable length scale for the base flow problem.

In an effort to determine additional characteristic parameters
for the base pressure data several other combinations of variables
have been attémpted_. One finding is that all adiabatic wall data from
both Dewey's and the present studies collapse to‘“ one curve with only
+ 7% scatter by presenting pb/poo as a function of free stream Reyn-
olds number based on the base height- (figure 34). This result, indi-
cating only minor dependence on wedge angle, was similarly found
by Cheng et al. (39) in their experimental investigation of wakes
behind wedges in low density flow.

iv) Rear Stagnation Point

The rear stagnation point location is the position on the wake
axis where the flow stagnates and separates the reverse flow in the
base region from the downstream wake. Most initial conditions for

near wake calculations make use of profile data corresponding to the
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location of the rear stagnation point. In addition, relatively high
temperatures exist at this point, as discussed in Section IV.1, and
thus electron densities can be correspondingly large in actual at-
mospheric entry. For the present set of measuremerﬂ:s with the
three-tenths base height wedge and for both adiabatic and cold wall
conditions, thé position of the rear stagnation point has been located
at x/H = ,75. These results are evident from the data of figure 35
wherein centerline static and Pitot pressure data were plotted as a
function of axial distance. Although the location of the point where
the curves coa{lesce (rear stagnation point) may be somewhat uncer-
tain because of the small cross angles involved, the resulting loca-
tions of the rear stagnation points are believed to be accurate to
within + <1 H at least for all the adiabatic wall data and for those
results corresponding to the two lowest Reynolds numbers of the
cold wall model. An uncertainty estimate somewhat larger may
seem more realistic for the two highest Reynolds number cold wall.
data because of the greater difficulty in accurately determining the
crossover point, The x/H)Sp= .75 result was also confirmed, for
the adiabatic wall condition, by use of the differential pr.essure
probe discussed in Section II. Both of these methods for determin-
ing the rear stagnation point position have been used by Martellucci,
et al, (26) in their experiments on the turbulent near wake of a cone
at M = 6 and similar agreement between the two techniques was
obtained. The values of x/H)Sp= .75 for the present results are in
good agreement with the summary curvév of reference 26 showing the

variation of rear stagnation point location with trailing edge Reynolds
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number. The data used by Martellucci et al, for this summary com-
prise measurements from not only wedges but also cones and cylin-
ders as well under cold and adiabatic wall temperatures and even both
laminar and turbulent flow conditions, A satisfactory correlation of
most data and a general trend indicating a slight aft movement of the
rear stagnation point with trailing edge Reynolds numbers (trailing edge
boundary layer thickness) are evident., The movement aft of x/H)Sp
for the high Reynolds number cold wall data in the present investi-
vgation may appear to have occurred (figure 35b) but the noted data
uncertainty prevents concluding such a trend. If such were the case
however, it would be in agreement with the summary data of refer-
ence 26 for decreasing trailing edge boundary layer thickness,
v) Wall Temperature Ratio
Of interest in an experimental investigation of this nature is

the comparison between already existing data and current results.
One such comparison, in the case of the cold wall model, is the
relationship of the temperature at the wake's rear stagnation point
to the model's wall temperature. Figure 36 presents a summary of
results from other investigations along with the present data showing
this relationship in terms of normalized temperature ratios. The
free stream stagnation temperature has been used as a normalizing
parameter for the data. It is evident from figure 36 that the present
cold wall results compare favorably with previous data.
vi) Typical Shear Layer Profiles

- Before analyzing flow field mappings of the near wake behind

the three-tenths base height wedge, it seems appropriate to discuss
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briefly several typical profiles for the near wake shear layers.
These profiles, all for the low Reynolds number adiabatic wall
case, are plotted in figure 37 in overlap fashion with the base
geometry, so as to illustrate the manner in which characteristic
lines and/or.regions are distinguishable., For example, figure
37a, showing transverse Pitot pressure traces, indicates thé.t the
leading edge:and wake shock positions were determined from the
Pitot pressure gradients occurring at these respective locations,
The relatively slight change in Pitot pressure gradient indicated
near the axis for the x/H = .5 trace is more suggestive of com-
pression Mach waves, and thus has been associated with the lip
shock arising from the flow separation at the base. From these
data, and also the profile results of figure 44, showing all the
Pitot pressure data taken during the current investigation, it can
be seen that both the wak.e and lip shocks have substantial width

(A %{)S 2 ,10 H). This was similarly observed by Dewey (8 ) in
his studies of the near wake behind a cylinder. A computation was
made of the orientation of the leading' edge shock wave based on the
assumption of weak shock-boundary-layer interaction and the
existence of simple wave flow between the boundary layer edge

and the shock wave. The calculated result was within .5° of the
measured shoék wave angle at the model's trailing edge. The u= 0
line indicated in figure 37a corresponds to those transverse locations
where the static pressure, as measured on the wake's centerline,
and Pitot pressure are equal., This line terminates at the rear stag-

nation point location which has been determined in a similar manner,
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One near wake characteristic, which has not been determined
to any great extent by existing near wake investigations, is the loca-
tion of the shear layer edge., Figure 37b presents total temperature
profiles for the near wake shear layer, and the temperature over-
shoot, typical of adiabatic wall boundary layer profiles, is evident.
The locations where the overshoot decreases to zero, namely where
the total temperature achieves equilibrium with the free stream
total tempera:j'%ture, represents the shear layer edge? This edge, in
essence, corf;esponds to the boundary between thatfportion of the
flow unaffectea by the temperature of the wall and that part of the
flow which has been affected by the wall through the action of vis-
cosity and heat conductivity. It will be recalled that in the far wake
either Pitot pressure or total temperature results could be used to
determine the wake edge. In the near wake region, downstream of
the base, such use of the Pitot pressure data is not possible because
of the Pitot pressure gradients associated with the expansion fan
outside the shear layer. At the trailing edge, where the effect of
the expansion fan on Pitot pressure is quite small, values of the
boundary layer thickness based on the Pitot pressure profile com-
pare favorably with edge data derived from total temperature traces.
The one open symbol indicated in figure 37b on the model surface at
x/H = -.5 corresponds to a calculated boundary layer thickness
based on the Chapman-Rubesin compressible boundary layer theory
(38) for arbitrary wall temperatures. The thickness so noted agrees
favorably with similar thickness estimates based on the weak inter-

action theory. An interesting result of figure 37b is the location and
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variation of the shear layer's edge with axial distance., Not only is
the wake neck, defined as the wake's minimum thickness location,
not located near the wake's rear stagnation point, but it even occurs
downstream of the centerline sonic point as will be shown shortly.
The tendency of the shear layer to avoid turning sharply downstream
of the model base indicates that extremely low densities exist within
the immediate vicinity of the base. This result is of significance
to the development of the viscous sublayer postulated in many of the
analytical techniques currently under investigation. Complete total
temperature profile data for the current investigation are presented
in figure 45 and the above comments, regarding the shear layer
edge, are seen to hold true for all cases,

The Mach number distributions of figure 37c illustrate that
rather high Mach numbers (M 2 6) are experienced by the separated
shear layers in the present near wake investigation. This consti-
tutes a major distinction between near wakes behind slender bodies .
with flat bases, and near wakes behind blunt nosed bodies with
rounded bases such as spheres and cylinders where shear layer
Mach numbers are usually less than three (8 ). From figure 37c
the location of the sonic line and the manner in which it fairs
smoothly into the centerline sonic point is clearly apparent. Such
a line is also arrived at directly by locating the position where the
ratio of static pressure, assumed equal to the pressure on the
centerline, to Pitot pressure corresponds to the value at Mach
number unity, namely, P/ptZ)M=1 = ,5283. This represents a

satisfactory method for determining the sonic line since the static
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pressure, as will be shown shortly, is nearly constant across the
base region up to the wake (or lip) shock, Between the wake shock
and shear layer edge, the accuracy with which certain flow data,
such as Mach number, static pressure, and static tefnpe rature, have
been determi'ned is rather poor as discussed in Section III, The
‘present method for determining these data using hot wire measure-
ments was shown to have inherent uncertainties that limit data
accuracy at high Mach numbers, This point should be kept in mind
when evaluating certain trends and even data scatter. On the other
khand, those data within the wake shock boundaries correspond to
low Mach numbers (M < 3) and thus should be reasonably accurate.

Several interesting results from the present investigation
have been obtained from static pressure profiles such as those
shown in figures 37d and 42, All the data in figure 37d, repre-
sented by open symbols and below the shear layer edge, are the
values of static pressure arrived at by combining Pitot pressures .
with total temperatures and mass flux data from hot-wire meas-
urement. Within the accuracy limits specified in Table II, the
results indicate that, not oﬁly is the static pressure constant from
the centerline out to the wake shock and equal to the value measured
at the centerline with a static pressure probe, but also that the
static pressure, at least for x/H = 1. 5, from the wake shock out
to the shear layer edge is, in addition to being constant, equal to
the base pressure. The data near the corner show that the effects
of the corner expansion become progressively more dominant within

the shear layer, until at the trailing edge, the entire shear layer
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from the edge down to the zero velocity line is experiencing large
lateral pressure gradients. Thus, clearly the shear layer cannot
be considered as a région of constant transve.rse pressure until
several boundary layer thicknesses downstream of the base. Such
a pressure gradient exists also in the case of attached flow negoti-
ating an expansion corner., Because these data show that the static
pressure is roughly constant from the wake axis out to the base
region shocks, a simplified data reduction procedure was carried
out, in which all the wake profiles and the flow field mappings
within the base region shock boundaries have been derived by cal-
culations based on a zero pressure gradient assumption in a manner
similar to all far wake results. Figure 37d also shows the locations
of the leading and trailing rays of the corner expansion fan defined
by the method of tangents indicated on the figure, Admittedly the
determination of the sé limiting rays forv the corner expansion is
somewhat arbitrary. In fact it may even seem more appropriate
to select the round off points exp_eyrienced by these curves as more
representative of the location for the leading and trailing rays.
If such a technique were used, the leading and trailing rays would
be displaced outward and inward respectively from the location
indicated in figure 37d. However, the difficulty in consistently
locating the round off points resulted in appreciable uncertainty
in the final orientation of the limiting rays. Thus the present
technique, based on the tangent to the maximum static pressure
slope, has been adopted for determining the leading and trailing

ray positions. The leading ray orientation, incidentally, as
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determined in this manner agrees very well with the Mach wave
angle for the inviscid wedge flow of the present investigation. Nor-
mally, since the total pressure is constant within the outer inviscid
region, the leading ray can be determined from the Pitot pressure
data direct}y. However the trailing ray, since it becomes immersed -
in the shear layer, cannot be located by Pitot pressure data alone,
and thus the present results, using hot wire measurements, provide
anbther characteristic line which has not been determined in most
near wake measurements to date. Because the Mach number de-
creases in the shear layer as the trailing ray approaches the base,
a slight bcurvature of this line is observed. The Mach wave angles
for the'- local flow along a trailing ray have been compared with the
orientation of the trailing ray itself and a satisfactory agreement
was obtained. The forward extension of the leading ray of the ex-
pansion fan shows the approximate region of upstream influence to
which the body boundary layer is subjected. Recognizing the fact .
that some outward adjustment of this estimate of the leading ray
position is warranted because of the above-mentioned uncertainty
in locating this line, the extent of upstream influence agrees in
general with the results of the surface pressure measurements dis-
cussed earlier.

The final set of shear layer profiles, which merit some
attention, are the velocity and static enthalpy results of figures 37e
and 37f respectively. Results such as these are‘often used as initial
profiles for analytical studies of the near wake. Thev data of figure

37e and also the complete profile results of figure 43 illustrate that
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the velocity profiles experience a noticeable gradient change in the
vicinity of the wake shock. The small velocity variation that occurs
in the shear layer outside the wake shock, at least for the down-
stream stat‘ions, is not entirely unexpected since the velocity is
relatively insensitive to the variations in the high Mach numbers
- which exist in this region of the shear layer. The enthalpy data of
figure 37f point out that peak enthalpies for the near wake of an
adiabatic wall model occur on the wake axis. Shortly, similar data
will be presented for the near wake behind the cold wall wedge and
a pronounced aifference in enthalpy distribution will be in evidence.
vii) Near Wake Flow Field Mappirigs

Perhaps the most important set of results, from the present
near wake investigation, are the flow field mappings for both the
adiabatic and cold wall models shown in figures 38 and 39. The data
presented in these figures. nof: only indicate the location of the char-
acteristic lines discussed in the previous section, but also illustrate
the relative orientation of base region streamlines, constant total
pressure lines and, as in the case of the cold wall wedge, lines of
constant total temperature. Position accuracy for these lines is
estimated to vary irom + .0lH at the base station to about + .02H
at stations further downstream. The streamlines were obtained by
integrating profile data from the leading edge shock down to the wake
shocks, at which location they were then matched with calculated
streamline values arrived at by integrating from the wake centerline
using the assumption of zero pressure gradient. In an effort to

verify the streamline orientation for the adiabatic case, additional
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calculations of flow direction were made by combining Pitot pressure
data, both upstream and downstream of the wake shock, with center-
line pressure data, The resulting flow orientation angles are indi-
- cated by the short lines drawn to the shock location symbols. The
comparison between the streamlines and these flow direction lines
is seen to be.‘_very favorable, The tendency of the fiow to be disin-
clined to negotiate the sharp turn at the base is clearly obvious
in all the figu;'_'es. Further, the small mass flow present within the
lower portions of the shear layer is now well pointed out. The re-
sulting low Reynolds numbers then suggest that any viscous layer‘
which is developing within the shear layer will experience an appre-
ciable growth rate. This follows by noting that, as a first
approximatioh, the viscous layer will grow according to the flat

plate boundary layer theory:
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At station x/H = 0.1, which is just downstream of the base separa-
tion point, the Reynolds number is of the order of 200 for the data
corresponding to figure 38a. A thickness of about Se/H = 0.1 and
a growth rate (d(ée/H)/d(x/H)) corresponding to approximately 30°
are thus calculated for this stétion. By making a rough estimate
of the location and orientation of the inner edge of the viscous layer

from the position of the sonic and u = 0 lines in figure 38a, it is
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seen that such a viscous layer edge is in only fair agreement with
the so-labeled line indicated in the figure., This line has been de-
termined as the locus of points where the total pressure lines begin
to diverge from the streamlines. However, considering the uncer-
tainties associated with both measured and calculated results, such
a discrepancy, which represents a rough estimate of the orientation
and location accuracy for the viscous layer's measured edge, does
not seem unreasonable. The fact that the total pressure remains
almost invariant along streamlines within the shear layer and for
some distance downstream of the corner, as indicated in the figure,
. illustrates that such a flow corresponds to an isentropic turn, so
often postulated in analytical studies. Although the various data
uncertainties discussed in Section III are inherent in the flow field
mapping results, the consistent trends exhibited by both cold and
adiabatic wall data for all Reynolds numbers investigated offer sub-
stantial verification for the noted findings. Th¢ complexity of the
base region plf_oblém is now quite obvious. At one time it had been
speculated that the viscous layer was contained within the wake shock
boundaries and that inviscid rotational characteristic methods could
then be utilized for the flow between the wake shock and shear layer
edge. It is seen that this anélytic model is open to question since
the wake shock now appears to be imbedded within the viscous layer
itself. Admittedly the viscous layer edge tends to move toward the
wake shock with increasing Reynolds number and cooling, but even
at the highest Reynolds number cold wall results, figure 39d-1, it

still is observed to be distinctly above the wake shock itself. The



-67-
cold wall total temperature lines exhibited in figure 39-2 indicate
only minor variations of total temperatur’e along streamlines outside
the base reéion shock boundaries., Apparently the effects of thermal
diffusion and viscous dissipation compensate each other in such a
manner that total temperature va;iations along streamlines within
this viscous region are negligible,

Various other results can be deduced from the data of fig-
ures 38 and 39, For example the projection upstream of the lip
shock, sonic line and zero velocity line all indicate that flow sepa-
ration is apparently occurring, not at the base corner, but actually -
some distance below the corner, as experiments of Hama have
indicated. In addition, these figures show that the shear layer edge
and location of wake shocks move toward the centerline with in-
creasing Reynélds number and model cooling. Also, with cooling,
the lip shock exhibits a tendency to ''originate'' farther upstream
than for the low Reynolds number adiabatic wall cases. This result
is evident fro;;n the Pitot pressure profile data of figure 44. With
regard to the lip shock strength, it has been found that at x/H = 1.0,
the farthest downstream position where the lip shock may be esti-
mated to exist and where it appears to be the strongest, a variation
of pz/p1 from 1.75 to 2 exists for all the near wake results of fig-
ures 38 and 39, These values of shock strength agree very well
with Hama's correlation of wedge data (28) and further substantiate
his claim that the lip shocks found in near wakes behind‘slender
bodies are not necessarily negligible but, indeed, may be quite

strong. The noted shock strengths, it should be pointed out, were
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obtained by ratioing centerline static pressures at x/H = 1.0 to base
pressure data, since the static pressure profiles already discussed,
indicated that pressures ''upstream'' of the lip and wake shocks
were essentially equal in magnitude to base pressures, and that the
pressures downstream were constant and equal to centerline values
of static pressure.

Since detailed flow field mappings, such as presented in fig-
ures 38 and 39, provide a ''picture'' of the base region flow, a com-
parison can be made between such a ''picture'' and a Schlieren photo-
graph of a given flow. This type of comparison is shown in figure
38d-2, where the base region mapping results for the high Reynolds
number, adiabatic wall case (figure 38d-1), have been superimposed
on a Schlieren photograph of the near wake behind a 20° wedge under
virtually the same free stream conditions, The locations of the nose
and wake shocks and the leading ray of the expansion fan as determined
by the detailed flow field mapping and those as shown by the Schlieren
photograph are seen to be in very favorable agreement. A similar
comparison regarding the wedge boundary layer was not possible
because light reflection effects due to model misalignment, obscured
the boundary layer along the wedge surface in the Schlieren photo-
graph (figure 1). The large density gradients which exist in the
expansion fan and which extend into the shear layer itself, as results
herein have indicated, are clearly shown by the '*white shading'' of
the Schlieren portion of figure 38d-2. The inability of Schlieren
photography to locate shear layer edges in these high speed wake

flows, is thus well illustrated by this figure. At lower supersonic
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speeds and even for hypersonic flows behind blunt bodies where
density gradients in the vicinity of and outside the shear layer edge
become negligibly small, the edge of the shear layer is easily dis-
cernible. For these latter flows the corner expansion fan does not
extend into the separated shear layer in the manner shown by the
present flow field mappings. For slender bodies with flat bases,
this result represents another major distinction between supersonic
and hypersonic near wake flows.
_viii) Static Enthalpy Profiles for Near Wake of Cold Wall Wedge

Of current interest to wake investigators is the temperature
distribution within separated shear layers of near wakes behind high
speed vehicles. It is well known that in boundary layers on a cold
wall a local témperature peak, or '‘hot spot,'' exists within the
boundary layer. The possible existenc;e of similar x;)ff—axis hot spots
has also been postulated in the case of near wakes behind cold wall
bodies. The behavior of the static enthalpy as shown in figure 37f .
is quite typical of adiabatic wall boundary layer flow with the peak
in enthalpy occurring on the wake centerline. Similar data for the
highest Reynolds number investigated for the cold wall wedge are
presented in figure 40. Not only is the off-axis peak evident in this
latter figure but its initial magnitude (H}-:-;- £ 2,8), compares quite
favorably with the maximum value as calculated by the theory of
reference 38 for a laminar boundary layer with heat transfer. In
addition, it appears that the location of this peak at each axial station
corresponds approximately to the same streamline indicating that

such "'hot spots'’ follow along streamlines. These data also point
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out the rapid rise of centerline temperature with axial distance such
that the enthalpy distribution downstream of the base exhibits both
two '"hot spots'' of approximately equal peak temperature as well as
two ''cold spots.'' Additional static enthalpy data for the other
Reynolds numbers are presented in figure 41, and similar trends
are indicated. These results not only confirm the existence of off
axis ''hot spots'', but also illustrate that the peak temperatures
existing within the shear layer downstream of the base are compar-
. able to the temperatures of the flow on the wake centerline., The
data of figure 41 further illustrate that the noted hot spots coalesce
with centerline temperature peaks within two base heights down-

stream from the model base,
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V. SUMMARY OF RESULTS
An experimental investigation has been conducted to determine
mean flow pfoperties for both near and far wakes behind several two-

dimensional slender bodies at M, = 6. Three adiabatic wall models,

i

consisting of a flat plate model (¢ = 1'', 7= .0156'') and two 20° in-
cluded angle wedge models (H = ,15", H= ,3"") were tested. The
effect of wall temperature on wake properties was examined by cool-
ing the larger of these two wedge models with the internal flow of
liquid nitrogen. Free stream Reynolds number per inch were varied
from .5 x 105 to 2 x 105 for each of these four configurations.

V.1 Far Wakg

The main results which have been obtained from the far wake
investigation are as follows:

1. Wake transition distances based on wake thickness data
agreed favorably with results from hot wire fluctuation measurements, |
Mean flow properties along the wake centerline, however, first
deviated from laminar steady conditions somewhat upstream of ''wake
thickness'' transition locations.,

2, Transition in the far wake moved upstream with increas-
ing Reynolds number and decreasing wall temperature,

3. Satisfactory agreement between experimental data for all
low Reynolds number, adiabatic wall cases and linear wake theory
confirmed that the flow in the far wake for these cases was laminar
to the farthest downstream stations at which measurements were ob-

tained,

4. Base region flows for the three adiabatic wall
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configurations were laminar for all test Reynolds numbers. For the
cold wall wedge, the flow in the base region was laminar at least
for the two lowest test Reynolds numbers.

5. Maximum centerline pressures in the far wake for all
four configurations were generally 10% higher than the free stream
pressure. These '"overshoot'' pressures depended primarily on
- the inviscid flow field and, because they occurred at locations rela-
tively far downstream, illustrated that the wake recé‘mpression
process was spij/read out over a considerable axial distance.

6. For the cold wall wédge ('I‘W/T0 = ,19) the maximum
enthalpy along the wake centerline for all test Reynolds numbers
occurred about two base heights downstream of the model base and
was approximately triple the magnitude of the free stream enthalpy.
When the far wake was laminar, the decay rate of enthalpy was
extremely small.

V.2 | Near Wake

The main results which were obtained from the present in-
vestigation of near wakes behind a 20° wedge model (H = ,3'"') under
adiabatic and cold wall (TW/To = ,19) conditions are as follows:

1. Collapsing of adiabatic and cold wall data was accomp-
lished by correlating both base pressure and wake neck thickness
measurements with trailing edge boundary layer thickness. This
successful correlation, which illustrated that base pressures in-
creased with increasing trailing edge thickness, further substantiated
that the thickness of the trailing edge boundary layer represents a

significant length scale for the near wake problem.
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2. The flow along the wake centerline became supersonic
for all cases within an axial distance of two base heights.

3. Base region rear stagnation points were located at approx-
imately three quarters of a base height downstream of the model base
for all cases.

4. The temperature ratio at the rear stagnation point for
the cold wall wedge for all test Reynolds numbers was approximately
Tsp/To = .34,

5. For the cold wall wedge, peaks in static temperatures
occurred in the shear layers outside the wake shock structure. Initial
magnitudes of these peak temperatures agreed favorably with esti-
mates from laminar boundary layer theory., These ""hot spots'' fol-
lowed along streamlines and coalesced with centerline temperature
peaks within two base heights downstream from the model base.

6. Wake shocks, shear layer edges, base region sonic lines,

and even "'

viscous layer edges'' moved closer to the wake centerline
with increasing Reynolds number and decreasing wall temperature.

7. The boundary layer on the wedge surface was influenced
by the low base pressure two to three boundary layer thicknesses
upstream of the base. Separation of this boundary layer appeared
to occur on the model base slightly below the corner. A ''separa-
tion'' shock, similar to that appearing in the near wakes of bodies
with rounded bases, was generated during the separation process.

8. In this Mach number six study, the base separation

shock, which ''rotates’'' toward the wake axis with increasing Mach

numbers, coalesced with the wake recompression shock to form a
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single shock structure.

9. Most of the outer flow of the separated boundary layer
turned very slowly in the vicinity of the base with the result that
the amount of mass flow contained within the base region proper
corresponded to a small fraction of the total boundary layer flow,
The structures of the base regions behind the present slender bodies
were thus established by flows of very low densities,

10. The supersonic turning of the separated Eoundary layer,
though gradual, caused appreciable lateral pressure gradients in
the near wake shear layers. These gradients became negligible
once the flow had progressed several boundary layer thicknesses
downstream of the base. The downstream boundary of this pressure
gradient zone ‘was represented, approximately, by a Mach wave
originating from the vicinity of the corner. Downstream of this
boundary and above the wake shock, static pressures were con-
stant and equivalent to the base pressures., For Mach numbers
appreciably higher than the present case, this region of constant
pressure should décrease in extent because the noted Mach wave
boundary rotates toward the wake axis with increasing Mach number;

11, Inside the wake shocks, lateral gradients in pressure
were negligible,

12, Initially, during the corner turning process, the varia-
tion of total pressure along streamlines was negligible. This

""isentropic turn'' extended downstream to where constant total
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pressure lines began diverging from streamlines. The locus of
these points of divergence separated the inviscid rotational flow
from the viscous flow of the shear layer, These ''viscous layer
edges'' were positioned in the outer portions of the shear layers
indicating that wake shocks were imbedded within viscous regions

of the shear layers.
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APPENDIX A
HOT WIRE ANEMOMETRY TECHNIQUES
FOR MEAN FLOW MEASUREMENTS

A.l1 Raw Data Measurements

Hot wire raw data are obtained by exposing a short, small
diameter wire to a given flow condition, and measuring the wire
resistance corresponding to each of several heating currents., By
extrapolating the variation of resistance with wire power (IZR),
i.e., wire heat loss, to zero power, the adiabatic wire resistance
is obtained. A pretest calibration giving the correlation between
wire resistance and temperature then enables the determination
of the adiabatic wire temperature. Measured Nusselt number is
also determined from the resistance-power curve since it is pro-
portional to the slope of this curve at zero power (17). Appendix
B.1 describes the computer program by which both the zero-power
resistance and slope were determined for the present results.

A.2 End Loss Analysis

In using hot wire probes it is often necessary to carry out
end loss corrections to account for the conduction of heat from the
“wire to the probe supports so that results correspond to infinite
wire data. .These corrections were formulated by Dewey (17) from
his analysis of the conduction of heat from a finite length wire to

two end supports at a temperature, T,. The wire was assumed to

S

be in uniform flow with uniform temperature existing at each cross-

section., Additionally it was assumed that the thermal conductivity
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of the wire remained constant and that the electrical resistance

varied linearly with temperature, His results are

Taw*j =Y. Gwm

NutT L= Y Nu_

where xpr and xpN, recovery ratio and Nusselt number end loss cor-

rection factors respectively, are given by:

Ts
1 - T w
awm - ©
g, =
1- W
1
Sts {(Zwo—l)wo i coshzv }
Yy = (1w |1 +— > Q
‘ (l-wo‘)

The Nusselt number end loss correction factor stated here is that
derived by Befﬁrens (7) as a corrected version to the one formulated
by Dewey. Examination of these formulae indicates that an iterative
scheme using infinite wire calibration results, to be discussed
shortly, is necessary for solution since the Nusselt number itself

is a required input to both correction factors.,

In many experiments both static and Pitot pressure measure-
ments are carried out jointly, and only one of the two measurements
provided by the hot wire probe is necessary since three independ-
ently measured quantities are sufficient to define completely the
flow at a given location. This redundancy in measured data makes
it possible to compare the \Nusselt number correction factor, as

measured, with that derived through Dewey's ‘end ‘loss ‘analysis.
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From meas‘ured values of static pressure, Pitot pressure and adia-
batic wire temperature and using the iterative calculation procedure
described in Appendix B.3 the complete flow field was determined
for various transverse traces across the wake behind a slender body
at M = 6. Values of Nusselt numbers obtained with these data were
then ratioed to measured Nusselt numbers to determine measured
end loss correction factors, When these factors, for a given wire,
were plotted as a function of the dimensionless quantity w,, plots
such as shown in figure 13 resulted. Here wb;is given by d

tanh Vé.

o Ve

where

2 k.
t

"o=\/(;§') = Ny
w

The functional form shown in figure 13 was considered appropriate
for comparing measured with predicted values of Nusselt number
end loss correction factors because the formula for qJN indicated

that 4;N depended more strongly on W than on the resistance parame-
ter s, or the nondimensional support temperature t.. In general,
noticeable differences were observed to exist between measured

and predicted results. The tendency of all the data for one wire

to describe a single curve (within +5%), suggested possible syste-
matic errors were involved. Replotting the correction factor data
as a function of vé,' instead of w., illustrated that these measured

results appeared to be consistently offset from the Behrens' curve
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by a nearly constant percentage of vy This offset can perhaps best
be explained by noting that inaccuracies in wire conductivity and
wire aspect ratio exist because of measurement difficulties, For
example the function v,? being directly proportional to the aspect
ratio, is thus subject to question and would be off by a constant per-
centage amount for a given percentage error in aspect ratio, In
~any event, the measured results demonstrate that a calibration
curve, showing the variation of Nusselt number correction factor
with the funcﬁon w_ s can be esta_,blished for each wire in lieu of the
Behrens' formula. Such curves were obtained for all the wires used
in the present investigation. To check the suitability of using these
calibration curves in conjunction with measured Nusselt numbers
to determine mean flow data, comparison calculations were made
for representative profile results. Both stagnation temperature
" and Nusselt number were calculated using Pitot pressure, adiabatic
wire temperature and either static pressure or measured Nusselt
number with a corresponding wire calibration curve for the Nusselt
number correction factor. The results indicated that stagnation
temperatures compared to within 1% whereas Nusselt number re-
sults differed by at most 5% . Such a favorable comparison con-
firmed the acceptability of this calibration procedure for determin-
ing Nusselt number data in regions of the flow where static pressure
measurements were unavailable, All shear layer data presented
herein were obtained in this manner since the large pressure gra-
dients for these layers prevented making static pressure measure-

ments,
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It should be pointed out that this method of calibrating Nusselt
number correction factors in a known flow is similar, in certain re-
spects, to the flow calibration technique proposed by Demetriades™
for flows where M 23, This latter procedure is based on establish-
ing, for each hot wire, a calibration curve showing the variation of
measured Nusselt number with Reynolds number, Such a correlation
is obtained by carrying out hot wire measurements in free stream
flow under varying Reynolds number conditions, For small changes
in support temperature and local stagnation temperature this ap-
proach was shown to be quite accurate in determining Reynolds
number. For many of the present results for M> 3 the Nusselt
number correction factor shows only minor dependence on Mach
number and support temperature., Furthermore when air and wire
conductivity undergo only slight changes, the correlation results

shown in figui-e 13, which indicate that

In = 11:“% =iy ( tan: ks )

- G VD )

i

also suggest the following simplified relationship

A

= N, (Nuy) °

Private communication
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Thus, since it has been shown (7, 24) that for M 2 2 the Nusselt-
Reynolds number correlation is independent of Mach number, it

follows that, as in Demetriades' case for M2 3,
Num = Num(Ret‘) .

It should be emphasized, however, that for this calibration technique
to be applicable, the above noted assumptions should be valid, For
those flows where appreciable stagnation and support temperature
gradients exist and especially for M< 2, the present method (figure
13) would seem more appropriate.

A.3 Infinite Wire Calibrations

In using the hot wire probe to conduct mean flow measure-
ments the investigator relies on established calibration data for a
perfectly conducting cylinder (wire) infinite in extent. Such data,
consisting of recovery factor (Taw*/Tt;) and Nusselt number given
as functions of Mach number and Reynolds number, in combination:
with end-loss corrections, permit the determination of local stagna-
tion temperatures and mass flow rates from hot-wire measurements.
Many experimental and theoretical studies have been made to deter-
mine such calibration data, and a comprehensive review is given by
Dewey (17). Figure 12 shows the range of test conditions for the
hot-wire probes used in the present investigation and it is evident
that mo st of the measurements fell within the transitional regime.
Furthermore, many measurements occurred at low supersonic
speeds and thus the recovery factor and heat transfer correlation

of Behrens (7) were not applicable, since his data were not only
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independent of Mach number but also were valid only for M2 2,
i) Normalized Recovery Factor
Dewey, by combining the data of several investigators with
his own measurements (17), found that a single curve (+ .1 in. ﬁ*)
could satisfactorily describe the variation of a normalized recovery
factor with Knudsen number from continuum flow to free molecule
flow for all Z%gach numbers greater than approximatgly 7. This
normalized f?covery factor hasbeenused héfgiz_i g"'r;d“is ,;given by:
Nge-M
T T g “cc
where m_ am% N, are the continuum and free moleculg recovery fac-
tors respecti?ely. | |
ii) Nusselt-Reynolds Number Correlation
Sherman (20), in examining heat transfer data for spheres

in subsonic flow, found that a single curve of the form

S.t/sat£ =

correlated data from continuum flow through free-molecule flow,
Such a result suggested that perhaps a similar correlation may exist
even for higher Mach numbers, Kubota™ in re-examining the data |
used by Dewey for his heat transfer correlation found that, indeed,
such a correlation existed. By normalizing Nusselt number with

the Nusselt number for free molecular flow {(a = 1)

* . e
Private communication
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and plotting the result as a function of the normalized Nusselt number
for incompressible continuum flow (Nu.C /Nuf ) (the M = 0 curve in
Dewey's correlation), Kubota found the results shown in figure 14,
Not only did a single curve seem appropriate for correlating the data

but one form which appeared reasonable for correlation purposes

Nu

t _ 1
Nuf - Nuf
Nu
c

was identical to that of Sherman, Although this correlated curve did
show noticeable deviation (+15%) from the Dewey measurements as
the continuum flow regime is approached (Nuc/Nuf <1, Ret > 10) it
seemed satisfactory for the présent calculations since it was always
within 5% of.Dewey's results for the range of Reynolds numbers
covered in the present tests (Re,c <4, NuC/Nuf >1.91)., This form
for the Nusselt-Reynolds number correlation also was much simpler
than that established by Dewey and thus proved easier to check out
and use in machine computations., For Mach numbers greater than

1 these results are believed within -5% of measured data. For lower
Mach numbers and for Reynolds numbers greater than 4.0 the corre-

lation results of Dewey would seem more appropriate.

>ﬁ’I'h:i.s formula was misquoted in reference (17).
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APPENDIX B

DATA REDUCTION PROGRAMS.

B.1l) Raw Data Program

- Although some modifications have been made in the hot wire
‘raw data program as established by Herzog (14), the basic purpose,
input requirements and output data for this program remain the same,
The input datai to this program consist of punched IBM cards repre-~
senting initial hot wire measurements as recorded by the Automatic -
Hot Wire Recording System. The data for a given input card lists
hot wire position, probe support temperature, and attenuated hot wire
voltages corresponding to each of 5 currents and 5 bucking voltages.
In the raw data prograin these hot wire -voltages are transformed
from their digitized form to mv readings using system calibration
data, and the known wire currents and bucking voltages. Conversion
of these data in turn to hot wire resistance (Rm)’and power (IZR)
results is straightforward. Once in this form the wire resistance
(R m) and curve slope ( dRzm) corresponding to zero power are de-

aw
dI'R
termined by fitting a parabolic curve to the data with a least squares

procedure, Often more accurate and consistent results were possible
if only those data corresponding to the lowest four currents were used
to obtain this fit, After completing several additional calculations,
the program, as output for each probe position, lists and punches out
on IBM cards such results as normalized probe position, adiabatic
‘wire resistance and temperature, zero power slope of the resistance
power curve, and probe support 'temperatur_e. These cards are then

used directly as input data to the plotting and end loss programs.
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NPT

NPT

IARRAY IARRAY

ID
ALPHA

RR

L
Cco(1),

cof(I1),

Co(1),
PCI
XD

CO(1)

Ql

1D

Q
r

R
r .

2/d

I=11,15
I=16,20

I1=21,25
%o
x/D

Yo

y

A(J),3=1,5 C(AE; W)

Q7
CORN
vC
SC

DR

B(J),J=1,5 AEHW

C{J), J=1,5 E
m

number of data points to be used in calcula-
tion of slope (dR/dI®R) and R,

m
code name (hot wire, or Run No)
identification number

slope of calibration curve of Ry,m ()
versus Twm (°C) for zero current, (I/OK)

reference resistance as calibrated for zero
current and zero °C,Q

wire aspect ratio

voltage calibration factors for each of five
currents

bucking voltages for each of five currents,
mv

constant current values (five), mv
% injection
probe tip position in axial direction

centerline probe position in transverse di-
rection relative to a standard position, in.

probe position in transverse direction rela-
tive to a standard position, in.

attenuated hot wire voltage decrement, mv

support temperature, °c

card number
support temperature correction factor

support temperature correction decrement,
°C

reference diameter, in.

hot wire voltage decrement for each of five
currents, mv

measured hot wire voltage for each of five
currents, Mv S @
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D(J),J=1,5 R measured hot wire resistance for each of
wm .
five currents, Q
E(J),J=1,5 IZR measured hot wire power for each of five
wm 2
currents, {(ma)“ Q
Z1 y/D normalized axial distance
Z2 R wire resistance for zero current,
awm
2
Z3 [ar  _/dI°R, 1.,
slope of resistance-power curve atl= 0,
(ma)~
. o
Z4 Tawm wire temperature for zero current, K
Z5 Numk & product of measured Nugselt number and
3 ~ air conductivity, Q(ma)¢/°C in,
26 T corrected support temperature, °k
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*. B,1d) Fortran Listing of Raw Data Program .,

[

$IBFIC MAIN DECK ‘

C FIRST CARD MUST HAVE IN COL 1 3949 ORS FOR NO OF POINTS
REAL Ly NUKOs NUKMINs NUKMAX

DATA NAME / 6HHOT WI/s NRUN / 6HRUN NO/
INTEGER CORNO

DIMENSION A(5)¢B(5)sC(5)sD(5)sE15)9CO(30)9IARRAY(13)+TITLE(10)
1 X(200)s TM(200)s NUKOI(Z2Q0]

DIMENSION DIF(5) 4
DIMENSION SLOPE(5) .

DIMENSION COEF(3)
REAR(5+4610) NPT

610 FORMAT(I11)
10 READ {5,502) I1ARRAY

WRITE (69516) I1ARRAY
516 FORMAT(1H] 20X13A6)

IF(IARRAY(1)eEQeNAME) GO TO 16
15 IF{IARRAY(1)eNE«NRUN) GO TO 17

GO TO 19 T
16 READ 503y IARRAYsIDsALPHASRRsLs(CO(I)s] = 11,15)

READ (545041 (CO(11s1=216425)
READ (5+507) VC»: SC o DR

CO(3) = ALPHA *0001
Cof2) = RR

coley = L
READ (59502) IARRAY

GO TO 15 ]
17 CONTINUE

C ERROR RETURN - PACK MUST START WITH NEW PC1¢ XDs COtL}
WRITE {69510}

STOP .
i - NJ IONs X/ CoPo
c : :
19 CONTINUE

READ 5059IARRAYs PCIs XDy CO(1) N
PRES = Qo :
K =20

= 79 CORNO

IF(QleEQe0e0) GO TO 60 .
PO 230 J = 19 5

B(J) = AtJ) * CO(J+10)
CtJ) = BlJ) + €COLJ+15)
A Dt = ClJ) 7 CO(J+20)
E(J)} = C(.J) * CO(J+203

30 CONTINUE ]
CALL LSTSQ(E,DyNPT,SLOPEsX19COEF)

IN = 6 ~ NPT
DO 35 J = INe5

DEVAL = COEF(1) + COEF(Z)*E(J) + COEF(3) ® E(J) # E(J)
DIF(J) = D(J) ~ DEVAL )

35 CONTINUE
RIFMAX = DIF(IN}

IJ = IN+1
DO 36 J = 1Js5

IF(ABS(DIFMAX) «GTe ABSI(DIF(J)1] GO 10O 36
DIFMAX = DIF{J)

36 CONTINUE
Z1 = (Q] - CO(I))/ DR

Z2 = X1
£3 SLOPE(])

24 = 273e2 + (ZZ*CO(Z)! 7 (CO(21%CO(3))
=

F&-) CO(2) * COt3) 7 (3614159265%C0(6) *223)
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26 5 Q7% (le= MC) = SC +.27342
WRITE (69515) PLIpXDoZl’ZZvZ3QZQQZSQZ6o ID»CORNO #DIFMAX
. 515 FORMA|§153ﬂ Cl 2XF3e192X2HXD2XF5e292X10HZ1 THRY 26 2X6F1l2e69
2X2HID2X1392X4HCeNe 1XI341X FBeb)
PUNCH 600 PCly XDy 219 229¢ 239 249 259 269 10 »
1 CORNO

WRITE (69520) (D(J)y J=195)

WRITE (69520) (E(J)sJd=1451}
520 FORMAT (2E£2Qe8)

GO TO 20
500 FORMAT(F4e395F4e39F501+48X13)

502 FORMAT(13A6)

503 FORMAT (TXI302XFBeTsFBebsFBe8y5FBeb])

504 FORMAT(4X5FTe495F746)

505 FORMAT(15X F5e293XF5e34F544)
507 FORMAT: (F4e39)lXFhely 1XF4e3)

600 FORMAT(F3ely F5o2¢1XF603,1XF50291XFB-601X
11XF5efs 18X 1X1391X13)

T F5elpiXElle5s

60 CONTINUE
GO Ta 10

END ©

3
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$IBFTC LST DECK

SUBROUTINE LSTSd(XoY9N¢$LOPEtYlNCEPnB)
DIMENSION X(5)s Y(5)s Ct10)s A(50s3)s B(5091}

DIMENSION SLOPE(S5)
NO=3

IF (NeEQe2) NO=2
DO 10 I = 1910

10 C{I) = Q.
IN = _&-N

DO 20 I = IN»5
X = XtI} * x(1)

Cl) Cll) + X(I)
ct2) ct2)

Ci3) Ci3) X2*X{1)
Cl4) Cl4) X2%XQ

ci6) Clo) X{1) * y(i)

B wle i o

+
+
+
CI5) = C(5) + Y(I)
+
+

<t 7 X2%Y¢1)

Allsl)
Alla2)

e 20 CONT INUE ‘
[ N f
c(l) : -

Alls3)
Al2y])

Cl2}
(SO Y)

A(242)
Afl203)

c2y
C(3) o ; !

Ct2) R

Al3,1) .
C€3) . PV

Al3s21

A(393)
B{lsel) C(5)

Cla) .

B owfa ougn win

Bi2s1) C(6}
B(3s1) = C(7})

CALL MATINV(AWNO»BosleDET)
YINCEP = Bilsel)

SLOPE(1l} = B(2s1) F
RETURN ‘

END .




-96-

B.2 Raw Data Plotting Program

Currently this program has the capability of plotting,as a
function of y/H,adiabatic wire temperature, probe support temper-
ature, and zero power slope of the resistance-power curve. Punched
output from the raw data program are used directly as input to this
program. Some flexibility is possible in the plotting routines since
three different models or variable ranges in y/H and Tawm are made
available, These were necessary in order to scrutinize the raw data
not only for both the adiabatic and cold wall wedge models but also

for the flat plate configuration.
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B,2a) Plot Program ID Listing
NUK Nu kt product of measured Nugselt number and
m air conductivity, Q (ma)z/(oK in)
PCI % % injection
YD yv/D normalized transverse distance
™™ T, wire temperature for zero current, °k
awm.
TS Ts support temperature, °K
XD x/D normalized axial distance
ID 1D identification number
SLP [dR/dIZR]I=O slope of resistance-power curve at zero
power, (ma)~
MODEL plotting format, 1, 2 or 3
PR plot request - PR > 2 implies only "SLP" data

will be plotted



-98-

B.2b) Fortran Listing of Hot Wire Plot Program -

P .

SIBEIC PLO DECK
C PUT ONE BLANK CARD BETWEEN EACH SET OF DATA.
A ARAT Q LS

C ADD ONE MORE BLANK CARD AT END OF ALL DATA (TOTAL 3)
b ,
c MODEL 1 PLOTS 1 SHEET FOR EACH 3 SETS
< PLUS 1 SHEET FOR REMAINING SETS
< MODEL 2 PLOTS 1 SHEET FOR EACH 7 SETS
G PLUS 1 SHEET FOR REMAINING SETS
< MODEL 3 PLOTS 1 SHEET FOR EACH 7 SETS
< PLUS 1 SHEET FOR REMAINING SETS
C

REALNUK

DIMENSION PCI(40)s YD(4000)s TM{4000)s SLP(4000)s NN(4O) s

. 1 TITLEL12)1eX(20012Y(200)
DIMENSION XDD(4CG)s TS{4000)s TX(200)
DIMENSION DATMIN(3) sOATMAX(3) 9sDELTAL3) NPLOT(3)
DIMENSION DAXMIN(3)sDAXMAX(3}
DATA (DAXMIN(I)IDAXMAX(T)y I=193} / -1.1109-100109-¢2|o2 /
OATA (DATMIN(I})» DATMAX(I)e DELTA(I)y 1=143) / ~4500930049250¢9
1. =50092250e9100¢9-5000325000100e /
DATA (NPLOT(I)s I=193) 7/ 397e7 /

DATA (TITLE(I)y I=1,12) ¢ 6H s &H 9 GH » b6H »
1 6H s 6H 'y 6H . s 6H » 6H s 6H 1]
2 6H g 6MH / : ]
5 CONTINUE ' j !

REAR (59524) MODELSPR i
IF (MODEL «EQe '0) STOP
WRITE (6260GC) MODEL

XMIN = DAXMIN(MODEL)
XMAX = DAXMAX (MODEL )
J =1
N.=_0

10N =N+ 1
READ (525001 PERCENs XDy YQ;N}p§LP]u!!TM§N)0T§(N)QID
IF(ID «EQe 0 } GO TO 20
SLPeSLPIN)
SLP=SLP#{ 10e#%5¢)
SLPINI=SLP
XDDULJ) = XD
PCIidl = PERCEN
Ga 70.10

20 CONTINUE
NN(J) = N = 1
oz o .1

. IF(JeGTe 40) STOP
e— . READ (55001 PERCENs XDs YD(N)+SLPIN)sTMIN)sTS(NY»ID

SLP=5LP (N}

SLPzSLP%¥(10e%%54)

SLPIN)=5LP

ICLID oNE& O 1. GO 10 10

4z J 1

IF (PR~1a) 21221s61 .
21 JK = 0

N2 =0

WRITE (691001) (NN(LL)sLL = loJ}

I = 0 :

TMIN = DATMIN(MODEL)
= o DEL Y
ISET = O

CALlL PPLOTE
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PO 60 1 = 1e

ISET = JSET +1
IN = IN+]

IF (INeEGel) GO TO 42
0Q TO 46

42

CONTINUE
LAB = O

TMIN = DATMIN(MODEL)
TMAX = DATMAX (MODEL)

6

CONTINUE
NPT = NN(I) - JK

IF (NPT oGTs 200) STQP
DO 52 KK _= 19NPT

JJ = JK + KK
X(KK) = YD(JJ)

Y{KK) ==TM(JJ)
IX(KK) = =TS5(J.J)

52

CONTINUE
WRITE (69510) XDD(I), PCI(I)

CALL XYPLTINPToYoX s TMINsTMAX s XMINsXMAXsTITLESLAB)
1F _(IN eE£Qe NPLOT(MODEL}) GO TO 43

IFUISETEQeJ) GO TO 45
GO 10 47

45

CONTINUE

41

IN=0 ; ’ S
LAB = 1 :
CONT INUE

CALL XYPLT(NPT;TX.X oTMINoTMAXoXMIN’XMAXoTlTLE’LAB)
TMIN = TMIN - DELTA(MODEL)

TMAX = TMAX = DELTA(MODEL)
JK = NN(I)

IF (LAB #EQe "1) CALL PPLOT4
IF (1LAB ¢EQe 1 oANDo I_oNEe J) CALL PPLOT1

60
61

CONTINUE
JK = 0

e = 0

IN = 0 ‘
ISET = 0 . . . ot :
CALL PPLOTL '

DO E0C 1 = 19 J
ISET = ISET +1

IN = IN+1
IF_(IN oEQe 1 eANDe ISET EQe J] GO TO 69

IF(INeEQe4) GO TO 65
IF(ISETeEQe J) GO TO 65

IF(INeEQel) GO TO 67

GO TO 68
69 LAB = 1
IN = O

YMINK = =800
YMAXK = 22000

67

GO TO 68

CONTINUE

LAB = 0
YMINK = _-~800e

YMAXK = 2200
GO 10 68

65

CONTINUE
LAB = 1 . .

68 _CONTINUE

IN =0
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N3 = NNLLII—=JK

Y(1) = YMAXK+10e
Y{2) = Y{(1)

DO 70 KK = 1sN3
Jd 3 JK KK

X{KK) = YD(JJ)
YiKK) =-SLP(JJ} N

70 CONTINUE
ARITE {69511) XDD(1)s PCE(I)

CALL XYPLT(N3sYsXsYMINKsYMAXK o XMINsXMAXsTITLE»LAB)
YMINK = YMINK = 750

YMAXK = YMAXK = T50e
JK = NN(I1)}

IF (LAB ¢EQe 1) CALL PPLOT4
1F_{LADB ¢EGQe 1 oANDe 1 oNEo J)} CALL PPLOTI1

80 CONTINUE
GO 1075

500 FORMAfﬁF3.1p FS.Z;1xF6.3.7xF8o6.1xF5.1,13XF5.tv19x13!
501 FORMAT16F 100}

510 FORMAT{/ 10X6HX/D = F1l0e2910X 21HPER CENT INJECTION = FlOe2y»
1 10X 316HPLOT OF T VS Y/R )

511 FORMAT{/ 10X6HX/D = F10e2s 10X 21HPER CENT !NJECTION =z FlQels
1 10X 20HPLOT QF NUKO VS Y/D )

524  FORMAT (5Xs 1293XF5¢0)
600 FORMAT (1HLs //s 10Xs SHMODELs [29s /7))

605 FORMAT (1HOQ)
610 FORMAT (95Xe §EZQe4)

630 FORMAT (1HO» //» 10Xs G6HPPLOTI I)

640 FORMAT (1HOe 10Xs 6HPPLOT4 /)
650 FORMAT (1HOs 10Xs 2A6 /)

= 4HX = F12e2910X4HY = El5.
18} . - L
1001 FORMAI(5(110210X)} '
C USE CONTROL CARDSs
PPI
C $IBLDR*MLLXYR (INSTEAD OF MLLXYP) .
END "
S IBLDR#MICPPI
i B LBL DR *MLLXYR

5

¢
i
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B.3 Hot Wire End Loss Program--Static Pressure Version

The purpose of this program is to determine total tempera-
tures by making suitable end loss corrections to measured adiabatic

wire temperatures using the end loss analysis developed by Dewey

(17). The present program is actually an updated version of Dewey's

original end loss program as modified by Herzog (14), Current
input requirements consist of adiabatic wire resistance, probe sup-
port temperéture, .wire calibration data, tabulated gemiprofiles of
Pitot pres surfg, and centerline static pressures wh;ch have been
corrected for?"viscous and tunnel gradient effects. ‘An interpolation
procedure determines the Pitot pressure corresponding to each
probe positién. IBM punched cards from the raw data program are
ﬁsed directly ’%_to furnish probe position, adiabatic w('ire resistance,
and probe support temperature data. Since Mach number is readily
determined from the Pitot and séatic pressures, all other flow
quantities involved in the end loss analysis can be computed once
an initial trial value of stagnation temperature is selected. The
end loss correction factor corresponding to this initial estimate
then determines a revised stagnation temperature value. The com-
putation is cycled until a specified convergence criterionismet. In
general, éonvergence based on a differential between trial and cal-
culated stagnation temperatures of . 04°K is possible within 5

iterations.
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B.3a) End Loss Program ID Listing
(Static and Nusselt number version)

Q1
Q2
Q3
Q4

Q5
Q6
Q7
Q8

Q9

Q10
Q11
Ql2
Q13

Q14
Q15
Q16
Z18
Z19
220
Z21

%

P
ts
T
S

% injection
normalized axial distance

normalized transverse distance

. product of measured Nusselt number and

air conductivity (based on local total tem-

' perature), £ (ma)z/oK in

open
local measured Pitot pressure, mmHg

support temperature, °k

P. Py )* measured loca itot pressure, normalize
(p, /p )x10° d local P lized
2

to free stream total pressure

(p/p ) x.‘lO2 corrected local static pressure, as normalized

r
L/d
d
o
r
Ny,
_ (ng-m)
'ri -:——.:—_
* ™
T

/T

to free stream total pressure

(8. )26

LE o

free stream total pressure, mmHg
support temperature ratio
hot wire identification number

reference resistance as calibrated for zero
current and zero °C,

wire aspect ratio

wire diameter, cm

slope of wire calibration curve, 1/0 K
Nusselt number for wire of infinite length
normalized recovery ratio for infinite wire
Mach number

corrected local total temperature, °k



Z22
223
Z24

Z25
226

Z27
228
Z29
Z30

Z31

Z32
1 Z33

- Z34

Z35
Z37

Z98

299

Cl
C2
C5
C40

C41

puU

e Ty
et o,
Te = Tl

=
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local mass flow, gmm/crnzsec
local velocity, cm/sec
free stream static temperature, °k

Reynolds number based on local total tem-
perature and wire diameter

Reynolds number based on local static tem-
perature and wire diameter

recovery temperature for infinite wire, °K
local Knb.dseﬁ number

open

récovery ratio end loss correction factor

normalized form of recovery ratio end loss
correction factor

Nusselt number end loss correction factor
Rayleigh-Pitot ratio (w/correction)

measured adiabatic wall temperature for
finite length wire, °K

number of iterations
convergence code

ratio of local total to free stream total
pressure

ratio of local static to free stream total
pressure

constant in wire conductivity relation
constant in wire conductivity relation
initial value for n

m

2 ‘0
gas constant, cm /sec K

specific heat ratio



C42
EPS
ETAS
FKO

FKWwW
FMUN
FMUO

FNBR

FNU

FNUC

FNUF

SS
TAW
TSBZ
TS
VISIN

WO

SLP
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TR reference temperature (273°K), o
€= NN, generated

ny= Ty/T_ recovery ratio for infinite wire

kt conductivity of air based on local total tempera-
ture
k., wire conductivity, cal/sec em®K
= Tawm/Tt measured recovery ratio
Pt viscosity of air based on local total temperature,
‘ gmm/cm sec
- T Ne
M= r— normalized recovery ratio for finite length wire
£~ ¢
’k
4 t
= e Yo Nu
d kW
N, experimental recovery ratio for continuum flow
Mg theoretical recovery ratio for free molecule
flow
a T,/[1+e (T _ -Tp)]
generated
W/ZM generated
f1 (ss) table
gy (ss) table
TS Mg =My, generated
P viscosity based on local static temperature,

gm/cm sec
w =tanhv /v

) o’ o
generated

2
[dem/dI me] =0

slope of resistance-power curve at I = 0, (ma)'Z



DYD

RAWM

F17
Y1

Y2 |
Y3

Y6
NX35
NUCO
IDXX

NOP

Q12
Q20
NUFM
Q17
Q18
Q19
FNUM
NZ35
NY35
Q8Vv

Nu,:

DYD

awm

Y1
Y2

Y3

NX35

IDXX

NOP

Ri2

Re pp. yTb_/PtZ

NZ35
NY35

(ptz / Py )% 10
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correction constant for transverse coor-
dinate

wire resistance for zero current, Q
open

open

storage for M,

storage for Nut
storage for M

open

iteration number for PRLCM subroutine

Nusselt number for continuum flow

input integer code (1 or 2) to indicate input
location of (pé/p ) x 102

number of en‘tn‘es in table of (ptz/i) ) x 102

versus y/D

hot wire number

open

Nusselt number for free molecule flow
open

open

Mach number function

measured Nusselt number

iteration number for main program
iteration number for Mach number program

measured local Pitot pressure, normalized
to free stream total pressure (table)
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B. 3d) Fortran Listing of Hot Wire End Loss Program-~Static_
Pressure Version R

1 DECK T A oo i
| C MAIN PROGRAM

4
1 TBL4P(13)eTBL5(43)sTBL5P(43)sTBLO{45)»TBLEP(45)2TBLOPP(45),
2 TBL7(91)+TBLIP{9)1)+TBLB140)»TBLBP(40)9YDI100)»QBVI100}

DIMENSION Z37(3})

22260227 892309231423
1233023492359 2379C1eC20C59C409CHY9CH25Q019029Q35Q02U5,W06907 408y

7 199020909909 EPSIETASIFKOY

3FKWsFMUNSFMUO s FNBR o FNU » FNUC» FNUF s FNUMsF 1 79NZ35 4509559 TAWS TSy
e W T SBZ o M IS INasWQ o Y1 0 Y20 Y39 YO o NX35 o NUCOoRAWM ¢ SLP 4 DYD

COMMON /CONST/TBLLsTBLIPsTBL3sTBL3P,TBLASTBL4PTBLSsTBLOSTBLGP
1 _TBLOPPs TBLS5Ps TBLT7e TBLTP, TBLBe. TBLEP

" 50 READ {%+51) 1DXX»Q10+Q0149Q165013+Q9sDYDsNOP
51 FORMAT (]4926X6F1QeQe3X[3)

GO TO (310+320)s1DXX . *
320 READ (5213) {YD(1)el=1sNOP)

13 FORMAT (l6F545)
READ (5916) (Q8V(Iisl= liNQP) o

14 FORMAT (16F504)
2SLPsGT:10Q12

12 FORMAT(F3e191XF4e291XF66391XF5e291XFBeb919XF561519X13)
YD1=Q3+DYD

Y012=YD1%YD1 , L,
YD1=SQRT{YD12} ‘

CALL TBLKP (vol.vo.oa.oav.Nopl R j I
GQ 10 330 ! :

310 READ (2+11) Qle Q2 Q30RAWM:SLP9 07v 089 099 1Q12 o

XE 603 F5¢2 8e6 19XF501 1XFS50451XFlels
; 1 8XxI3)° .
—330 IF (RAWMeEQeQe) GO TQ 50

Ql2 = l@l2
[ ol CONSTANTS AND INITIAL VALUES

C40 = 287100040 :
C41l leb -

Ca2 27362
Q15 a0Q0254

onn "

218 = Qel
234227322+ (RAWM~Q131/(QLl6%Q13]

Q4= (QlB*lel/(3.14159265*01Q*$LP*00001) ) /
——eeee REAL  NUCO A ‘

NUCO = Oe5
EKW. = 04072 + (234 - C4621%Q040000077

.

233 = Q9/Q8
NQ = 91

CALL TBLKP (133.T8L7’2200TBL7PaN0)
Q6 = QlO#QAB/100a

SS = Z220*SQRT(0e5%C41)
NO = 45

CALL TBLKP (SS»TBL6sTAWsTBL6P¢NO)
— e CALL TIBLKP (SSeTRLEATSAZATALAPPANO)

NOl1l = 40
1l

FNUF = (TAW/TSBZ) /(160 + o5 #(220%%#2¢) #* (C41~160))
L COMPUITE

NZ35 = ]
FMUN=95

£21=234/FMUN
CALL PRLLM '

ETASG=ETAS

ETASESEMUNLEZ30
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HETASQO=ETASG-ETASE

FMUN = 240
20 221=234/FMUN

CALL PRLCM
ETASG=ETAS

ETASF=FMUN®*Z30
AETAS1=ETASG-ETASF

FMUN1=FMUN+{ (FMUN1~e¢95)/ (HETASO-HETAS1) )#HETAS1
NZ35=NZ35+1

IF (ABS((FMUN-FMUN1)/FMUN1}-40001) 25925430
25 FMUN=FMUN]

221=234/FMUN
CALL PRLCM

GO T0 200
3Q 1F (NZ35-20) 4092002200

40 IF (FMUN1=3e5) 419200200
= 1

GO 10 20
200 CALL OQUTPUT

GO TO (310910)s 1DXX
END
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S IBEIC PRL __DECK

SUBROUTINE PRLCM

4 1P(46 3 TBL3P(46 BL4t13)
1 TBLAP(13)eTBLS(43)sTBLEP(43)eTBLE6(45)sTBLEP(45)9TBLEPP(45)
2 TBL7(91)+TIBLTP(91)TBLB(40)sTBLEP(40)

DIMENSION Z2371{3)
COMMON 21892199022002219222922392249225922602279228+23092319232»
1133913#c1350237’C19C2.CthhOtCQloCQZ'Ql9QZ'03004005|Q6-Q7'QB’

20109Q119Q129Q139Q149Q159Q169Q179Q185Q31990205Q9pDsEPSIETASIFKO

3FKWeFMUN9FMUO s FNBRsFNU s FNUCoFNUF o FNUMSF I 79NZ355095SeTAWS TSy
e BTSBZIVISINIWOSIY19Y29Y39YEsNX35 e NYCOsRAWMySLP

COMMON /CONST/TBL1sTBLIPsTBL39TBL3PsTBL4sTBLAPTBLS5»TEBLOTBLOPS
1 TBL6PPy TBLSPs TBLT7s TELTIP, TBL8, TBLEP

NO = 46
CALL TBLKP(Z21sTBL1sFKOTBL1IPyNO) :

FKO=FKO*(0400001}
Qll = Q7 / 221

NOl=46
CALL TBLKP(Z21sTBL3FMUOSTBL3PsNOL)

FMUO=FMUO*(040000001)
2243021/(1eQ+0e5%(C4)~14Q)*(Z20%%2))

CALL TBLKP({Z24»TBL3sVISINsTBL3PNOL)
VISIN=VISIN*(0e000Q001)

et

IF (Z220-1le) 1091lsll
10 725=((3386%Q6)/ (FMUO*SQRT((C41+1e)%C40%¥2217(2e*C41))))*(((Cal

l+lo)*120*120/2o)**05)*(10/((1-+(C41 1.)“220*220/2-)**((C41+lo)/
2(2e#(Chl-1a)b)}}"

GO TO 12
11 225= ((.3386*06)I(FMUO*SQRT((C41+1.l*C“O*ZZI/(2-*C41)l))*(1o/((C41

1+410)%220%220/2 ) ¥ ¥ {C41+1e)/(26%({C41=10)) ) )% (((2%#CH1%220%220~C41
2410} /(CHL+10) )H%(1e/(Chl=10)})®({1le+(Ch1-1e)%Z220%220/20)%*%05}

12 228=(VISIN®Z20/(225*FMUO} ) *SQRT(0e5#C41%301415927)
REAL NUCO

REAL NUFM
REAL NUCI

NX35 = 1
13 _IF _(NX35-20) 15015414

14 NZ35 = 20
GO 10 990

15 FRNU = «Z25+1e45% (NUCO*%(o128%(({2e=NUCQ)*#40)42467))
~*________DERN__LZi_LL;LZ&_LLZ;_NUSQlizﬁll_ZgﬁllLNUCQ‘0512*

1((2.-NUC0)**30)*ALOG(NUCQ))
NUC1=NUCO-FRNU/DFRN

NX35=NX35+1
If (ABS((NUCI—NUCO)/NUCl)-.OOOl) 30230920

20 NUCO=NUC1
GQ 10 13

30 NUCO=NUCL
NUFM=e01796*(TSBL/SS) #2225

218 = NUCO/(1le+(NUCO/NUFM})
ENU 5 SQRILIQIOGxX2 V¥ (FKO/FKWI®ZiA1)

wO -(EXP(ZOO*FNU)“I.O)/(FNU*(EXP(FNU*ZGO)*IOO))
NOl=sL3

CALL TBLKP(228+TBL55219TBL5P sNO1)

231 - -
ETAS=Z19% (FNUF-FNUC) + FNUC
£308(1enlQ72W0/234117(1a=WA)

99C RETURN
END
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$IBFYC OUTY DECK

SUBROUTINE OQUTPUT
DIMENSION TBL1{46)sTBL1IP{46)+sTBL3(46)sTBL3P(46)sTBLL(13)y

1 TBLA4P({13)sTBL5{43)»TBLSP(43)9TBL6(45)2TBLOP(45)9TBLOPP(45)y
2 TBL7(91)+TBLTP(91)+,TBLB(40)sTBLBP(40)

DIMENSION Z37(3)
COMMON Z189219922002219222+2239224+7225922692279228+9230923102324

1233+234+2359237+C19C29C59C40+C419C42+QL92029Q39Q49Q59Q69UT Q8B

139Q14+Q15+Q0169Q17+Q189Q01990209Q99D9EPSHETASFKOY

3FKWeFMUNsFMUO s FNBR s FNU» FNUCsFNUF s FNUMsFI79NZ35+50955s TAWS TS

4TSB2ZIVISINIWOIY19Y29Y39Y6INX359sNUCOsRAWMySLP#DYD

COMMON /CONST/TBLI'TBLIP:TBLBoTBLBPoTBL“.TBL“P-TBLSoTBL60T8L6P.
1 TBLs6PP, TBLS5Ps TBL7», TBL7P» TBLS8, TBLSP

223= ZZO*SQRT(CQI*C“O*ZZ“)
= 12

226=225*FMUO/VISIN
227=22)*(FNUC+(FNUF-FNUC)*Z19]}

230=(1s0~-WO*(Q11/FMUN))/(1+0-WO)
299 = Q9

FNUM = (Qh/(FKO*h-lS?*ZoSh)) * 1e0E-6
232=218/FNUM

FNBR=219/231
1F(Z20~100) 3143132

31 298 = Q8 ]
GO _TQ 40 : :
32 298 = Q8 /((6e40%220%220/(Z20%220+540))%(B86.0%220%220/((220%220

1+ 5001 #({7,0%#220%#220-100)))%%245 }

40 ID = Q12 + +01 -

WRITE (6+500) 1DsQ2sQ3s NZ359 NX3552209223+2225
1 224022102999298922592269230+227+2Z189Q8 +219+2284sZ31+FNUsFNBR
2 FNUCIFNUF 9232 9yFNUMIWOsFMUN2Z2344+Q11+Q75 Q13+,Q16yETASHDYD

500 FORMAT(2HHWI3s11X4HXD Elle4s1X4HYD Elles4s1X4HZ35 1242X4HX35 12

1 2X4HM ElletslXaHy E11et91X4HRHOUE11 49 IX4HTINFELLleb/y

24HTO E1le491X4HPINFE1le491X4HPO E1le491X4HREO Elleby
31X4HRINFE11089]1X4HPSIRE]11 0491 X4HT® Elloe491X4HNUO Elleé/y

44HPT Elles4eolX4HN¥*BRE11e43IX4HKINFELLe491X4HPSIBELL 4
SIX4HNU E11e49IX4HNMBREL1 4 91XAHNC ElletslX4HNF Elle&/s

64HPSINEL11o491X4HNUM E11e491X4HWO Elle&4s1X4HNM Elleds

T1X4bTM 1o 9 1X4HN E11s491X4HTS Elles491X4HRR Elle&/y
84HALPAE11+491X4HN# E1le&s1X4HDYD Elle4//)
RETURN

. END
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SIBFIC BLO DECK
SLOCK DATA
VIMLNSION IBL1(46)9TBLIP(46)9TBL3(46)sTBL3P(46)sTBLA(13)
1 TBLGP(13)sTBLS(43)»TBLEP(43)sTBLOE(G5)»TBLOEP(G45)sTEBLOPP(45)y
2 TBL7(91)oTBLIP(91)+TBLB(40)sTBLEP(40)
DIMENSION 237(3)
COMMON /CONSTIZTIBL1»TBLIP»TBL3TBL3P»TBLLTBLOP 9 TBLS 9 TBLESTBLEP
1 TBL6PPs TBL5Ps TBLT7s TBL7Ps TBLB» TBLSEP
DATA {IBLLI(I) sl = 1s43)/ 30094009500960097003800990e9100e9110¢
1 9120»9130e9140691500916009170¢91800919009200692104922009230092400
2 925043260e327009280092900930009310039320093309340493500936Q0¢37Q¢
3 938009390e940009410e942009430e/

7 o/
DATA (TBLIP(1) sl = 1s4l1)/ 0070399009117 91e¢131916350916558012784
) 64 085593e06893e¢28193049293e70393¢91294611
2 F980320904e52794072994e¢92995e127956323195e51795e70995e8979640879602
3 72960457)606#106.82Q'60999070178 7.357v70530070703'7.876!8.0“398.
4 211'803789805“5/
RATA (IBLlPll)-l = QZ:“b)131706080868191930090192!90347/

DATA (TEL3(‘)OI = 1946)/ 300040.'5009600'700!80.19000100.9110.‘

4 16 1800319009200092100922009230e92400
2 0250.02&0-’2709’280-’2900030009310-:3200,330o.3400'3500036009370a
3 9380e939002400094100942009430094400245009460094700248Q+e/

DATA (TBL3P(I)el = 19461/ 215679281019307e39416633485e69555e196
1 22690692099 76303983109989909964e691029691091091152¢91212691271¢»
2 1329-91385.|1440.g1494..1547.’1599.u1650‘917000’1750.‘17980018“6.

09224 286 327

4 002366p02“060’24450924850’25200,2560-92595./

= . 045069 1e091e2sleb49leb6sle
1 8020092-298.0/ ' :
DATA_(TBL4P(1)el = 1913)/ 10090099830e¢9959099190¢98590e¢37790e9
1 7090e964304959900955909525095090¢950/
RDATA (IBLS(I1)sl = 1s43)/ 0e059000690e079060890¢0990¢109001190e
1 12000149001590017900199002090¢2390¢259003090¢359004090¢5090¢60900
&4 ¢7910992e0920593e09305940
3 56036609 7e¢0980091060012e0920¢/
= / 390004290¢05490e06890¢08290¢

1 97!00112000144'00158300188!00218900232’0027290029#,0-350000397’0’
0 744 07653078390
3 080000082600084900-358!00895000916’00932!Oo944000960D009700009779
H 10982099091 20s1e0/
., UATA (TBL6(I)s]I = 1945)/ 00290049006900891e091029lebslaboleBol
ek 208 20202049206092089300930223642306930899000%029%¢49%069408950095¢
2 295069050695e8960096029604900596eB97009702970437069708080098e2»
i3 B 8 G 0 B o 60 BeB a9 a0/
OATA (TBLGP(I)sl = 1s45)/ 9080271910e94784912e89399915e69746919
9 4932968e0777198}108
2 9947997e7790291154882879136¢37821915%43361518542176992138992792

4 71569568e01730963004118209697e402299769¢31984548999270635
5 10 Llaa 5101107011 912050221309210141RaBel534627l1656eTalTB5%e2s
6 19200492062029221009923670925300292700e7/ .

1 063288915e227589160560639180794081920069872122065358920e6439292646
3 00043020904945.3035Qo47oQ0108049050126051c60366'53070808o55081428

26221412066a268:66035906804677005000720692s
5 760802+76091007900255810130983¢2420850352¢987c461989056199146769

6. 9341823950886/
DATACTBLTIPI{I) ol = 19911/ 8097695570905 7e¢85976¢80070759T7e¢70s7665¢
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12915080507 0206900095049503900295019500940994089be7
3 Q.bg“.bo#c“o“l30“020401!“000309|3‘8'J07’3.60305030“'303'3029301’

i ) 201920091991 089le791le6pleby
5 1.4;1.301-201010100’.9008907006..5904’0350o3o-25o02.olbvolo-059
& 003900 /

DATA (TBLTUL)el = 1991)/e012079 e0122200012379e012539¢012699
89240130220013192001336300135430013725+014095e01448+001688,
e0153096015749001619+¢016679¢017169001768900182390018809001939
0020029002067 90021369002208900228490023649002449900c53796026310

0027309202834 960294590030620¢03187900033199e034599¢036099¢03768»
0(0393890041209043149004523900474790049879005247900552696058299

¢0615738065139¢069009¢073239¢0778590082919¢06884890094619¢1014»
010899011739¢12669013719014899016229017739019459¢21429023689

TNV EWN

02626002930003280003685000159004689905283005913006560¢o7209o
4490993099983

i o999491c0/
END :
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SIBEIC TBL DECK

SUBROUTINE TBLKP(VOsVARsFOsFCNsNO)

C THIS SUBROUTINE PERFORMS TABLE LOOK-UP OPERATIONSe
0O 100 I=1.N0

VAR1=VAR(1)
1f _(vO-VAR1) 20091509100

100 CONTINUE
WRITE (62200)V09sNO

900 FORMAT (34H VARIABLE EXCEEDS TABLE FOR VALUE Elle4sl3H TABLE SIiE
1=15)

FO =FCNENO)
60 _TQ 300

150 FO=FCN(I)
G0 TG 300

200 IF (1-1) 210+290+210
210 [1=f-]}

TEMP=VO-VAR(I1}
TEM1=VAR(1)-VAR(I1)

RATIO=TEMP/TEM1
FO=RAT]O*{FCN{LI~FCNCI1II+FCNLEL)
GO TO 300

290  FO=FCN(1) !

300 RETURN !

.

END ' - ‘ # . ] !
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B.4 Hot Wire End Loss Program--Nusselt Number Version

As Dewey (17) and Herzog (14) have already indicated, con-
siderable difficulty was experienced in the initial set up and check
out of this eigtensive end loss program. This difficulty arose because
the method of successive substitution was used to compute local Mach
numbers from Pitot pressures and Reynolds numbers, and this com-
- putation procedure did not always converge. It was therefore neces-
sary to establish a double iteration procedure based on Newton's
method to calculate simultaneously end loss corrections both for
adiabatic wire temperature and Nusselt number. The input data
for this program consist of Pitot pressures, adiabatic wire resist-
‘ances, probe support temperatures, measured slopes of wire
resistance-power curve corresponding to zero power (dR/dIZR),
and wire cali'b;ation data including Nusselt number correction fac-
tors (Appendix A) determined with the aid of the previous programs.
Input values of Rawm’ .TS and dR/dIZR are obtained directly from
the punched card output of the raw data program. Pitot pressure
input data at a given axial location consist of tabulated semiprofiles
of pressures, and values corresponding to specific probe positions
are determined by interpolation. Starting with initial trial values
for stagnation temperature and Nusselt number, the computation
is cycled until a convergence criterion is met. In most cases satis-

factory convergence takes place within 5 to 6 iterations.
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B.4c) Fortran Listing of Hot Wire End Loss Program--Nusselt
_Number Version e

&

SIBFTC MAL DECK ;
DIMENSION TBL1(646)sTBLIP(46)+TBL3(46)sT3L3P(46)sTBLL4(13)sTBL4P(13)
P s TBLEPP ¢ TBL7(19),TBLTIP

2019)sYD(100)Q8VI100)

DIMENSION 237(3)

COMMON 218921902209221922202230224+225922692279223925092319232
123392349235+237+C14C29C594C400Ca19CH20Q19029039Q69Q5+064Q79Q8y
2Q10+G11+Q120Q013+0149Q015+s0169Q179Q18+Q19+Q209Q99sDIEPSIETASHFKO
AFKWeFMUNYFMUO s FNBRYFNU ¢ FNUC Y FNUF s FNUMIF I 79NZ3595095S5sTAWS TS

TSBZsVISINIWO»Y1sY29Y39YO69NY359NUCOsRAWMSSLP$DYD

N /¢ BL1,TBL1P 34T6BL3P,TBLL,TBLAP 4 TBLS»TBLETBLEP
1 TBL6PPTBLSP»TBLT7,TBLTP
(o MAIN PRQGRAM

50 READ (5,51) !Dxx.010.014.016.013.09.DYD;NOP
51 FORMAT (15+6X6F10023X13) '
REAC (5,500) TBL7P
500 FORMAT (16F542)
GO TO (310+320)1DXX
320 READ (5413) (YD(I)eI=13sNOP)
13 FORMAT (16F545)
_READ 1541%6) (G8Y{1)eI=1sNOP}
14 FORMAT (16F5e4)
10 READ (5512) Q1+Q2sQ3yRAWMSLPQT41Q12
12 FORMAT(F3o101XFho291XF6-3'1XF502v1XF806019XF501 19X13)
YD1=Q3+DYD i
YD12=YD1*YD1 y ~ S
YD1=SQRTLYD12} -
CALL TBLKP (YD1sYDsQB,Q8VNOP)"
GO TO 230 :
310 READ (59110 Qly Q29 Q3+sRAWMsSLPs Q7 QBs Q9 1012 o
11 FORMAT(F31191XF4.ZQ1XF603QlXFSoZQlXF8-6yl9XF5.1’ I1XFSe491XFbhob
1 8x13) :
3130 IF (RAWMeFQe0+1 GO 10 50
Q12 = 1012
NZ3&=1
20 CALL FSTCM
30  CA1l PRICM
CALL M22 ‘
80 IF (ABS({720-Y31/2201-501) 1502150+100
100 IF (NZ35-20) 120200200
120 NZ35=N235+1
* CALL ADDCM
GO Ta 130
150 IF (ABS{(FMUN-=Y1)/FMUN)=+0005) 170+1005100
170 IF (ARS((Z18-Y21/2181-40005) 200+200:100
200 Q19 = 225#FMUO%SQRT(Z21)/Q6
_IF (0Q19-.0000855) 2012012202
201 Q19=.0000855 ‘ '
ZZO:'I.O
= 220%SQRT(0e5%C41)
NO = 4%
CALL TBLKP (SSsTBL&»TAWsTBLG6P4NO)
CALL TBLKP (SS.TBifeTGB2 TR APPNQ)Y
NOL = 40
CALL _TRIKP (220:TBLG6FNUCTBL4PINOL}
FNUF = (TAW/TSBZ) /71140 % o5 #{220%%#24}) * (C41-1e0)}
c COMPUTE
NZ35 = 1
FMUQ;.QS
221=234/FMUN
CALL DDI‘LM
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ETASG=FTAS

ETASF=(FMUN)#*#Z30
HETASO=ETASG-ETASF

220

FMUN = 240
221=234 /FMUN

CALL PRLCM
ETASG=ETAS

ETASF=FMUN#Z30
HETAS1=ETASG=-ETASF

FMUN1=FMUN+{ {FMUN1=¢95)/(HETASO~HETAS]1) ) *HETAS1
NZ235=N235+]1

225

IF (ABS({FMUN=-FMUN1)/FMUN1)=-40001) 2255225,230
FMUN=FMUN]

221=234/FMUN
CALL_PRLCM

230

GO TO 202
IF {NZ235-20) 24042024202

240
241

IF (FMUN1-345) 24142024202
EFMUN = FMUN1 =

202

GO TO 220
CALL _OuUTPUY

GO TO (310s10)}s JDXX
END_ ~
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$IBFIC FST . DECK
SUBROUTINE FSTCM
: DIMENSION TBL1(46)sTBLIP(46)+TBLA(46)sTBLAP(46)+TBLA4I13)+TBLLP(13)
10TBL5(43)0TBL5P(Q3)oTBLG(QSloTBL6P(#5)QTBLBPP(Q5)9TBE7(i§)oTBL,p
2(19)
DIMENSION 237(3)
COMMON 2184219922092219222922392264+2259226+2279228+23042314+232,
12330235023501370C10C20C59C409C“10C42v01902903004005006.07,08'
Q17,9 019+020+Q93DIEPSIETASYFKO
3FKW’FMU“'FMUOOFNBR’FNU'FNUC’FNUF'FNUM’FI79NZ35OS°’SS'TAWCTS'
S RAWMySLP
COMMON /CONST/TBLl'TBLIPOTBLBOTBL3P0TBL6'TBL4P0TBL5!TBL6OTBL6Pv
1 IBLAPPsIRLSPATRLTIBLTP
C . SET CONSTANTS
REAL NUCQ " N
Cl=0e072
C2=040000077
C5=214025 B ;
C4Q= 287100000 :
Cbl=lets -
C42=2273+0
Ql5 = .000254% , .
C SEY INITIAL VALUES
EPS=0.06 . R - ‘
ENU = 1% ° i ‘ :
FMUN = 14025 : : ‘
NZ36=1 :
Y1=C5 . B
S0=0e5 .
Y3 = 2
220 = 2¢
NUCO = o5 .
Q19 = 0.0 ) ) -
C COMPUTE ~
234=273,2+(RAWM=Q13}/(Q16%Q13)
Wa= (013*016)/(3.14159265*014*SLP*00001)
FXW=C1+1234-C42)%*C2
221=7234/FMUN ! . :
NO=44 - ’ 4
CALL TBLKP(ZZIoTBLloFKOOTBLlPQNO)
FKQO=FKO*( 000001}
, FNUM = (Q4/(FKO®44187%#2e54)) # 1.0E-6
06 = Q10 * Q8 /7 100s
Q11 = Q7 /7 221
1S = (O7=-274) ¢ 221
CALL BsSIT
NOl=46
CALL TBLKPUZ21+TBL3sFMUOsTBL3PsNO1)
—  FMUO=FMUO#{0.0000001)
RETURN:
END.
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SIBFIC PRL DECK R

SUBROUTINE PRLCM
DIMENSION TBL1(46)sTBLIP(46)TBL3{46)sTBLIPI46)+TI4(13)9TBLAP{13)

1+TBL5(43) ¢ TBLEP(43)sTBLE(45)4TBLOEP(45) ¢ TBLEPP (45)+TBLT(19)+TBLTP
2(19)

DIMENSION 237(3)
COMMON 2189219022092219222022307244225+22602274228¢230+23192325

12339236492359237eC19C29C59C403C41+4C42+Q039029Q39Q49Q59Q69UT9W8BY
2Wl09G119Q0129013+0149015,0169Q17+Q18+Q0199Q209Q99DsEPSHIETASHFKOy

IFKWeFMUNsFMUO 9 FNBR o FNU s FNUCsFNUF s FNUMoF I ToNZ3595035SsTAWS TS
4TSBZsVISINIWOPYLsY2+Y39YSEsNY3I5 9 NUCOsRAWMHSLP

COMMON /CONST/TBL1oTBLIP+TBL3+sTBL3P»TBL4sTBLALP»TBL5sTBL6+TBLOP
1 _TBLGPP.TBLS5P.TBLTTBLIP

IF (ABS({{Q19~40000855)7/0000855)~«000001) 10.10¢1}
11 WQ =(EXP(2+0%FNU)} =10}/ (FNU*(EXP(FNU%2e0)+1e01))

TS = (Q7-234) /7 221
S0={Ql6*2211/(1e04Q16¥(234=C42) ]}

NO1 = 19
Qs TBLT5232+ TBLTP,NO1)
218=2324FNUM
= * *F ()
Wo -(ExP(Z.O*FNU)—lno)/(FNU*(EXP(FNU*Z.O)+1-O!)
NO1=46

g

CALL TBLKP(ZZIoTBLBvFMUOoTBL3P|N01)
FMUO=FMUO*(0+0000001) i : "

2242221/01e0+05*(Cl1~ 1.0;*«220**2)) T
CALL TBLKP(Z24sTBL3sVISINSTBL3PsNOL)

VISIN=VISIN®*(0.0000001)
CALL NUOREO !

z28= (VISIN*ZZO/(ZZS*FMUO))*SQRT(0.5*C41“301415927! i

NO1 = 43
CALL TBLKP{Z28sTBLS5sZ199TBL5PyNOL}.
NOY =123

CALL TBLKP {Z20sTBL4sFNUCsTBL4PINO1)
231=10+WO*{1e0+(FNUC-Q11}/{Y]~ FNUCI)/(I.O'NO)

55=220%*5QRT{0e5%#C41)
NO = 4% °

CALL TBLKP(SS-TBL60TAN;TBL6P;NO)
CALL TBLKP(SSsTBL6,TSBZ,TBLEPPINO])

FNUF={TAW/TSBZ)/ (1604¢5*(220%%#2)%(C41~101}])
ETAS=219* (FNUF-FNUC1+FNUC

230z (1e=(QTHW0/234))/(1e=WO}
FMUN=ETAS/230

FNBR=Z19/Z31
GO 10 50

10 NO = 46
CALL TBLKP(Z21,TBL1sFKO,TBLIPINO)

FKO=FKO#{0.00001)
Q11 = Q7 2 221

NOl=46
CALL TBLKP(ZZIyTBL39FMUOQTBL3P'N01!

FMUG=FMUO#*{0+0000001)
226=221/114040+5%{C01~1,0)%1220%%2))

CALL TBLKP(Z24,+TBL3,VISINsTBL3PsNO1)
VISIN=VISIN#*#{0.0000001}

225 = Q19%Q6/ (FMUO*SQRTIZ21Y)
12 .228= (VISXN*ZZO/(ZZS*FMUO)'*SQRT(O.S*CAI*S-1415927)

REAL NUCO-
REAL NUFM .

REAL NUC1
NX35 = 1
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13- 1F (NX35220) 154515414

14 N235 = 20
GO 10 50

15 FRNU = —ZZS+1-45*(NUCO**(.128*((2.*NUCO)**#0)*2-67))
DFRN= 225%({{e128%((24~NUCOI##44)42467)/NUCO~0512%

1((2e=-NUCO)##3 4 )*#ALOGINUCO})
NUC1=NUCO-FRNU/DFRN

NX35=NX35+1
1F _(ABS{(NUCI=NUCO) /NUC1)~e0001) 30930920

20 NUCO=NUC1
GO 10 13

30 NUCO=NUCl
: NUFM=01796%{TSBZ/5S51%#225

218 = NUCO/(1e+{NUCO/NUFM))
FNU = SQRY({QI4**2,)*(FKO/FKWI*Z18}

WO =(EXP(2e0%*FNU)~140}/ (FNU*(EXP{FNU¥240)}+1e0))
_NO1=43

CALL TBLKP(Z289TBL5+219+TBL5PsNO1)
231 = 140 + WO * (1e0+(FNUC~-Q11) / (FMUN—FNUC)) /7{1¢-WO}

ETAS=Z19% (FNUF-FNUC) + FNUC
230=(1e-(Q7®*WO/234))/{1le~WO]}

50 RETURN

END . ;




-121-

$IBFIC QUT -~ DECK

SUBROUTINE QUTPUT
DIMENSION TBL1{46)sTBLIP(46)sTBL3(46)sTBLIP(46)sTBLA4(13)+TBLAPI(13)

1oTBLS5(43)sTBL5P(43)9TBLEI4S) o+ TBLOP(45)sTBLOPP(45)+TBL7(19)sTBLTP
20191

DIMENSION 237(3)
COMMON Z218972199220922192229223922469225922692279228+730923192329

12330234923592Z3T79C19C29C59C409Ca19C429Q1+Q29C39Q49W59WH69QT»WUBY
Q EP AS»FKO
3FKW.FMUN|FMUO’FNBR’FNUOFNUC'FNUF’FNUMOF17’NZ35950'55'TAW’TSI
5 s NUCOsRAWMHSLPDYD
COMMON /CONST/TBLIQTBLlPOTBL3OTBL3poTBL4DTBL4POTBL5iTBLﬁ!TBLﬁPQ
1 TBL6PP2TBLSP s TBLTIBLTP

IF (ABS{(Q19-40000855)/+0000855)-2000001) 10+10+20
20 CALL ADDCM

CALL PRLM
CALL M22

10 Z21 = Z34/FMUN
222 = 225 * FMUQ / Q15

Q20=Q6* ({ (Te*Z20%220-1e)/(6e%Z220%220))%%2,5)% 491467
LR23. = 2220204222

226=225%FMUQ/VISIN
227=221# (ENUCAH{FNUF-FNUC)*219)

230=(1e0-WOX{Q11/FMUN))/(10-WO)
0 IF (Z20~1eaQ) 4le4le42 - S :

41 299 = (Q6/Ql0)/ . l

1 (laQ+aS*(C41~ 1.0)*Z20*ZZO)**(C41/(C41 ~1:0))
298 = Q6/Q10-.
Q0 TO 50

42 299=(1e5%(C41+1e0)%220%220)%%(C41/(C41~160))%((Cal+1e0)/(2:0%CL1%2
120%#220-C41+1e01)1%%(190/({C41-1e0)3)¥*(~-100)%*Q6/Q10

Q8 = @8/100e0
298 = QB /((6+0%220%220/(220%220+540)1%(3600%220%220/((220%220

1 % 5e0)%(7e0%220%220~1e0))1%%265 )
50 1D = Ql2 + <01

WRITE (69500) 1D»Q2+Q35 NZBSo NY359220922392229

Z 18,Q8 921952289231 sFNUsFNBR
2 FNUCoFNUFoZBZoFNUM’w09FMUNbZ349011’Q7v Q135Ql69+ETASDYD
3RAWMs SLP

500 FORMAT(ZHHWI3011X4HXD Elle4s1X4HYD Elle49olX4HZ35 1292X4HY35 12y
1 _2X4HM Elle4slXaHU Elle49lX4HRHOUELlob4 o 1X4HTINFELle4/

. 24HTO Elle491X4HPINFEL1le491X4HPO Elle49lX4HREQ Elle4y
3IX4HRINFE110491X4HPSIRELLe491X4HT* Elless1X4HNYO Elle4/s

44HPT Elle4s1X4HN*BREL11e4slX4HKINFELlLledo1X4HPSIBELLedy
SIX4HNU  Ellet o IXSHNMBRELILe% s IXOHNC Elle4sIX4HNF Elled/s

64HPSINELLle491X4HNUM E11e49IX4HWO Elle4olX4HNM Ellesy
R _Ellet/s

84HALPAELle491X4HN* EllobelX4HDYD El1led s 1X4HRAWMELL ok
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SIBFIC ARD . DECK
SUBROUTINE ADDCM
4 IBL1P (4 TB8L3 s TBL3P(46}TBL&(13)sTBLAP (13
19TBL5(43) 9 TBLS5P(43)+TBLE(45)sTBLOP(45)9TBLOEPP(45),TBLT(19)+TBLTP
2(19)

DIMENSION 2371(3)
COMMON 2189219022092219222922392249225922692279228923092319232»

12339234923592379C1eC29C59C409C419C429Q019029Q39Q04sU59U69QT9UBY

i X ’ EpP TAS»FKO
BFEWsFMUNsFMUO 9 FNBRoFNU s FNUCsFNUF s FNUMoFIT9INZ359S09SS9TAWS TS
4 AWM, SLP

COMMON /CONST/TBL1sTBLIP»TBL3+TBL3P+TBLGsTBLAPsTBLS5+TBLO»TBLEP
1 TBLOPP»TBLSP»TBLT»TBLTP

221=134/FMUN
NQ=46

CALL TBLKP(Z21sTBL1sFKOsTBL1P#NO)
FKO=FKO*({000001)

FNUM = (Q4/(FKO*44187%2454)) * le0E-6

227=221*(ENUC+{FNUF-FNUC) *219)
Qll = @7 / 221
£30=(1e0-WOX(QLL/FMUNII/(1Q-WO)

ETAS=227/221
EPS=ETAS~FMUN

FNU = SQRT(Q14*Q14*Z18*FKO/FKW). : - .
¥32220 . "

Y1=FMUN : ) ?
Y2=418 e

RETURN . v
END | :
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$IBFYC M22 DECK

SUBROUTINE M22 '
DIMENSION TBL1(46)sTBL1P(46)sTBL3(46)sTBL3P(46)sTBLA(13)sTBL4P(13)

1oTBLS5(43) 4 TBLSP{43) s TBLOE(A5) 9 TBLOEP(45) 9 TBLOPP(45)sTBLT(19)sTBL7P
2119)

DIMENSION Z237(3)
COMMON 218¢219+2205221022242234224+22%5322642274228+723042315232»

12334236423592379C14C24C59C809C41+C4H2+Q1+02+Q390Q4+Q5,064QT79Q8y
Q Qls Q 7 Q19+0209094DIEPSHETASSFKO

3FKWe FMUNSFMUO s FNBRoFNU s FNUCsFNUF s FNUMeF I 79NZ359509SS+TAWS TS

H4TSPZeVISINSWOIYY1eY29Y30Y6sNYASyNUCOSRAWMLSLP

COMMON /(ONST/TBLIoTBLlP’TBL39TBL3P9TBL#oTBL6P9T8L50T8L61T8L6P0
1 _TBLEPR,TBLSPeTBLT7+TBLTP .

NY35 = 1
IF_(NZ35-1) 13+13,10

13 Y4 = 140
Y5=20

10 IF (NY35-20) 11+200+200
11 220 = Y&

CALL NUQREO
Gh= («225*FMUO*SQRT(CAo*221*(c41+1.o:/(2.o*ca1)))/(ocaaeb*ob))**z

IF (220<1e) 1491415

14 FOL=(e5%(CH1+10)%220%720 )% (1e+e5#(CU1—10)#220%220)%%(~(C41+1e)/(C41 -

1-1.0))
GO _TQ 16

15 Faz{la+e5*(C41~ 1.)*(220**2))*(o5*(C41+1o)*(Z20**2))**( (Ca4l+lel/

1(CH1-1a ) )% {24 #C41%720%220~C41+10)/({CAL+]1e) ) %(2s/{Ch]l-]0))

16 220=Y5
CALL NUOREQ

G5= ((ZzS*FMUO*SQRT(C40*221*(Ch1+100)/(ZoO*Chl)))/(0.3386*06))’*2
IF (220=1e) 17+17+18

17 FS={a5%(C41+14)%Z220%220) % (1e+e5%(C41-16)%Z220%Z20)%*(~(C41+]1e)/(Ca4l
1-1a013) o

GO T0 19
18 F5= (1.+o5*L£41,1.)*(ZZQ**2?)*(oS*(Chl*lo)'(ZZO**Z))**( (Cal+le)/

1tC4l1~ 1.))*((2.*(41*Z20*ZZO~C#1+1.)/(Chl*lo))**(2./((41 le)}
19 220 = Y5-(G5-F5)#{Y5=-Y4)/(G5-F5-G4+F4}

IF (ABS{Z20-Y5)=e005) 40940520
20 IF (220-Y5) 30+40950

30 IF (ABS(Z220-Y4)-005) 60960970
70 _1F (Z220-Y4) 80960590 -

80 NY35 = NY35+1
1F (220-=14) 69272473

69 IF (220~-e2) 71v710502
21.Y¥5 = 1

220 = Y5
CALL NUQORFEQ

G5={ [ 225%FMUO%SQRT(C40%*Z21%#(C41+10)/(240%C411)1)/(03386%Q6))#¥2
FS=(aS%*(C41+10)1%Z20%#220)%{1e+o5#(C41-10)%Z20%220)#*(~(Ch1+]e)/(Ca]

1-1e1)
220 = o3

703 CALL NUOREO
Y4 = 220

Ga={ (Z25%FMUO#SQRT(C4ORZ21#(C414140)/(20%C41)))/(063386%Q6))0%2
Faz(e5%{Cal+1e)R220%2201%(10+e5%(Ch1-1)%220%220)%%(~(ChH1+1e)/(Ch1

1-1e)) .
I1F_(G4-~-F6) 503+609706

706 IF (Z220-10) 70992009260
709 220 = 220+e10

GO TO 703

502 Y4 = 220 : n ; e
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CALL NUOREQD.

Ga4=((Z25%FMUO*SQRT(C4O*221#(C41+140)/(20%C411))/(03386%*Q6))n%2 |
Fo=(e5%(Ca141)R220%220)%#(1e+a5%(C41=-1)%220%220)%%(~{C41+1e)/(Ch]L

1-1e1))
Y5 = 140
42U = Y5

CALL NUOREO

GS5=({Z25%FMUO*SQRT(C40*221%#(C41+1e01/1240%C41)))/7(0e3386%Q6))""2
FO=(o5#(CH1+]1e)1%220#220)%(1e+e5%(CH1=14)#Z20%220) %% (~(Cl1+1e)/(Ch1

1-14))
IF_(G4-F4) 503960971

503
204

IF (G5~F5) 200725504
220 = Y5-(G5~-F5)%*{Y5~-Y4)/(G5-F5-G4+F4)

205

IF (NY35-12) 505+505+200
JF _(ABRS(Z220~-Y4)+«a002) 99099909506

506

Y4=220
CALL NUOREOQ h

Ga={(Z25#FMUO*SQRT(CLO*221%(C4141e0)/7(240%C41)1)/{0e3386%Q6))#*2

Fa=(e5%#(C41+1e JR220%220)#(]e+e5*(Cl1~14)#Z220%720)%%(~(C41+]1e)/(ChL1
1-1e ) .
NY35 = NYAS+1

12

GO TO 504
220 = 1.0

73

GO T0 990
Y5 = Y4 : L

Y4 = 220 . .
GO 10 10 — —

60

220 = Y&
GO_TQ 990

90

Y4 = 220

4Q

NY35 = NY35 4 1
GO TO 10 :
220 =_¥5

50

GO0 70 990
Y4 = Y5

Y5 = 220
NY35 = NY35 4 1

200

IF (220-10e¢) 1099909990
NZ35 = 20

990

GO TO 990 .
IF _1220-10e) 99229922993

993

220 = 1060
Y4=2a

992

Y5 = 10«
G0 .10 994

994

CALL NUOREO
RETURN

END
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SIBEIC Bsl DECK
SUBROUTINE B8SIT

3P (46 BL4(13)sIBLLP (1
19 TBLS (43) +TBLS5P(43)+sTBLE(45) 4 TBLOP (4519 TBLEPP(45)9TBLT(19)sTBLTP
241G6)
DIMENSION Z37(3)

23922447225022692279228923092314232
12339234923592379C19C29C59CH09sC415C429Q014Q29Q39Q49Q59069Q79Q8y
1 9 sQ EPSsETASSFKO
IFKWe FMUN o FMUO s FNBRyFNU9FNUC s FNUF s FNUMeF I 75NZ3595095SsTAWR TS
QeY1aY22Y3>Y6NY25 9 NUCOIRAWMySLP
COMMON /CONST/TBL1sTBLIPsTBL3sTBLAP»TBLATBLAUPsTBLSsTBLE»TBLGP
1 IBLAPP2TIRLSP s TBLTTRLTP
C THIS IS A DIRECT BISECTION FOR FNU
20 1F (FNU-B20}) 40940995Q
40 IF (Ce8-FNU) 604603960

60 HO=((EXP(2e0*FNU) =10}/ (EXP(2e0*FNU)I+1e0))/FNY
CON = (FKO/FKW)*FNUM*((Q14)#%24)
NOl = 19

CALL TBLKP(WOsTBL74232+TBLTP4NO1}
FIN = (FNU**2¢)/232
X1=ABS(FTN-CON}
IF {X1-40002) 990399080 s i

80 IF (FTN-~CON) 10099909200, , '

100 TOP=840 /
BOTT=FNU ) ‘
GQ_TI0 300 -

200 TOP=FNU
BOIT = Qa8
GO TO 300

300 V=e5*(TQP+BQTT}

301 IF (V=74995) 30203024950

302 IF _(V~0e805) 96023032303 :

303 FWO={(EXP(2e60%*V)-160)/{EXP(2.0%V)+100))/V
NO1 = 19
CALL TBLKP(FWOsTBL79232sTBL7PyNO1)
EV = (VU%%201/232 :
X2=ABS(FV~CON)
IE (X2-.0002) 900900310

310 IF (FV-CON) 40099005500

400 BOTT=V

GO TO 300

500 10P=V

. GO TO 300

900, ENL=V
GO TO 990

950 WRITE (629511

951 FORMAT (15H NU EXCEEDS 840)
ENU=T99
GO 70 990

Q60 . WRITE (69611

961 FORMAT (13H NU BELOW 0e8)
ENMU. = o81
<0 10 990

—990 RETURN

END
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$IBFTC NUR DECK

SUBROUTINE NUOREO
DIMENSION TBL1(66)TBLIP(46),TBL3(46),TBL3P(46)TBLAG4I13)TBLA4P(13)

19TBL5043) 9 TBLSP{43)9sTBL6(45) s TBLOP(45) 9 TBLOPP(45)9TBLT(19)+TBLTP
2119}

DIMENSION Z3713)
COMMON 218921992209221922292230224+225922692274228+2309231+2324

123392349235+237+C19C2+C54C409C813C424Q19029Q39Q4905+069Q7+08,

Q17 Q19,0 QosDIEPSIETASHFKO
3FKW9FMJN.FMUO0FNBRoFNUoFNUC’FNUFoFNUMoFl79NZ359SO'SSQTAWoTSc
RAWM, SLP

COMMON /CONST/TBLI’TBLIP'TBL39TBL3P9TBL49TBthoTBL5QTBLG’TBL6P0
1 TBL6PP9TBL5P¢TBL7,TBL7P

REAL NUCO
REAL NUCL

REAL NUFM
IF (218 =~ «01) 95095095

5 IF (Z18 = 54 ) 6969960
6 S5 = 220%SQRT(«5%C41)

NO = 45
CALL TBLKP (SSsTBLEsTSBZTBLOPPINO])

NX35=1 .
10 IF (NX35-20) 11e11912

11 NUFM—(o026OQ)*(TSBZ/SS)*NUCO**(-128*((20~NUCO)**40)+2.67)
FNUS=~218+NUCO/(1e+(NUCO/NUFM) ) !

DNuUS= ((1.+(NUCO/NUFM))**(—2-))*(1.+(NUCO/NUFM)*(0128'((2o*NUCO)
* % + - * - O] % *A oG INUCO} )}

NUC1 = NUCO -FNUS/DNUS

NX35=NX35+1

IF (ABS{(NUCO-NUC1)/NUC1) ~ 00001) 304309020
20 NUCO = NUC]L N

GO T0 10
12 NZ35 = 20

GO TO 990 ' -
950 WRITE (69951} i -

951 FORMAT (19H NUO LESS THAN 0.01)
225 = 205

GO TO 990
260 WRITE (629613 !

961 FORMAT (16H NUO EXCEEDS 5.0}
225 = 200

GO TO 990
3Q NUCO = NUCT

225 = lokS*NUCO'*(-IZB*((2¢—NUC0)**40)+2067)
990 RETURN ,

END
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SIBFYC B1O DECK
BLOCK DATA
p T P(4 BL&4(13),TBL4P
19TBL5(43)oTBLSP(bB)9TBL6(45).TBL6P(45)9TBL6PP(45)9TBL7(19)9TBL7P
2121

DIMENSION 237(3)

COMMON /CONST/TBLITBLIPSTBL3sTBLAP,TBLAL4,TBLAP»TBLS+TBLETBLEP,
1 TBLGPPsTBLSP+TBL7TBL7P

RATJA (TBLI(I)sl = 1s46)/ 300340095009600970698009900910069110¢
1 912009130e9140¢9150091606917009180e¢9190¢9200692100922009230092240¢
2 9250092600927 009280092900930009310¢93209330¢9340¢3350e336009370¢
3 938069390e9400e94100942009430094400945009460e94T0094806e/

DATA (IBLIP(I)sl = 1946)/ 0070399069117916131916350+1e5584916784
1 910996922109 20825+2e64042085593e06893e28193649293e70393e91294%611
2 924032494527 94072994092995612795932395e651795070395¢8979600879602
3 72960457 96e66196eB20+609999T7e17897¢357 9765309 7e70397e87698e04398e
4 21)98427848¢54598¢70698¢85849003099¢19259e347/

DATA (TBL3(I)el = 1946}/ 3094009509600 970¢980e99009100e3110e
1l 9120091300914009150091600917003180091900920009210¢922003923009240¢
2 925009260092706928009290¢9300¢931009320¢9330934009350e9360e9370¢
2 23800293900940Q094100942009430e9440094500946009470e03480e/

DATA (TBL3P({I)el = 1446)/ 215679281e19347439416639485e69555e196
1 22699692493 763639831099899¢0996%46691029¢91091091152e91212691271 0
2 13296913850914400901494091547691599091650091700e91750e91798e918460
3 ’1891-,19390’19850,20300’2075-’2118092160002202n;7?45¢92286.92327
4 0923660324066 92445¢1208549252005256009259

DATA (ISL4(I}se]l = 1s13)/ C De30e230e490e y008,10011o2o1o4y106,10
1 8420092e¢2910e/ )

DATA (IBL4P(I)e]l = 1s13)/ 1e6090099890099590099190¢98590e9779069
1 70+06964+0e959906955+0695290e950400950/

DATA (TIBLS(I)el = 1e43)/ 0059060650607 90608902095061090e11s00

1 12900149001590017301930e209062330¢259003050e¢35906409065090460+0¢
2 7090980300909 1e09)elsle29le3sleftsoleSsle?9]1e9926092e5936093e504400
3 5¢096e097¢09800910609126092540/

DATA (TBLSP(1)e] = 1+43)/ 0402900 03o0.042'0-05400 0689040829000
1 979001125001466400158+0e188+906218+06232906272390629690635090e39790¢
2 43740a50590055840060390064090667290¢70090e72450e74490676540678390
3 e80090e82690684930e85890089530691650093290094450096040697090e977
4 0498290099091 e00100/ , .

DATA (TBL6(I1)sl = 14455/ 002906430069 0e891e091elsleb0lebslaBy2
1l 0090202920492¢692¢893009302930649366536894000402+8046940694e8+540950
2 2950695460 5-8’60096.2,6049606060897000702o7.407o697~808 098629

3804584648489940/

DATA (TBL6P(I)s1 = 15453/ 9e80271910e947844912689399415e69746419
J? 932 «07 .

2 9947497.779029115, 882879136.37821'159043361’185 2176992138992792

82456 5 +04
4 7564568e017300630e411829697e40229+769e3198B454899927e635
5 . 1014e6101107a1112054221309212161848+15340791656e721785¢2»
6 19206492062¢2922106992367604253062+2700677
DATA (TRIAPP(IYa]l =

2 1245)/  9461234+10a1041041100492401222282013
1l 063288515e22758916096068918e79408920e69872922e6535892406439292606

3 00543420904945030354+947040108949050126951060366953470808955481428

5 74.802:760910'790025’810130953n2429850352’870#619396561991.676’
A .93.782.95 88467
DATA (TBL7(I)sl = 1,19}/ Oclsel59029025063003500b9e45y

-————————l—A54‘554&hALhi;414A154434485--9--9511-/
ENO
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SIBFYIC TBL DECK

SUBROUTINE TBLKP(VOsVARsFOsFCNeNO}
DIMENSION VARU100),FCNI]00)

C THIS SUBROUTINE PERFORMS TABLE LOOK~UP.OPERATIONSe
DO 100 I=1sNO

VAR1=VARI(])
IF_(VO~VAR1} 20051509100

100 CONTINUE
WRITE (62900)1V0,NO

900 FORMAT (34H VARIABLE EXCEEDS TABLE FOR VALUE Elle4+13H TABLE SIZE
1=15)

FO =FCN(NO}
GO _TO 3Q0

150 FO=FCNtI)Y .
uQ_T1Q 300

200 IF (1-1) 210+290+210
210 11=]1~-1 "

TEMP=VO~-VAR(11)
TEMI1=VAR(IV-VARLIL)

RATIO=TEMP/TEM1
FO=RAT]O# (FCN{T)-FCN{I1))+FCNIT1}
GO TO 300 ,
290 FRO=FCN(1)
300 RETURN

END

............
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B.5 Mean Flow Program

This program calculates the local flow properties in a fluid
stream from three independent flow properties using the compres-
sible flow relations (25). Either one of three sets of input data may
be used in the program. All sets use Pitot pressure and total tem-
perature data, and the distinction between input types exists because
the third input property might be centerline static pressure, total
pressure downstream of the nose shock, or mass flux data, As
mentioned in Section II, this variation in input data was necessary
because the static pressures could not be measured directly in the
vicinity of the base. Therefore, the third independent measurement
in those base regions was either mass flux data in the base shear
layers or the total pressure in the inviscid isentropic region outside
the shearlayer. Unfortunately, double roots difficulty in solvihg for
Mach number from the measured data requires that the mass flux

version of the mean flow program be used only for M21,
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B.5a) Mean Flow ProgfamfID,.Listing

PO
TO
MFS

REOFS

TFS
DO
PFS
QFS
DFS
UFS
DUFS
DIA
REFS

MUFS

MUO

NOSP

NTYPE

NPTS

XD

Po E.ptoo

T ='Tt =T
o ity

t

NOSP

NTYPE

NPTS

| x/D

e

free stream total pressure, mmHg

free stream total temperature, °k

free stream Mach number

free stream Reynolds number based on
free stream mass flux, reference length
and viscosity corresponding to free
stream total temperature

free stream static temperature, °k

free stream stagnation da;hsity, gmm,/cm3
free stream static pressure, mmHg

free stream dynamic pressure, gmf/cmz
free stream static density, gmm/cm3
free stream velocity, cm/sec

free stream mass flux, gmm/cm2 sec
reference length, cm

Reynolds number corresponding to free
stream mass flux, viscosity based on
free stream static temperature, and a

given reference length

viscosity based on free stream static
temperature, gmm/sec cm

viscosity based on free stream total
temperature, gmm/sec cm

number (integer) of profiles for data set
integer (1 or 2) indicating mean flow cal-
culation procedure; mass flux version (1)

or static pressure version (2)

number (integer) of data points for given
profile

axial distance from base ratioed to refer-
ence length



YD

TT

PPM

PIBM

REOM

PPG

O

PT
TTTTE

UUE

TTE

DDE
DUDUE

KN

y/D

Ty

(P 5/Po)m
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lateral distance from cenierline ratioed to
reference length

local total temperature, °k

measured Pitot pressure ratioed to free
stream total pressure

' v pLE
() .(-P—) l
Po™ Py v Py

product of corrected (viscous interaction
and tunnel gradient) stati¢ pressure, Pitot
pressure tunnel gradient factor, and
reciprocal of free stream:total pressure;
the ratio of PIBM to PPM gives corrected
Rayleigh-Pitot ratio for determining Mach
number "

measured local Reynolds number based on

‘wire diameter and viscosity corresponding

to local total temperature

free stream Pitot pressure axial gradient
local Mach number

local dynamic pressure, gmf/cm2

ratio of local static pressure to free
stream static pressure

ratio of local total pressure to free stream
total pressure

ratio of local total temperature to free
stream total temperature

ratio of local velocity to edge velocity

ratio of local static temperature to edge
static temperature

ratio of local density to edge density

ratio of local mass flux to edge mass flux

local Knudsen number



UE

DE

TE

TTOE

RET

MUE

MU

MUT

PTM

PPPT

PPP

FM

. ; u
MDEF F&( e

EDEF

pr/P ke

P/Pq

p, /p
£, Pt

p/p;

(pfz'/ Py )C

Re, p VT, /}?t'2

u
e e

Tte"T )

u
pee
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ratio of edge velocity to free stream
velocity

ratio of edge density to free stream density

ratio of edge static temperature to free
stream static temperature :

edge total temperature, °K

local Reynolds number based on reference
length and total temperature

viscosity based on edge static temperature,
gmm/sec cm

viscosity based on local static temperature,
gmm/sec cm

viscosity based on local total temperature,
gmm/sec cm

ratio of local density-viscosity product to
edge density-viscosity product

ratio of local total pressure to free stream
total pressure for region between shear
layer edge and leading edge shock

ratio of local Pitot pressure to local total
pressure

ratio of local static pressure to local Pitot
pressure

ratio, as corrected for tunnel gradient, of
local Pitot pressure to free stream total
pressure

Mach number function
generated

‘generated
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RE Rep local Reynolds number based on reference
length and static temperature

UDEF (u-u‘t_)/(ue -u¢_) ratio of local-centerline velocity defect to
edge-centerline velocity defect

DDEF (p-p¢‘)/(pe—p¢_) ratio of local-centerline density defect to
edge-centerline defect

0

TDEF (T¢_—T)/(T¢_-T ) ratio of centerline-local static temperature
€ excess to centerline-edge static tempera-
ture excess

TTDEF (T,-T, )/(T_-T, )ratio of local-centerline total temperature
t 7t o 't .
¢ ¢ defect to edge-~centerline total temperature
defect

UDIF (u_-u)/(u_ -u¢_) ratio of edge-local velocity difference to
e e . . .
edge-centerline density difference

DDIF (Pe-P)/(pe_Pt) ratio of edge-local density difference to
' edge-centerline density difference

TDIF (T-T )/(T,-T_) ratio of local-edge static temperature dif-
e ¢t "e . .
‘ ference to centerline-edge static tempera-
ture difference

TTDIF (T, -T,)/(T _-T, )ratio of edge-local total temperature dif-
- t t o ¢t .
e ¢ ference to edge-centerline total tempera-
ture difference

UDEL (u -u)/u,e ratio of edge-local velocity defect to edge
¢ ‘velocity

DDEL (pe-p)/pe ratio of edge-local density defect to edge
density

TDEL (T-Té)/Te ratio of local-edge static temperature
excess to edge static temperature

TTFS T/T, ratio of local static temperature to free
stream static temperature

UUF'S u/uw ratio of local velocity to free stream
velocity

DDF'S p/p” ratio of local density to free stream density

DUDUFS p\.@-/pwua° ratio of local mass flux to free stream

mass flux
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DIST S. (1 - —E:-i—)d(XD-) ratio of dlsplacement thickness to refer-
| Fe ence length, §%/D

MOMT X —P—-— (1 --—)d(}i)
ratio of momentum thickness to reference
length, /D

EMT S(l -———t-)—ﬂ—-d( %)

ratio of energy thlckneqs to reference
length, E/D

DMUDMU pu.}t/p‘,ou.mu.‘=° ratio of local mass flux-viscosity product
' : to free stream mass flux-viscosity
groduct
Y= £ (
v R

ratm of transformed y coordinate to ref-
erence length

DEL1 6 /D ratio of wake total temperature semi-
e thickness (¢-e) to reference length
DEL.2 ( ; square root of ratio of transformed axial
: u : distance (based on Kubota's linear wake
theory) plus ''effective origin'' of wake
from centerline velocity extrapolation,
to reference length
DEL3 B+ = square root of ratio of transformed axial
h distance (based on Kubota's linear wake
theory) plus ''effective origin'' of wake
from centerline static temperature ex-
trapolation, to reference length

DEL4 %— UDIF = .5 ratio of wake semi-thickness in terms of
- transformed lateral distance and based on
UDIF = .5 location, to reference length
DELS ratio of wake semi-thickness in terms of
transformed lateral distance and based on
TDIF = .5 location, to reference length

E
D/TDIF = .5

YDELL y/6, ratio of lateral distance to wake semi-
thickness
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YBDELI

YBDEL2 | _

YBDEL3 | y/DEL 1-5  generated
YBDEL4

YBDELS5

x .
XO0u (% + —1-)9-) -x/D  generated
— % |
XOT (% + -]-)2) -x/D  generated
X

SF SF code number 0, 2, or 101l for use in base
region (NTYPE = 1) descrjbing calculation
procedure for streamline determination
(mass flux integration from leading edge
shock 2% 101 or centerline 0) and method
of calculating mean flow (use of Reynolds
number 2 or total pressure behind leading
edge shock 101) "

REOO Re Reynolds number code which instructs pro -
gram to calculate mean flow quantities
from total pressure behind leading edge
shock when measured Reynolds number is
both greater than REOO and exceeds edge
Reynolds number

YBC YBC for NTYPE =1, SF >1 implies lateral
position of data point from centerline in
terms of y/D; for NTYPE = 2, and
NTYPE =1, SF<1.0 implies YB )C

UCL u¢_/u°° ratio of centerline velocity to free stream
velocity
DCL p(t/pw ' ratio of centerline density to free stream
‘ density
TCL T¢_/T°° : ratio of centerline static temperature to
© free stream static temperature
 TTCL Tt¢_ centerline total tempe rature, °K
-2
RW2 ( - Ei) square of ratio of edge velocity to edge-
e centerline velocity defect

T -2
RH 2 (—Tj: - 1) square of ratio of edge static temperature
e to centerline-edge static temperature
' excess '



EMTM

PSll

PSI
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2
Pele B
= product of ratio of momentum thickness to
2 D . . .
Poolloo reference length with ratio of edge dynamic
pressure to free stream dynamic pressure
Pe'e E
- product of ratio of energy thickness to ref-
Polley D

erence length with ratio of edge mass flux
to free stream mass flux

integrated mass flux from centerline to
data point location as ratioed to free stream
mass flux

-0 f ()

. ¥s integrated mass flux from centerline to
data point as ratioed to free stream mass
flux; for this case integration starts at
leading edge shock, i,e., SF>1
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B.5f) Fortran Listing of Mean Flow Program

.v

SIBETC MAL -_DECK
DIMENSION TV(200)s MUVIZ00)s YD(50) PPM(SO). TT‘SO)O REOM(50) »
PPP M PP ) MPV‘
COMMON /TABLE/TVsMUVPPPV MY oMFVoFVgPPV sMPV
REAL MFSsMUFSsMUOIyMIMUIMV yMSsMUT ¢sMUV 9 KNsMDEF sMOMT oMDEF S oMFV M1 gM2
1o MPV
Cl=1e36%980e/2¢871EQ6
C2=SQART(1e4%2e871)%1000+
C3=1le26keT/]le2nH3e5
C4=5QRT(3e¢1416%e7)
1000 READ (591) NOSP, NTYPEs POy TO» MFSy DIAySFWPTM

1 FORMAT (215+6F1040)
WRITE (6926) NOSPs NIYPEs POy TOy MFSy DIA9SFPTM

6 FORMAT “(1H191X5HNOSP=91292X6HNTYPE=91292X3HPO=9E12e494X3HTO=y

TEMP = le + MFS5%¥2/5,
IEMPT = TEMP®*%345
TFS = TO / TEMP
DO=C1%P0/ 10 :
DFS = DO/TEMP#*%2.5
UFS=SQRTITFS)I*MES*C2
QFS=DFS*UFS*%2/1960
DUFS £ DFS®*UFS
CALL TBLKP(TFSsTVeMUFSsMUVa4) .
MUFS=MUF&*1e0E-7
CALL TBLKP(TO:TV.MUOvMUV’AA) j
MUg=MUQ*1.0E-7 )
REFS = DFS*UFS5#DIA/MUFS
REQFS = REFS*MUFS/MUQ
PFS=PO/TEMPT
k_____.__uerE {697) REQFSIREFSsTFSIDOIPFS9QFS9DFSIUFSsDUFS)
7 FORMAT {(1X6HREOFS=9E12e492X5HREFS=9E120492X4HTFS=3E126492X3HDO=y
=9E£12 4HQFS=9E12¢432X4HDFS=pE1204/
21X4HUFS=9E12e4 ¢ 4X5HDUFS=9E12e4 )
c PROFILE DATA CALCULATION
NOS=1
GO TO (10920)e NTYPE
10 REAL (592) XDs» PPGs NPTS9XOUsXOTsREOO
2 FORMAT (2F10e43]110Q33F100e4]}
ARITE (6916) XDs PPGy NPTS9XOU9sXOTsREOO
16 FORMAT (1HO#1X3HXD=9E12e492X4HPPG=9E120452X5HNPTS=915,
« 12X4HXOU=9E12e492X4HXOT=9E12¢492XSHREOO=9E12e4/5X2HYDs
p R 9X1HM912X1HQs12X1HP 9 12X2HP Ty
31IXS5HTTTTE/S5X3HUUEs LOX3HTTE » 10X3HDDE 9« 10X5HDUDUE 9 8X2HKN 11X2HREs |
H HUDEF ¢ 9X4HDDEF 9 9X4&4H /5X4HUUF S 9 9X4HDDF S 9 9X6HDUDUF S ¢
S57X3HPPP ¢ 1L0X3HPPC » 10X4HMDEF 9 9X4HEDEF » 9X4HD I ST ¢ 9X4HMOMT 9 9X3HEMT/
HDEL 6HYBDEL
TTIX4HTDEF 9 9X4HUDEL s 9X4HDODEL /5 X4HTDEL 9 9X4HUDIF 9 9X4HDDIF g 9X&4HTDIF »

95XSHTTDEF 98XSHTTDIF 9 8X6HYBDELZ2 9 TX3HRW2910X3HRH2910X3HPS1 s

READ (593) (YD(I)e I=19NPTS)
READ ¢593) (PPM(l)yp I=1sNPTS)
READ (593} (TT(I)e I=1oNPTS)

E = PISi
3 FORMAT (16F5¢0)
60 10 130
20 READ (542} XD' PPGe NPTSoPIBMoXOUSXOT | .
- #2001 . -

WRITE (608) XDo PPGo PlBMy NPTSOXOU.XOT

5 BM=0E15e4 ¢
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ZIIXZHIT'11X3HPPM010X4HP16MQ9X4HREOM;9X1HM'IZXIHQOLZXXHPolZXZHPTO
H A2HK H

a11x3HRET’10x4HUDEF.9x«HDDEFo9X4HTTF5/5X4HUUF$.9X4HDDF$p9erDUDUF$-
5TX3AHPPP » LOX3HPPC 0 10X4HMDEF 9 IXGHEDEF 9 9X4HD1ST 9 IXGHMUMT 9 9XIHEMT /
65X2HYB o 11 X4HPSI1 99X3HMUT »104X2HFMe 1 1XSHYDEL ] »BX4HDELSy 9X6HYBDEL3y
TIXGHTDEF ¢ 9X4HUDEL ¢ 9X4HDDEL /S X4HTDEL s IX4HUDIF 9 9X4HDOIF 99 X4HTDLF o
89IX4GHDEL3 9 9X4HDELA 9»9X6HDMUDMU » TXO6HYBDEL S » TX6HYBDELS 9 TX4HDELZ /
QUXSL TIDEF 98XSHITDIF 9 8X6HYBDEL2 9 TX3HRW2910X3HRHZ910X3HPS1 »
lIOXSHQMOMToBXQHEMTM-?XlHColZXBHYBCl

1s8)

READ (5.3) (PPM(L), lal»NPTS)

REAC (5e3) (TT(I)e [=1sNPTS])

30 DIST = Qe

MOMI = _[Da

EMT = 0%

Y& = Qat

MDEF=Qe *

EDEF=0a

TTTTE=Lle’

UUE=1g

TTE=le .

DDE=1la : —

DUDUE=T+ ' B ; )

N=0 ; : . .
DEL1=YD{1) - R j
DEL2=SORT(XD+XQU) : .

DEL3=SQRT(XD+XOTD

DEL4=1e0

DEL5=160

1=1

29 YDI=sYD({1)

YRELLI=YDI/DELL )

PPM(1) = PPM{1)*e01} . «

IE_ (1 EQe 1) GO TO 31

IF {1 eoLEe N} GO TO 32

31 GO _TQ (4095019 NIYPE . :

32 PPM(1)I=PPM{1)/e01 ) »
— GO 10 31 . '

40 CALL TBLKP(TT(llvTVoMUToMUVoh#)

MUT=MUT*]le0E=~T

. IF (SF~160) 45943943
63 IF (SF = 100e) 47947944
47 RME=REQOM(1)
._.______BEM_BEDM(I)
IF (REM~REOO) 450464946
46_JF (REM~RME]) 45944944
: 44 PPPI=PPMII)/PTM
- CALL TBLKP(PPEJJPPVJM!MPVIIDI)
‘ GO 10 60
. 45 FM=REQOM(1) Mur*soRr(r1(11)/PPM(11*PEGIPD
; F=FM%*140E04 _
e L E A E=a89) 641e&le&2
: 41 FM = 4000085
“*~_____R£nMLl1_LEM_EEMLLA_EQLLLMHI_SQRI(TTlll!*PPG)
: M=8e0
..;__,_‘ GO 10 A0
; 42 CALL TBLKP(FoFVIMIMFVs101)}
GO 10 60

50 PPP = PIBM / PPM(I) ,
CALL.TBLKP LPPD sPDPV aMaMVs111}

A S
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CALL TBLKP(TIT(l}s TVIMUTIMUY 944}

MUT=MUT*1eQE~-7

6QAMS = Mx#g

TEMPL = MS/5.
TEMP2 = 5¢ / (6e*M3)

PPC = PPM(1) / PPG
IF (M=le) 64064965

- 64

Q=eTH1o36%POXPPLE (M*X20 )% (Se/({SetMAR26) I #2345
60 10 66

65

TEMPS = ({T7e*MS~1e) /{6e*MS) ) %%2e5
TEMP6 = ((T7e%MS—1e)/60e)%%2e5

— 66

Q=C3#PO*PPCRTEMPS
JIFS = TT(l) / TFS/(1le+TEMPL)

61

GO TO (6196219 NTYPE
IF_(SF-1e0) 71062962

71

DUDUFS % (REOM(1)#MUT)/(000254%DUFS)
UUFS = Q/(QFS*OUDUFS)

GO 70 63

UUFS = M 7/ MFS*SQRTI(TITFS)

DUDUFS = @ 7 QFS /7 UUFs
RPES = DUDUFS /4 UUFS

CALL TBLKPITTFS*TFSeTVeMUIMUV44)
MU=MU*] 4QE~-T

/ [

DMUDMU  =DUDUF S*MU/MUF S j
= = #* #* * ] . L

RE = RET#MUT / MU
IE_(M-le) 67467468

67

P=PPCRTEMPTH*(54/(5e+M##24) ) ¥%345
PI1=PPQ

GO 10 69
= - % #* * %

PT = PPCX(le/06e+TEMP2)%#3,5%TEMPO .
Ppp = p ¢ PPC/TEMPT

69

KN = C4xM*o762/{RE*¢000254)

——  AF{] oNEe 1} GO T0O 70

UE = UUFS ,
1E = TIES

DE = DDFs
FMUE=MU

TTOE = TT(I)
GO 10 9¢

70

IF(Il «NEs 2)-GO TO 80
UCL = UUFS

OCL = DDFS
ICL=TIFS

TTCL=TT (1)

B0

RW2=la/{la={lUCL/UE))%%2,p
RH2=1e/({TCL/TE)-1le)%%*24
UUE = UUFS / UE

DDE = DDFs /7 DE
RUDUE = DUDUFS ¢ DE / UE

C=DOE*MU/FMUE
MDEF = DUDUE#*(lo~UUE])

TITTE = T7(1Y /7 TIOE
I1TE = TIFS ¢ TE

‘_..._'.___LtLE_E:J_LngI.L_&JLUCL—rE»

EDEF * DUDUE®(le=TTTYTE)
0 FS= E-

DOEF = (DDFs~DCL) / (DE'DCL)

TTORF=(TTLI)=-TTCLIZ(TTOE-TTCL)
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DUEL=(DE=DDESILDE

TOEL=(TTIFS=-TE)/TE
UDIF=1a~UDREF

DDIF=1e-DDEF
ILIF=le~TREF

TTOIF=1e-TTDEF
10 100

IF {1 «EQe 2) GO TO 98
DELYD = YD(I) = YDR(]-1)

DIST = (24=DUDUES-DUDUE) / 24*DELYD + DIST
MOMI =" (MDEFS+MDEF) / 2+%DELYD + MOMT

EMT = ((10-TTTTES)‘DUDUES+(IU’TTTTE'*DUDUE) 7/ 2e%DELYD+EMT
= + )1+ YB

YBDEL2=YB/DEL2
YBREL3=YR/DELA

YBOEL4=YB/DELS
YBRELS=YB/DELS

98 GO TO (100997)s NTYPE
Q7 IF (UDIF-TDIF) 990992109

99 IF (DEL4~1e40 ) 10191019102
' e lo0) GO TO 109

IF (DEL4 +EQe le¢0) GO TO 99
GQ 10 100 :

101 IF (UDIF=¢500) 103910#.105 !
104 DElL 4=YR ) )

IF (DELS oEQe 1.0) GO 10 109 !
GO 10 & .

105 DUDUES=DUDUE
MDEFS=MDEF

TITTES=TTTTE
_DDES=DDE_

UDIFO=UDIF
IDIEQ=TIDIE

YBO=Y8
NIl=l 4

IF {N11 eNEe NPTS) GO TO 200
1=1G0

DEL4=26 - ’
DEL5=2.

GO TO &
200 GO 105

‘103 DEL4=YBO+{YB -YBO)*(UDIFO—.SOO)/EUDIFO-UDIF)
IF _(DELS oFQae laQ0) GO IO 109

) GO TO 4
109 IF (DF1%=1.0) 111s111s10Q2

111 IF (TDIF=e500) 11391149105
1l DELS=YB

IF {(DELSG oEQe l.Ol GO 70 99
GO _I0 4

113 DELS= YBO+(YB-Y80)*(TDIFO-05)I(TDIFO‘TDIF)

IE (DFLG oEQa . la0) GO JTQ 99
& N=] ?
1 =1

7

Y8 = QeQ
DIST _=0a

MOMT = O¢
EMI %04

YBDEL4=040

; i YBRELSR0L0 : . “
; GO TO 5 - ‘ :

2 N
£
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MDEFS_ = MDEF

TTTTES = TTTTE
DOES = DDE

QMOMT=MOMT *UE*UE*DE
EMIM=EMT*DE*UE

YBC=YB#SQRT(C)
PSL)l=UE*DE*(YD([)=DIST)

IF (SF=1e0) 9098989
— 89 PSI=(DELI+UC*DEX(DIST=YD(I}))

YBC=DEL1=-YDI . ’
90 WRITE (699) YO(I)eTT(I)oPPM{I)yPIBMIREQM{I) sM9QeRsPTSTITTTE

1+UUE » TTE + DDE s DUDUE sKN »RE yRET s UDEF s DDEF » TTF S9UUF S 9

PSI1eM £M
3YDEL1+DEL5 »YBDEL3s TDEF »UDEL sDDEL ¢ TDEL sUDLFoDDIF 9 TOIF ¢DEL3+DEL# s
4DMUDMU+ YBDE( 8 » YBDEL5 s DEL2+ TTDEF 9 TTDIF s YBDEL2 9 RW2 sRH2 9PS 1 9QMOMT o

SEMTMeCeYBC
9 FORMAT (1HO»10E13e4/7(1X910E13e4))

5 I=1+1
NI =]-}

IF (NI oNEe NPTS) GO TO 29
NQS=NOS+1

IF {(NOS +GTe NOSP ) GO TO 1000

GO YO (10:203 NTYDE
END . ‘
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$IBFTC BLO DECK

BLOCK DATA

REAL MV MUY sMFV yMPY

DIMENSION TV(200)sMUV(200)sPPPV(200)9sMV(200)sMFVI(200)sFV{200)

1PPV{200) s MPV(200)

COMMON /TABLE/TVeMUVPPPVIMV I MFVFV PPV IMPY
[ JABLE ) === MU=F(T)

DATA ( TVU(I)el = 1944)/7 000330¢940095009600970¢980¢290¢910009110¢
4009150091600917009180e919009200¢92100922009230049240s.

2 0250.0260.9270-9280.0290.030000310.'3200033000340003500036000370¢

3 $3800939009%4000941009420e3943009440e9450e/

DATA { MUVII)eI = 1966)/0009215e79281le15334Te39416e3948566955501

1622699692699763¢398316998996099640691029¢9109109115269121269127100»

2 13296913856914400918944315476951599e91650e91700601750091798e918460¢

3 918936919396 91985492030¢92075921180921600392202¢92245092286092327 .

G 0923660920060 924450924854/
< TABLE 2 ==~ M=F(P/PFS)

DATA (PPPVI1)»l= 10111)/o007739o-0078960-0080570000822400008394!

1¢008572+000875450008943+¢009138540093385e009546+000976190009983 ¢

1.01021)0010459001070'001095o.OllZZ'o011499o0117?0

¢012079 012224001237 90012539001269,
1 001285'n013029-01319y0013369-Ol35h!-013720-014099.0164890014880
7 65199e01667500171 176890018235001880501939,
0020029-0206700021361-022089002284'-02364040254990045379002631’
002730160283490029459003062+40318749403319+4034595403609+.03768s
e039389¢041209e043149060452390e047479e049879e0524T790¢055269005829
0061572606513990690090073237,6077859¢08291900884890094615010149
010894011733¢12669013713e14892e1622+9e17733019455621424023685
026284929303032801903685944)15996%46899052835059135¢6560907209
.7b#0.08430908956909183009395.n95750-9725..98“4;o9930go9983.
1 +999441.07.

DATA (MVI]), I=1,111) /100!90999.809.7!906’905'90“!9039992090109009
180998083807 98¢638¢5980%98039802580l,

1 Be0570959 7909785370809 7¢759T7e¢70976655
1 7260976550705 9704970397029701976096999650896079606960596049603»

2 6023601960095693556895¢7956695659504950395¢295e¢105¢0946¢994080447
4 ° 0093993689307 9305930593 e8930353029301
4 3000209928927 952e632059264920392¢2920132¢09169910B9le79leb651e55
5 lefsle3919e23]e 101'09q99g89-71)6,05704'o359-39.259-2:-159-1’a050
6 03500 /
C. JABLE 3 =~-~ M=F(FM)

DATA (FV(I}s 12191011 / ¢83859¢8388+083929083979¢83999¢84045084060
1086099684149 e8818968823+084279e863145e84369e8443908452948457908462»
2¢8465T90e847390864809484855084919e84979685049e85130e8521948530448539,
308548948557 9e85659485759¢85899¢86009¢86139086219e86319e8664%9086629
4686769e856919eB87060e87219eBT7829087629087B09e8798B9¢88B1994¢8843708865
508894 4¢89181¢894449489759¢9009+9042+090779091145091559091964e9247
6092999693439094039094649095239095965096679e¢9753909837969933,

: 71e0035+1001499100265310040351e05369160695514086491010469161248,
81e1357414146341415833141702911830+1¢195691620909102221912371
9 9 +31 0324491633809134949163585,

VR ~NOWiD W

1136644103680/
h DATA (MFV(!,iI=19101‘/10.990919.8’9.70906v9059904;9.3990299-1|9001

18e99BeB8s8BeT9866980548449Be3+8¢23801y 86097693 TeBsTeTs7e69
765970427033 702976107e09609066896079606960536049603,
2 63296419600950995¢895¢79506950595e895031+5¢2450195¢0340F%408v4e7s

P 3 86696059006084039%0294019%4¢0930993089234793e693¢593049303930293019

i 4 300'2.9'2080207’2.60205!2049263;2.2020192;0.1:9501.9'1.85'1080
— e o7 7 5 5 5 1 1

105

g 114055140/ L .
e < TABLE 4--=-eMsF(PPPT) et
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1600386896 00406194004267 9200448604004 718B94004964940052269005504
16005799 99006114 90600686499+00680694007187+e007592+0008025+4008488y
1:008982,44009510+¢0100B9¢010689001133+001202+0012779¢01357
16014634401535940163490017619601857+0019819002115+00225994024160
10025844 4027670402965 9e03180900341290036649¢0393890042369¢045600
1006912400529 7 94057159061 7296066709007214960780990084591+00%170s
1009948501080 90011739412769412884+015109¢1645901792901953902129
) 7 3 0389590423690460194499
1054010058333 46281 9667429672099 700290T76T49e79029e81279e8346
128557 2%87602¢89529091329092989694%48995829096978¢9794+0987199928¢
109967+¢9989449999+140000/
DATA (MPVI1)101=14101)/106996999¢899¢7996699¢59764990399629%019%603
18.9’808980708.60805!8 698639802980l 8.0'709,70897-707.6!
7
-2 6.2’601960005.995.8;507050605- 95¢4o5o395020501'5009609’408’4079
4 . . ol 934253

; 4 3,092 9Q2¢8¢2.7020612‘5¢204v2o3y2o29231v2.091¢9591¢991-8591.80

o !lg !511.7[IQﬁéglgﬁglgﬁiglgﬁg1;‘0521.&210352103!1225110291.15!1019
110050100/ '
END L
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S1IBFIC TBL - DECK
SUBROUTINE TBLKP(VO;VARyFOoFCNvNO)
i R (1
< THIS SUBROUTINE PERFORMS TABLE LOOK-UP OPERATIONSo

D9 100 I1=1sNQ

VAR1=VARL(I)
IF_(VO-VAR1) 20021502100

100 CONTINUE
WRITE (629001VQeNO -

900 FORMAT (34H VARIABLE EXCEEDS TABLE FOR VALUE Ello4’13H TABLE S1ZE
1=15)

FO =FCN(NO)
GO 1O 300

150 FO=FCN(I1)
G0 10 300

200 IF (I=1) 21092909210
210 il=]1-1

TEMP=VO=VAR({I1)
TEM1=VAR(I)-VAR(I1}

RATIO=TEMP/TEM1 .
_FO=RATIO*(FCN(I}-FCNI{ILIJ+FCNCIL)

GO TO 300
290 FQ=FCN(I)
300 RETURN |

END v ‘/
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C.1l) ID Listing for Tabulated Mean Flow Data

D - D reference length, inches
MFS M, free stream Mach number
P p/Poo ratio of local static pressure to free stream static
pressure
Pra .3 3
PITO —x 10 ratio (x 107), as corrected for tunnel gradient,
Po of local Pitot pressure to free stream total pressure
PO P, free stream total pressure, mm Hg
p ‘ '
PPCE —t2e ratio, as corrected for tunnel gradient, of edge
o Po Pitot pressure to free stream total pressure
p
PTM — ratio of local total pressure to free stream total
o pressure for region between shear layer edge and
leading edge shock
REFS Re D free stream Reynolds number based on reference
length
TO To . free stream total temperature, °k
TT T‘t local total temperature, °k
TTTTE 'I't /T _ratio of local total temperature to free stream
e total temperature ,
™ -T.W ». wall temperature, °k
UUE u/ue ratio of local velocity to edge velocity
XD x/D axial distance from base ratioed to reference
length
YD y/D  lateral distance from centerline ratioed to refer-

- ence length
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TABLE I

Test Summary

Model Py’ Rem/inﬂ Mgl T, l Tmodel, Measured %
psig °K;  °K . )
10 | .47x10°| 6. 04| 403

Flat Plate | 35| o4 6.07| 404| Ad.Wail .19

c=1.0dn., 1 o b .40 6.08| 404 &)

r= 016 in. . 5|8 i

(FP) 85 [1.90x10°| 6.10| 404

. 10 | .47x10°]6.04] 402
207 Wedge | 5| “aa- - )
H _ 15 in 35 G‘ 94 65 07 402 A_d. Wall 5_’60

= . | 60 .40 6.08] 402
(. 15w) 85 }.903{105 6.101 402

3%
200 Wedge i0 .47x105 6.051 400
He 15| 2067 6.10] 402 o
(. 15w) 35* L 94 6.11]402
50 .22 6.111402| Ad. waul
] *

— . 70 c60 6.13 402 _015
H=,3 in. J -.45
Bw-1) 85% .90 6.14] 402 -42

100 2.18x10°6.15]402
20° Wedge | 10 .47x10°6.05| 400| 348

L 35 | .94 6.111402| 350
=3 an. 60 lI.40 6.12]|402| 351 »Pgs Tys Nu, | 030
{(.3w-2A) . 5 ° P ¢

85 1.90x10°|6.14] 402 351
20° Wodge | 10 .47x10°]6.04| 402] 77

. 35 | .94 6.11|402] 77
H =3 in 60 I.40 6.12) 4031 77 0--30
(.3w-2c) | ©9 ¢ 5| |

85 11.90x10°]6.14}403| 77




-178-

TABLE 1I

Accuracy Summary

Overall Uncertainty

Quantity

Shear Layer Wake
Measured Data
Pt/ P, + 2% + 2%
Ps/Pey .- + 2%
pe/poo‘ (Far Wake) _— + 5%
T, wm t.5% + 5%
Nu, £ 3% -
Pb/poo (Base Tap) + 4% -
Pb/Poo (¢ Probe-Low Re) + 7% ---
Py /Py, (Ad. Wall) £ 2% -
x/H) £ . 1H
Derived Result
Tt/To (Min, -Edge) 1% 1%
Tt/TO (Max. -Ad, Wall) £ 2% 1%
T,/T, (Max, -Cold Wall) + 15°K + 10°K
pu/pwuw ’ | + 570 - -
u/ue + 7% + 2%
M + 15% + 3%
p/P,, £ 20% e
p,/P, + 20% + 4%
T/T, + 15% + 3%
X,y + ,002 in, + ,002in.
U/ P oot H ‘

X
E) 0<g <.25 + ,01H _——
T
°o/C  { )X, 25 + ,02H -

P ) H™ |
Po C




Wall Wedge

iC

" Adiabati

¥

~O
Q‘i

(H= ,3).at M, =6 andRewH‘-': SfZXlO

Fig. 1 Schlieren Photograph of Wake behind 2
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VERTICAL CENTERPLANE OF TUNNEL

x=0
(THIRD PORT CENTERLINE)
0
02 T P0= 85 (o]
.00 e o262 40 i
00 o o o} o | o7
1
.00 ° o o L o ) o]
02 F io A B
.()O‘Hs L 8 A o A A )\ & 4‘}
-6 -4 -2 0 2 4 6
y"Y@_v'n
X=2 in
.02
? o : %=85 o o) Q
o o
00 ? ? & o i I
.02 80 -
oo? ° L o o o [ . g O 0 7
'OZT o 35 5 a &
.02‘ - 0 |
ool & o & . & ) a3
-6 -4 -2 0} 2 4 ..8
y- YQ_v'n'
FIG.4 VARIATION OF FREE STREAM PITOT PRESSURE IN
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ANGLE OF AT TACK
ADJUSTMENT GEAR

AUXILIARY PORT

(2 HALVES)

WIND TUNNEL PORT

\ALIGNMENT STUD

SCALE 2:f

al

4.

4%

1.000"

015¢°

900°

——106"—|

{

{

e 106"—]

—o{j Qe

(

{

FIG. 5a. FLAT PLATE MODEL (FP)
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P2 0'-RING.
7

l RN
- 2 PRESSURE TAP HOLES,
< D135° DIA. EACH

= 9 ‘
= 4
P / AUXILIARY PORT
EF
2% ~ P

WIND TUNNEL PORT

MODEL_ADAPTER

>
o
o
Q
25" DIA.

-ﬂ—-.oas- 0D TUBE
— L .25"DIA.

T A
L 10— 75— 2 8 75" —i20r
2.45" 094

© FIG.5b. 20° WEDGE MODEL -H=15* (I5W)
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/5 PRESSURE TAP HOLES,
0135° DIA. EACH

AUXILIARY PORT

WIND TUNNEL PORT

4990"

LI
]
AJI.—Z;;JﬂA

e

'===—: By ™~ 3
N R
A 1
460"l 75— 75" — oo’
2495° 4

FIG. Sc. 20° WEDGE MODEL-H=3* (3W-1)




SHIELD

040" CERAMO
THERMOCOUPLE

WIND TUNNEL PORT

FIG Sd. 20° WEDGE MODEL - He3"(3W-2)
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THREE .016 DIA. HOLES PROBE - HOLDER JOINT
AT 120° INTERVALS ( SOFT SOLDER)

CONE TIPPED

PROBE 75 —’[‘.50-*‘1-!.00—'

3
~\sgoifr0420 | T 1— e
B 00—l ||-—eo—-l T .083D
50D
15 .85 —}+—1.00 \_
85— — PROBE-HOLDER

~>|30{+—70—= SEALED TIPPED
— = ) PROBES (THREE EACH):

—" 45 r:55*‘ r0420 (TYPICAL)
« I ; 3

PROBE-HOLDER JOINT
LOCATION (TYPICAL)

TWO .020 DIA. HOLES AT i80°
INTERVALS (TYPICAL)

STATIC PRESSURE PROBES

FRONT VIEW
SCALE; 20|
[+ 012
l*57ai 3 | 8—«—!23« 3-250
]| 042D 065D f %oaso
| le-.004

PITOT PRESSURE PROBE

SCALE: FULL
DIMENSIONS: INCHES

FIG.7 STATIC AND PITOT PRESSURE PROBES




PRESSURE LEVEL, cm Hg
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16 l l I

EXCITATION VOLTAGE, 5.000V
14} — TRANSDUCER RANGE, O-S5psi
CALIBRATION TEMP. , 25°C

12

10

8 | | -SLOPE = 1.6] mv/mm Hg
6 A INCREASING PRESSURE

- DECREASING PRESSURE -

LA

0 5 i0 {5 20 25
TRANSDUCER% OUTPUT, mv

FIG.8 CALIBRATION OF STATHAM PRESSURE TRANSDUCER
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TWO BRASS BLADES .020 THICK
SEPARATED BY .020 LAYER OF
STYCAST 2850 GT CEMENT

TWO STD. SEWING
NEEDLES

_ ey o0
o?a | _‘}-—65-4-— 90—42;];;;47

SCALE: FULL
DIMENSIONS: INCHES

FIG.I0 HOT WIRE PROBE
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TG SWITCHING RELAYS

T.C.ON HOT
WIRE SUPPORT
<= DEKAVIDER oiGITAL
VOLT METER
HOT WIRE
P SANBORN
I} coLD AMPLIFIER
LY JUNCTION BECKMAN
AMPLIFIER
CURRENT S
MEASUREMENT >
615K - 2K
BUCKING . {
500} VOLTAGE ~ 2K
X0 el 7
2u* !
B e W OF
// b
3 r zn"xt—-r -
doo b _swircrw recaw__ | ]
+ - + d . i
300 VOLT 0-15 vOLT o v
REGULATED REGULATED X -Y RECORDER DEKAVIDER
POWER SUPPLY POWER SUPPLY
POSTION
POTENTIOMETER
=== =~
045 VOLT 3 7E N SPEEDOMAX
REGULATED HE 2 | 0-5 MV
POWER SUPPLY i3 \ 3/ RECORDER
| Septw—— ad -
BALANCE b
CIRCUIT :
1
i
REng“D CARD PUNCH PROBE DATEX
|—5 §EC PULSE ACTUATOR ENCODER
[
1 |
1
t
! Vi
1
STEPPING SWT 50 MSEC POSITION DATEX
ACTUATOR T ENCODER CONTROL
[]
? - .
: .
v
-1 | =
— i }__ PROBE Y-AXIS I
\ ADVANCE SERVO CARD
\ / i-5 SEC ACTIVATOR PUNCH
b N ) '
*10-TURN PRECISION POTENTIOMETERS
SWITCHING RELAYS SHOWN IN HIGH CURRENT POSITION
& s .
Fig. 11. Simplified Schematic for Hot Wire Recording System



FIG.I2 PROBE FLOW REGIMES IN THE M-RE PLANE-
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1.0 ]
T ‘ | stg [(2% N coshzv]
- - +_..-.
/‘ N wo) 2 ('-wc)
~| E
- -3 ﬂ,. TO 7 Ts‘Tam . Ts .
2|= .8 st=[ g [ :=-O{+ =9
W |+0r(Td I 273)] To Ta‘m

N \\ |

.6 % \

FLAT PLATE AN
ol Fo= 10psig Ra \
X/L=I.5J "o,
X/L=05
2 ~c
N
AN
o)
0 2 4 6 8; tanh I.O\
Yo
FIG.1I3 NUSSELT NUMBER END LOSS CORRECTION FACTOR

CORRELATION OF MEASURED RESULTS FOR FLAT PLATE

WITH THEORETICAL VARIATION FROM DEWEYS END LOSS

ANALYSIS
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0 L _
0 5 0 15 20 25 30
| . */H
FiG.i6c VARIATION OF CENTERLINE AND EDGE MACH NUMBER WITH AXIAL DISTANCE AT M, =6
~ 20° WEDGE MODEL-H=.3-ADIABATIC WALL
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15 20 25 30
x/H
F1G.16d VARIATION OF CENTERLINE AND EDGE MACH NUMBER WITH AXIAL DISTANCE AT M6
20° WEDGE MODEL -H=.3 COLD WALL
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10

20

25

45

RegH

=1.4 x 10%

5 0 i5

20

25

x/H 30

FIG I? CORRELATION OF CENTERLINE MACH NUMBER FOR 20

ADIABATIC WALL WEDGE AT M,

8
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