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ABSTRACT

An experimental investigation of heat-transfer and pressure distributions
within regions of laminar separated flows produced by two-dimensional rear-
ward-facing steps has been carried out at treestream Mach numbers of around
4 in the range of step height-to-boundary layer thickness (h/&) varying
from 0.1 to 2.4. With no suction from the separated area, the ratio of the
maximum post-step heat transfer to the attached-flow val:ies (émax/afp)
was less than unity and decreased slowly with h/é or Reynolds number based
on the step height, Rew’h. A minimum values of q was predicted to

max/af
X 3 4 . P .
occur in the range 107 < Re_ h < 10°. The maximum heating-rate region was

located far downstream of thé reattachment plate stagnation point. Mass
suction from the separated area increased the local heating rates, this
effect was however relatively weak for purely laminar flow conditions and
the competing effect of the step height clearly predominated. At step
heignts comparable with boundary-layer thickness, even removing the entire
approaching boundary layer was not sufficient to raise the post-step
heating rates above the flat-plate values.

The base pressure in the no-suction, solid-step case correlates reason-
ably well with the parameters Rem’h and h/s, displaying an initial decrease
followed by a tendency to level-off in the upper range of Rem’h and h/s
tested. Our experimental evidence indicates that entrainment conditions
at separation may have a significant effect on the pressure distribution and
flow field behind the step. The experimental results and trends observed
in this investigation are discussed and explained qualitatively in terms of
physical flow field models believed to be characteristic for separated flows
with thick approaching boundary layers.
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SYMBOLS

b Width of model

h Step height

H Enthalpy

L Length of surface ahead of step
m Mass flow rate

M Mach number

P Pressure

a Heat flux

Re h U_h/v_, Reynolds number based on h
Re L U_L/v_, Reyrolds number based on L

?

T Absolute temperature

U Velocity

W= hs/pwumbh,nondimensiona! mass-suction rate

X Distance downstream of leading edge

aX Distance downstream of step

Xe Distance downstream of nozzle exit

y Transverse distance measured from centerline; distance from
surface

8 Boundary-layer thickness

§* Boundary-layer displacement thickness

p Density

v Kinematic viscosity

X Interaction parameter

Subscripts:

b Base

BL Boundary layer

fo Flat plate

vt Maximum value

ns No suction

0 Stagnation conditions

ref Reference conditions

3 Suction; static

step Step location on the flat plate
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INTRODUCTION

The flow field downstream of a rearward facing step at supersonic
speeds has been of much interest during the past several vears. The
problem has become important because of the current interest in flares
and control surfaces for various filight configurations at hypersonic
speeds and because of possible application of sliding metallic heat-
shield panels for future space shuttle structures. One of the possible
flow regimes which may be encountered by some of these applications
concerns the conditions characterized by (a) laminar flow throughout
the separation, (b) thick boundary layer (i.e., when its thickness & is
comparable to or larger than the step height h), and (c) mass suction
from the separated area. It is our intention to investigate heat-
transfer and pressure distributions for such flow configurations.

The flow field in the step region under no-suction conditions is
determined by a strong interaction between the viscous recirculating
region at the step base and the external inviscid flow. The studies
of various aspects of a rearward-facing step or wedge are numerous;
however, the vast majority of published works have centered or the case
where the boundary-layer thicknecs is smaller than the step height,

including investigations by Rom and Seginer], Weiss and Neinbaum2’3,

4,5

Scherberg and Smith™®
by Erdos and ZakkayS, Wu and Sug, and Ohrenberger and Baum.]o Experi -
mental information or the case of h/é = 1 is almost nonexistent and,

to our knowledge, no experiments have been made that would include

mass suction from the separated area.

When the boundary-layer thickness is comparable to or larger than
the step height, then: a) downstream effects can be easily transmitted
upstream through the subsonic portion of the boundary or shear layer,
b) viscous effects may increase their range of influence, and c) the

effects characteristic of supersonic, thin boundary-layer flow such as

s Hamas, Batt and Kubota7, and more recent works

expansion at the corner, well defined location of compression near the
reattachment point, and configuration of 1lip and trailing shocks will
be substantially modified. Further modification and/or complexity will



be introduced by application of the mass suction from the base area.
Such a suction may conceivally result in an intense heating at reattach-
ment and, therefore, knowledge of poststep heat-transfer di<* - don,
wher, the mass-suction is applied, may be of considerable | .tvical
importance. In addition, it is felt that a study of pressure and hect-
transfer distributions may provide information which can be used to
define preliminary flowfield models amenable to analytical studies.

Our experiments were conducted at M_=~ 4 in an arc-heated wind
tunnel of Thermal Facility Unit at NASA Langley. The ratio h/é§ varied
from 0.1 to 2.4 and the ratio of wall temperature to freestream temp-
erature, Tw/To‘ varied between 0.055 and 0.11. The effects on surface
pressure and heating rates of step height, slot mass-flow rate, and
freestream flow parameters are presented and discussed for a range of
Rem’h (Reynclds aumber based on freectream conditions and step height)
between 40 and 2200. The present data on base pressure and maximum
poststep heating rates are correlated and compared with available
theoretical predictions. Part of the experimental results presented in
this report was published in Ref. 11.

APPARATUS AND PROCEDURES

Wind Tunnel

The arc-heated wind tunnel used for the erperiments consists of
a magnetically-stabilized alternating current arc hester, plenum
chamber, a 15 degree conical supersonic nozzle, test cabin, diffuser
and vacuum pumping system. The water-cooled supersonic nozzle has a
7 cm (2.75 in.)-diameter throat and a 22.8 cm (9 in.)-diameter exit
section. The size of uniform gas core at the model location is no less
than 17 cm (6.7 in.). The test medium was air heated by copper elec-
trodes and the nominal range of test conditions was: Po =1.82 X 104 -
1.99 X 105 N/me (0.18 - 1.96 atm), To = 2700 - 5500 K, M_ = 3.95 - 4.27,
Re_/cm = 160 - 2200. Figure 1 presents a simplified diagram of the
experimental setup used in this investigation.



Models and Instrumentation

Two basic models were used in this investigatic.. Model I was
designed for no-suction tests, Model II was designed and used primarily
for suction tests. Both models were two-dimensional and provided with
sharp leading edges. The morels were made of copper and were water-
cooled.

Model I (Fig. 2) had 12.5 cm (4.91 in.) Tong section upstream of
the step. This section was provided with two pressure orifices, one
located 3.1 cm (1.22 in.) ahead of the step and the other located on
the vertical surface of the step. Varying the step height was accomp-
lished by inserting or removing spacers beneath the reattachment plates
which were mounted immediately behind the step. The interchangeable
reattachment plates were instrumented for either heat-transfer or pres-
sure measurements.

Model Il (Fig. 3) was designed as an integral part of a structure
containing the step model itself, retractable supporting strut and air
suction duct. Under the conditions of thick approaching boundarv-layers
and low pressures in the recirculating region, a large suction - area
was required in order to remove a significant portion, or poss _, the
entire boundary-layer flow. Therefore, nearly the entire arna o7 ine
vertical step face was used as a suction slot. The slot was connected
to a R-6000 Heraeus Mechanical Blower via a s,:tem of flexible hoses
which allowed for rapid injection of the model into the test stream.
The section upstream of the step was 10 c¢m (3.925 in.) Tong. The step
height was varied by changing the spacers beneath the interchangcable
plates, instrumented for either pressure or heat-transfer measurements.

Heat-transfer plates (separate for Models I and II) consisted of a
0.74 mm (0.029 in.) thick stainless steel sheet with chromel-alumel
thermocouples spot-welded to the undersurface. The outputs from the
thermocouples were recorded at 0.025-second intervals.

Water-cooled pressure plates (made of copper) were instrumented
with 1.2 mm (0.047 in.) diameter pressure orifices which were connected
to CEC strain-gauge pressure transducers. The electrical outputs from
the transducers were recorded at intervals of about 1 second.



Mass Suction Installation

An arrangement employed for suction experiments on Model II is
shown schematically in Fig. 1. The hot air removed from the separated
region behind the step was passed through flexible hoses, vacuum pump,
and an instrumented section and then reintroduced into the test cabin.
The instrumented section connected to the discharge side of the vacuum
pump was equippec with several pressure and temperature sensors to
provide information nece. :ry for evaluation of suction mass-flow rates.

Procedures

The test conditions were varied by changing the tunnel mass flow-
rate and the power input to the arc heater. At the beginning of each
run, pitot pressure and stagnation heat transfer rate in the freestream
flow were determined by using standard retractable devices (impact pres-
sure probe and hemispherical calorimeter) injected sequentially into the
stream. These measurements, combined with that of the press.-e in the
plenum chamber, served to establish stagnation and freestream conditions
for each individual run.

In the experiments involving mass suction (Model II), the vacuum
pump in the suction circuit was started before the model was injected
into the jet. It was found that, for most of the tests, a periou of
time needed to stabilize pressure in the suction circuit after the model
had been injected, was less than about 0.8 second.

Heat-transfer data were obtained from measurements of transient
skin temperatures resulting from a stepwise increase in stagnation teip-
erature. The model, initially at room temperature, was suddenly (in
less than 0.25 sec.) exposed to the hot air flow where it remained ¢rom
1 to 3 seconds. Heat-transfer data were computer reduced according to
a simplified heat-balance equation

. dT

4= cpdy At
where Cy is the specific heat of the wall material, Py is the density
of the wall material, dw is the wali tnickness, Tw is the wall tempera-
ture, and “ is time. The equation above presupposes a constant temp-
erature through the model skin, negliyible lateral heat flow, negligible



hezt flow to the interior of the model, and no heat losses through
radiation. In these experiments, the slope dTw/dt remained very nearly
constart for at least 3 seconds, i.e., for a period longer than that
required to stabilize the flow in the suction duct (less than G.8 sec.).

Instrumentation and experimental procedures are discussed in more
detail in Ref. 12.

TEST CONDITIONS

In the absence of detailed data on the flow conditions in the test
section of the 22.8 c¢cm (9 in.) arc heated tunnel, extensive work had to
be done to determine, as accurately as possible, the actual freestream
conditions and boundary-layer parameters along the surface of the models
used. This work amounted to a partly independent study which is summa-
rized below.

Freestream Properties

A survey of the pitot pressure along the jet axis showed that a
significant pressure gradient was present in the jet expanding freely
from the nozzle. The tunnel flow properties at any location in the
test stream were then evaluated from both measurements and calcula-
tion:. As mentioned previously, during each experiment the pitot
pressure and stagnation-point heai-transfer rate were measured at the
model location and the plenum pressure was measured in the arc chamber.
The stagnation enthalpy was ther determined for dissociated air in
thermochemical equilibrium using a correlation developed by Fay and
Riddell (Ref. 13). The values of the plenum pressure and the stagna-
tion temperature (the latter obtained from a Mollier diagram using the
appropriate stagnation enthalpy) were used as input data to a romputer
program for chemically frozen, isentropic flow expansions (Ref. 14).
The solution was terminated at the station where the computed pitot
pressure matched the experimental value of the pitot pressure estab-
lished for the step location.

The assumption of the frozen flow model was based on exar.ination
of numerical so'lutions]4 to (a) nonequi]ibrium, (b) frozen, and (c)



equilibrium nozzle expansions for a number of test conditions spanning
the entire range of the nominal conditions. In all cases, the flow
properties defined from frozen flow expansions were very close to the
prc erties determined from nonequilibrium flow expansions, thus indi-
cating only a minimal amount of chemical recombination during the
expansions. Consequently, the use of simple frozen expansions should
be considered as a reasonable assumption. An additional argument on
behalf of this assumption was provided by close agreement between the
experimental wall pressure distributions on the flat-plate configura-
tion and the theoretical predictions based on frozen flow properties.
In making such predictions, account was made for the existence of a
longitudinal pressure gradient in the test section which was identified
from pitot pressure surveys.

Complete records of test conditions in heat-transfer and pressure
measurements are presented in Tables I through IV.

Boundary Layer Parameters

Parameters of the boundary layer at the step location were pre-
dicted “or nonequilibrium flow-equilibrium catalytic wall conditions
and assuming that there was no upstream influence of the base pressure.
The calculations were performed by using a program developed by Blott-
ner']5 and included the effect of the freestream pressure gradient
along the plate. The selection of nonequilibrium flow-equilibrium cat-
alytic wall conditions was based on a critical evaluation of numerical
predictions of flat-plate heat-transfer distributions obtained for the
following models: (i) nonequilibrium flow-equilibrium catalytic wall,
(b) nonequilibrium flow-noncatalytic wall, and (c) perfect gas flow.
Typical results of the comparison between theoretical and experimental
data are shown in Fig. 4. It was found that in practically all cases
being compared (sixteen different test conditions), the predictions
based on model (a) were in good agreement with the experimental data,
whereas the predictions using the other two models underestimated
heating rates by a large margin. The major difference between the
catalytic and noncatalyti: solutions tended to indicate the signifi-
cant influence of surface recombination effects on the heating rates.



The assumption of no upsiream influence of the base pressure
wnich, of course, is not valid in tihe case of a thick boundary layer,
means <imply that the boundary-layer parameters correspond to a flat-
plate configuration. As such, they can be conveniently used as refer-
ence parameters when making comparisons or presenting ccrrelations.

The values of boundary-layer thickness (5) and displacement thick-
ness (8*), predicted for the step location, are listed in Tables I
through IV.

Flow Uniformity

Initial measurements of pressure distribution on the flat-plate
confiquration revealed strong departures from constant longitudinal
pressure .onditions which could not be explained in terms of viscous
interacti~n effects. Subsequent pitot pressure surveys indicated the
presence of an axial pressure gradient in the jet stream, as shown in
Fig. 5. By properly adjusting the test-chamber pressure (controlled
by the rate of additional air blown into the test chamber) it was
possible to maintain the jet underexpansion unchanged from one test to
another at the same stagnation conditions. The presence of the pressure
gradient was accounted for in defining freestream conditions and para-
meters of the boundary layer along the surface of the models.

Because of limitations on the model size and a desire to produce a
boundary layer as thick as possiblz, the models selected for this inves-
tigation had relatively small widths as compared with the lengths of
the section upstream of the step. This raised a question concerning
two-dimensionality of the flow along the instrumented section. To an-
swer this question, pressure measurements were made which included
transverse pressure distributions at a few stations along the instru-
mented plate. The results of this examination, shown in Figs. 6a and
6b, indicate that the flow near the centerline was essentially two-
dimensional over a distance of at least 6.5 cm (~ 2.5 in.). In vieu of
longitudinal pressure gradients in the jet and limited width of the
models, great caution must be exercised when interpreting data collected
far downstream of the step (ax > 6.5 cm (~ 2.5 in.)). In addition, un-
der some flow conditions, the rear part of the model was influenced by



back pressure effects or a shock wave system generated by the support-
ing strut. Since the main object of this investigation was to study
separated flow region immediately downstream of the step, the flow
structure downstream of the reattachment was of secondary interest in
this work.

Concerning the influence of longitudinal pressure gradients, it
may bc argued that these gradients should affect different step geo-
metries in essentially the similar way, at least over a relatively
short d:i_tance just behind the step. Hence, the data collected (at
Ax < 6.5 cm (~ 2.5 in.)) appear to be well suited for interpretation
based upon comparison of various configurations under similar test
conditions.

Viscous Interactions

Combinatich of supersonic Mach numbers and low Reynolds numbers
in these experiments may possibly result in boundary-layer-induced
interactions which could affect the inviscid pressure distribution
along the model surface. The interaction parameter x = MZJCYJﬁE;
(where C is th: factor of proportionality in the linear viscosity-temp-
erature relation u = CT) has been estimated for se..ral test conditions
at the step location and has been found to vary between 0.2 and 0.75
indicating that only a weak interaction we wresent. Using the data
presented in Ref. 16, the interaction induced pressure, P/P_, can be
estimated as varying between 1.05 and 1.25. For several test cases,
freestream static pressure distributions have been calculated from
frozen-flow expansions taking into account the actual pitot pressure
gradient in the test stream. These distributions have been found to
be in reasonably close agreement with experimental static wall pressures
except for the highest pressure case, in which case some disagreement
occurred toward the downstream end of the plate. It has been, there-
fore, concluded that viscous interaction did not play any important
role in the heat-transfer and pressure distributions discussed in this
report,



RESULTS AND DISCUSSION

A. No-Suction Case (Model I)
Typical heating-rate distributions along the centerline of the

plate behind the steps of different height are presented in Figs. 7a-
7e. The h = 0 data correspond to a flat-plate geometry. The data
shown in each of these figures were obtained at similar, but not nec-
essarily identical, freestream conditions. Typical scatter and stan-
dard deviation are indicated in Fig. 8. Dashed lines in Figs. 7a-7e
refer to data which might be influenced by possible side effects or
the effects of disturbances in the external flow.

For the 1.02 cm (0.4 in.) step, the heating rates are initially
significantly lower than the attached-flow values obtained with the
flat-plate and they gradually recover to somewhat less than the at-
tached-flow values near the approximate reattachment region. For the
0.51 cm (0.2 in.) and 0.16 cm (0.063 in.) steps, the heating rates
downstream of the reattachment region are approximately equal to the
attached-flow readings. Figures 9a-9c show the effect of pressure
variation on the heat-transfer distribution for each of the configura-
tions and for various enthalpy levels. We may note that for the large
step (h = 1.02 cm) the low heating rate just behind the step remains
essentially unaffected by the stagnation pressure change by a factor
as large as eight. This insensitivity to pressure variation gradually
disappeared when the step height was decreased. By crossplotting,
heating rates were determined (Figs. 10a-10c) which correspond to a
given pressure level and different stagnation enthalpies. The heating
rates vary roughly in proportion to the stagnation temperature which,
besides the step height, plays the dominant role in establishing heat-
ing rates. Effects of Reynolds number based on the length of the plate
preceding the step (Rem’L) can be seen in Figs. 11a and 11b showing a
few representative curves for the steps h = 1.02 and 0.51 cm.

Typical wall pressure distributions behind the steps of different
height (h = 0, 0.2, 0.51, 0.71 and 1.02 cm) are displayed in Figs. 12a
and 12b. Figures 13a and 13b show distributions of the wall pressure
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normalized by the value of the reference pressure measured upstream of
the step (Pref)' The pressure at the step location (ax = 0) was meas-
ured on the vertical surface of the step. Because of the model design
limit~ticns, this pressure was not measured for the small step haight
(- 0.2 cm). Examination of the pressure distributions shows a small
region of low pressure along the surface immediately dcw.stream of the
step. The length of this region increased with the step height, h,

and freestream Reynolds number, Re_. Downstream of the "constant"
pressure plateau, the pressure increased and, at distances of several
step heights, the pressure recovered to approximately the attached-flow
values for the flat plate. Since the low-pressure region at the step
base is, most 1ikely, associated with a recirculating flow, we may infer
that for the conditions of laminar flow and thick incoming boundary
layers, the extension of the recirculating area is very small, being
less than one step height in most of these experiments.

The changes in surface pressure and heat-transfer rates in the
separated flow area behind the step can be explained qualitatively by
referring to a hypothetical schematic of the flowfield, believed to be
characteristic for the case of a thick laminar boundary layer (boun-
dary-layer thickness, &, comparable with the step height, h) as shown
in Fig. 14. A relatively thick subsonic portion of the approaching
boundary layer allows the base pressure to communicate upstream of the
step over a significant distance. This results in both streamwise and
transverse pressure gradients upstream of the step and, consequently, a
significant portion of the pressure drop across the step (pb/pm) may
take place before the step itself.* The expanding flow near the corner

*

In a rough approximation, the subsonic layer may be considered as
a single "streamtube." On expanding to low pressures, this streamtube
reaches sonic velocity (with the average Mach number of unity) at a
"throat," while the thickness and shape of the streamtube vary in com-
patability with the pressure variation in the outer supersonic flow. The
only physically consistent solution which satisfies continuity of flow
angle and pressure is to have the "throat" right at the corner. Thus,
for sufficiently strong expansions (i.e., for sufficiently Jow base
pressures) most of the subsonic flow is expanded to nearsonic or super-
sonic conditions at the corner.



turns sharply and is Tikely to undergo an overexpansion* followed by a
recompression to the nearly constant base pressure. In the region of
recompression, the flow separates from the vertical surface of the step
and fc.ms a recirculating region. The recirculating flow is entrained
by the shear layer which eventually reattaches downstream of the step.
The overexpansion and recompression as well as aligning the flow paral-
lel to the dividing streamline may be the cause of the compression
waves which coalesce to form a lip shock. For the low Reynolds numbers
in these experiments, the 1ip shock is expected to be very weak, perhaps
it may even vanish almost completely for the very thick approaching
boundary layers.

An increase of the step height results in a) an increased expan-
sion around the step corner leading to a rather sharp drop in the base
pressure and hence a lower density at the step base and b) an increased
thickness of the recirculating region which causes a reduction of temp-
erature gradients near the wall. Both these effects are responsible
for a significant drop in heating rates behind the step when its height
is increased. In addition, at a higher step, the shear layer is subject
to mixing with relatively cool recirculating air over a longer period
and length which leads to a "cooling" and some additional Tateral expan-
sion of the shear layer, and, as a consequence, the temperature gradients
and levels near the wall in the recompression zone are reduced and so
are the heating rates. 1In consistency with the presence of a very small
recirculating region in these tests, heating rates (and pressures)
started to recover from low base values almost immediately downstream
of the step. The maximum heating rate is expected to occur in the neigh-
borhood of the maximum convergence (neck) of the reattaching shear layer,
where both the temperature gradient and mass flux are likely to attain
their maximum values. Thus, according to this suggestion, the maximum
heat transfer may occur far downstream of the stagnation point (i.e.,
the point where the dividing streamline meets the surface of the plate)

*In the immediate vicinity of the corner, very large, theoretically
infinite, pressure gradients are possible and this may play some role in
the overexpansion below the step corner.
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and this is in some variance with the commorly accepted model for heat-
transfer distribution in separated flows.
Figures 15-17 present the correlations of the peak heating rates

again:. the parameters Rem’h and h/é. The peak heating rates, qmax,

are referenced to heating rates at the step location obtained from flat-
plate measurements, qstep‘ (Figs. 15 and 16) or to local flat-plate
values, éfp (Fig. 17). At a given Mach number, the parameter Rem,h
combines the effects of the freestream Reynolds number Re and the step
height, h. For a given model geometry (L/h) and a laminar boundary
layer. the parameter Re_ h varies as (h/8)2. This emphasizes the poten-

.

tial effectiveness of Rew’h as a scaling parameter because the step
height and the boundary layer thickness are the length scales which
control the flowfield in the separated region. Figures 15 and 17 in-
clude data obtained by Rom and Seginer], Smiths, and several points
evaluated on the basis Of measurements reported >y Holloway, Sterrett,
and Creekmore.]7 The combination of our results with the results of
Smith and those of Holloway et al. provides a continuous variation of
peak heating rates over the range 10° « Rem,h < 103, The results of
Rom and Seginer depart very strongly from other reported results. It
should be pointed out that Rom's measurements were made in a shock tube
using very small models. A line traced through the experimental points
represents "average" dmax/d

or q values at supers nic speeds

step max/qu
(M <~ 6). According to this line, a flat minimum may occur somewhere
around Rem,hfz 10%. The magnitude of this minimum may depend on the
freestream Mach number M_; however, we do not expect any strong effect
of M_ in the range Rew’h ~ 103. A physical explanation of the peak
heating-rate variation shown in Fig. 15 can be given in terms of the
combined effects of Re_ and h as follows:

1) In the range of low Rew covered by our experiments (Rem’h <
2 X 103) and for a given geometry (L,h), an increase of the unit Reynolds
number is equivalent to a reduction of the boundary-layer thickness §,
which, in turn, results in an extension of the recirculating region and
moving the location of the peak heat transfer amax further downstream.

max/qstep )
values were near or less than flat-plate heating rates

Consequently, the ratio q
(note that q

reduces somewhat when Rem increases

max



and the latter decreased in the downstream direction). The effect of
the step height in the low Re -range, discussed previously, can be
briefly summarized as follows: The larger h is, the lower the base
heatiny will be, the further downstream the heat-transfer reducing
influence of h ertends, and consequently dma occurs further downstream

X
resulting in lower values of d Hence, both Re_ and h, when
being increased, affect qmax/qstep :
parameter Re | increases from very small values, the ratio g

gradually decreases from the initial value of unity.

max/qstep'
in the same direction, and, as the

max/qstep

2) As the Reynolds number and/or step height increase (Rem’h> ~ 103)
the effects of Re_and h tend first to stabilize and then become reversed.
For this we offer an explanation as follows: When the boundary-layer
thickness becomes several times smaller than the step height (due to
increasing Re_ at a given h), then the upstream penetration of base
pressure will be reduced, the recirculating region will expand, and the
regions of expansions and recompressions become relatively contracted
streamwise and scparated by a free .ear layer of nearly constant pres-
sure (Fig. 18). Along with these changes, a lip shock of moderate
strength may appear, a nearly-constant pressure zone develops immediately
behind the step (associated with an increased recirculating region;
cf. Fig. 12b), and the recompression zone moves downstream. Because
the recompression region becomes more confined streamwise and its thick-
ness relative to the step height decreases, the heating rates must in-
crease above the flat-plate values if the boundary layer continues to
decrease in thickness. This of course will be followed by an increase
in amax/astep values. As for the effect of the step height itself, it
has been shown in our experiments (cf. Fig. 19) that above Rem,h=z 103,
the base pressure tends to stabilize and becomes rather insensitive to
the step height (in a pureiy laminar flow). This should be followed
by a somewhat similar behavior of heating rates. At sufficiently large
Reynolds number, we may expect an onset. of transition effects in the
separated area, and this will bring about some new and possibly drastic
changes in the variation of dmax/dstep'

The base pressure ratios, Pb/Pw, determined in our experiments are
plotted against parameters Rem,L, Rew,h, and h/é in Figs. 19, 20, and 21,

13



respectively. The values of P_ correspond to the step location and were
taken from the experimental pressure distributions along the flat-plate
configuration.* The variation of Pb/Pm displays an initial decrease with a
tendency toward leveling-off in the upper ranges of Rem’L, Rem’h, and h/é¢
tested. The plot of Pb/Pm against h/Ss demonstrates clearly that, for

laminar separated flows, h and & are the length scales which control the

base pressure. Figure Z1 includes theoretical predictions recently published
by Inger (Ref. 18). His predictions on the initial slope of the base
pressure variation with h/s (i.e., for h/§ < 1) agree well with our results
(note that our data in the range h/s < 1 correspond to Re_ LS 103). Our
results seem to indicate that the conclusion of Chapman et’al.]9 and Denison
and Baum20 that the base pressure is independent of Re_ for laminar flow

may be essentially correct at Rem,L > 10%, even in the case of thick bog?dary
layers.** The base pressure predicted by the laminar theory of Chapman® is
shown in Fig. 20. Measurements performed by Smith5 showed that at the lowest
Reynolds number in his tests (Rem,L== 2 X 10% - 4 X 10%), i.e., when the
separated flow was laminar througnout, the base pressure appeared to be
approaching a constant pressure plateau, and this behavior was especially
pronounced in the case of a large step (1.9 ¢cm) and M = 5. These findings,
if extended to lower Reynolds numbers, may be in good general agreement with
our resuits. It may be pointed out that several investigators who studied
laminar near wakes behind slender wedges and cones 22-24 reported the same
trend in the base pressure variation as the one observed in our experiments.
At the same time, conclusions of Kavanau25 and Nei5526 who predicted an
increase of Pb/Pm until Rem’L:s 10%, are at variance with our results.

*Because of some uncertainty involved in measurements of P, at small
step height (h < 0.51 cm), we do not include the data for h < 0.51 cm.
It should be mentioned, however, that the data for small steps followed the
same trends as shown in Figs. 19 thru 21,

**Chapman's model assumes a zero initial boundary-layer thickness,

whereas Denison and Baum's model assume: a finite, but relatively small,
boundary-layer thickness.
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B. Suction Case (Model II)

Figures 22a-22d and 23a-23d show heat-transfer distributions down-
stream of 1.02 cm and 0.6 cm (0.4 in. and 0.235 in.) step heights,
resprutizely. The data obtained at the downstream end of the reattach-
ment plate were discarded as they were strongly influenced by a shock
wave system produced by the supporting strut. The results obtained for
‘suction' and 'no suction' cases are compared with ‘reference' heat-
transfer distribution of a flat-plate configuration under similar free-
stream conditions. The ‘'no suction' measurements were made with the
suction duct blanked off at the model outlet-port, thus leaving a large
internal cavity connected to the suction slot. The nondimensional mass-
suction rate (w) is defined as the ratio of the mass flow rate through
the slot (ﬁs) to a mass flow rate based on freestream conditions and
the step surface (membh). An inspection of the stagnation conditions
in the tests being compared shows that the stagnation pressure in the
suction tests was a little lower (usually about 7 - 8%) than the stag-
nation pressure in the corresponding no-suction tests. Consequently,
the suction heating rates should be somewhat increased whenever 2 quan-
titative comparison is made with the no-suction heating rates. A
necessary correction may be roughly estimated by using data collected
at different pressures but nea:ly constant temperature (such corrections
have been applied in the pre«entation of data displayed in Fig. 27).
Figures 22 and 23 indicate that, in general, mass suction from the sepa-
rated area increases the local heating rates. The relative increase
depends on (a) freestream conditions of the main flow, (b) rate of mass
suction, (c) step height, and (d) location behind the step. The rela-
tive increase is most significant over a distance of a few step heights
downstream of the step. The maximum heating rate occurred at distances
of 4 to 6 step heights behind the 1.02-cm step and 7 tu 9 step heights
behind the 0.6-cm step. In terms of the maximum heating rate, even
large suction rates, applied in this investigation, did not produce any
spectacular peaks and the effect of mass suction seemed to be weaker
than might be expected. Nevertheless, at sufficiently large values of
w, local heating rates due to mass suction approached or exceeded the
corresponding values of the flat plate configuration. Figures 24a-24c
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present a direc*t comparison of post-step heat-transfer distribution for
the cases of 1.02-cm and 0.6-cm steps and for approximately the same
freestream conditions and mass suction rates (ﬁs). It appears that the
suctic. case is governed primarily by two parameters, h and ﬁs. Th>
heating rates decrease with increasing h, but increase with increasing
ﬁs. Of these two competing effects, the former clearly predominates
for the flow configuration and freestream Reynolds number range studied.

No-suction heat-transfer distributions obtained on the slotted-step
model (Model II) differed somewhat from those obtained on the solid-step
model (Model I), the main difference being a slower recovery of heating
rates downstream of the base and, correspondingly, slightly lower peak
values in the slotted-step case. Only part of the difference can be
ascribed to different lengths preceding steps in Models I and II. The
main origin of the observed difference seems to be associated with dif-
ferent entrainment conditions at separation (cf. Figs. 14 and 26b).

This inference can be reached on examination of pressure distributions
downstream of the slotted step {(measured with and without mass suction,
Figs. 25a-25¢*) and comparing them with solid-step pressure distributions.
At low stagnation pressures, no-suction data coincided practically with
the suction data. As the pressure level increased, the no-suction pres-
sure distributions departed from the suction case, exhibiting a relatively
small pressure drop around the step, followed by a slow and gradual pres-
sure increase behind the step base.

The trends observed in neat-transfer and pressure distributions can
be explained in terms of hypothetical flowfield models as sketched in
Fig. 26. When the mass suction is applied (Fig. 26a), the flow down-
stream of the step base is formed by a boundary layer which develops
along the surface while remaining under a strong influence of the recom-
pression occurring in the adjacent outer flow. In essence, pressure and
heati-transfer distribution in the suction case are similar to those

*

Pressure distributions with mass suction applied were measured on
one step configuration (h = 1.02 cm) only because a failure of the vacuum
pump prevented further continuation of suction tests. In addition, the
readings recorded by two pressure taps near the step location had to be
?iscarded because of leaks which developed in the corresponding pressure

ines.



observed in the ro-suction solid-step case (Model 1), the main differ-
ence teing a somewhat smaller streamwise extension of the recompression
zone in the suction case. In the case of no-suction open slot step, a
syster. of vortices may develop as sketched in Fig. 26b. The pressure
at the step base, anc correspondingly, the amount of expansion in the
flow over the step, may be strongly affected by a relatively extended
viscous-flow reginn beneath the step and shear layer and by the amcunt
of pressure differential which can be maintained across this region.
Since no large pressure difference can be sustained by a low-energy
flow, hence at stream pressures higher tnan a certar value, the "base-
pressure"” departs strongly from the value cor mding to a soliu-step
configuration and remains only somewhat lowe* the freestream static
pressure. In contrast, in the no-suction soli. -swep case (cf. Fig. 14),
the viscous dominated region is very limited and the bas~ pressure

seems to be governed primarily by the properties of the cuter inviscid
flow (and the geometry of the step), even at low Reynolds numbers char-
acteristic of these experiments.

From the viewpoint of potential practical applications of step con-
figurations involving mass suction, the most important property may be
the maximum post-step heating rate. Figure 27 illustrates how the maxi-
mum heating rate recorded with suction applied, dmaxss and normalized
by the maximum heating rate without suction, &maxns’ 'uging the same
configuration, i.e., slotted-step model) varies with the ratio of mass-
suction rate, &s’ to the boundary-layer mass flow rate, ﬁBL' The 1&t”zr
was calculated from Mg, * Jg pudy for 2 number of test conditiuns. As
we mentioned previously, the sitagnation conditions in the tests t.ing
compared usually differed somewhat and corrections had to be applied to
values of dmﬂxs/émaxns' This involved some degree of uncertainty and,
consequently, most of the exp.iimental points are indicated in the form
of bars which span from the minimum to the maximum of expected values.
The most complete and, perhaps, most reliable data were collected in
runs 4 and 7 with the steps of 0.6 and 1.02 cm, respectively. These
results, displayed in Fig. 27 as shaded areas, indicate that as the
mass removal increases and approaches ﬁBL’ the ratio émaxs/émaan tends
to level off. Such a behavior should be expected on the grounds of
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temperature distribution across the boundary tayer. A subsequent small
reduction in dmaxs/dmaxns’ which can be seen in the results cf runs 4
and 7, may or may not be fortuitous and we see no simple explanation of
such a variation. In Fig. 28 we plotted the ra:io dmaﬂs/dstep
the nondimensional mass-suction rate w for the case of h/§ =~ 0.5. For
this particular case of h/s, theoretica) predictions have been recently

against

published in Ref, 27. A very strong depart re of these predictions from
the experimental results is evident, particularly if cne notes that
theoretical plots corresponding to Tw/To values i our experiments

(0.06 - 0.08) i1d lie above thcose depicted in Fig. 28B. Figure 29 pre-
sents an attempt to correlate al: suction data by using the parameter
w(h/L)Rem,h as the scaling factor. At very small values of this para-
meter including the case of no suction [i.e., w(h/LiRe_ . = 0], the
ratio émaxs/émaxns is close to unity. As the parameter increas2s above
about 5, the heating-rate amplitude (dmaxs/&max&;) starts to increase.
We may note that the parameter w{h/L:Re“’h is roughly proportional to
suction-mass flow rate and it increases rapidly with the step height
[w(h/L)Rew’h—v h2}. thus pointing to the fact that the step height plays
a dominant role in establishing heating rates at the step base.

CONCLUSIONS

An experimental study was conducted to determine heat-transfer and
pressure distributions in laminar supersonic flows downstream of rear-
ward-facing steps with and without mass suction from the separated
region. Flow and test conditions varied in the ranges as follows:

M =~ 4, 40 < Rem’h < 2200, 0.1 < h/5 < 2.4, 0.05. < Tw/To 0.11, and
0.1 <w < 0.8. The more important results of this study are presented
below.

1) For both suction and no-suction cases, an increase in the step
height caused a sharp drop in the initial heating rates (at the step base)
which then gradually recovered to less or near the attached-flow values.
The height f the st2p controlled the heating rates at the step base,
clearly dominating effects of stagnation temperature and pressure.
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2) In the Pe_-range studied, the ratio of the maximum heat-transfer
in the recompression zone to the attached-flow value at the step
(qmax/qstep

It is unticipated that in the no-suction case, dmax/dstep attains a

minimum somewhere around Re h™ 10*. The variation of the maximum
heat transfer referenced to the lncal attached-flow value (g

) was iess than unity and decreased slowly with h/¢ or Re_ .

max/qu)
was very similar to the variation of dmax/éstep'

3) Mass suction from the separated area increased the local heating
rates, the relative increase being most significant immediately behind
the step. In general, however, the effect of mass suction on heat
transfer at all-laminar flows was relatively weak and a mass suction
rate exceeding the mass flow rate of the entire incoming boundary layer
was needed t~ raise the post-step heating rates above the flat-plate

values. Mass-suction data expressed in terms of the ratio dmaxs/émaxns

(peak heating rate with suction ratioed to the peak heating rate without
suction) was correlated by using a parameter w(h/L)Rem,h.

4) Pressure distribution downstream of the step was fourd to be
dependent on the entrainment conditions at separation. In the no-suction
solid-step case, the base pressure correlated reasonably well with the
paremeters Rem’h and h/s, displaying an initial decrease followed by a
tendency to level-off ir the upper range of Rem,h and h/s tested. The
length of a pressure plateau behind the step was very small and tended
to increase somewhat with Re_ and h. In the mass-suction case, the
post-step pressure distributions resembled generally those obtained on
no-suction solid-step configuration.
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Figure 6a. Transverse distribution of surface pressure on
the instrumented plate.
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Figure 8.
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Figure 17. Maximum heating rate as function of Re‘_’h.
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Figure 16. Maximum heating rate as function of h/s.
5 L T |
hom M
oL o LR 4 © !
< 0.5 4
o 0% 4
S eam 6 ]
g © 0.6 6} Holloway
z - -
1} A .
0 e L 1
10! 02 10 w0t 10°
Ro_ h

55



*<9/y ‘J4dke| Aavpunog Jeujwel “piaij MOlJ JO 3uWRYDS [BI13aYy10dAY ‘gl 3a4nbiy4

NOI93Y NOI93¥ IWNISSTUd

L INIWHOVAIVIY | INVISNOY

r T !
LLLLLLLLLLLLLLL LD LEAILIL L ILL L LS LS AL LA /

T s

MW ANOS

NN
ONIQIALG

}

NOISNVdX3 3903 N0
UIAV] -ANVONNOD

56



h

“3y 40 uoi3ouny se aunssaud aseg ‘61 a4nbly

._.Bmm
Q01 X ¢ (01 _ _ NEN.o
q%,////w,// wa20°T = v
i /«// //x 1€0
AN o//
N
N o
. AN qv0
w 0.y —">
N\
. \ Hs0
\ v
201 o 4//
. o v 7970
wo ‘y
1 4 11 1 1 1 | 1

L0

d4/%

@

57



.c.smx 40 uoi3ouny se aunssaud aseg °QZ 34nbiy

01 X € 4 emm 1] 01
T T T T T T T T ¢0
@l.l@'.@l -0
o~ ~ b=
. AYOIHL * N © H€0
JYN WY o//
NVYWdJVH) /4/O
— Vv / = vc
N\
N\
- \ 460
/ v
201 o \
. 1o v v 4970
wl ‘y
1 1 1 i I | ) 1 L N.Q

dlqd

58



*9/Y JO UOLIDUNS SE BUNSSouc aseg ‘|2 .4nbiryg

9/y
02 8T 91T vT 2T 0T 80 90 0 20 00
] I _ T _ I T T 1 20
T e [+ »]
1’0 o /// V\\ds
%/ — €0
o] //
—p0
450
Q.d
190 3
8
—10
—$0
01T o (439N 1) AYGIHL
o v X
EU.C .dsmn_

59



"I1 L3po :da3s

3 20° L 343 JO WeIUISUMOD UOLINGLAISLP J3JSUBLL-3BIY UO UOLIONS SSBW JO 323433 822 I«nbiy

p XY Z 1 0
0 T | T 0
u/Xv sl g §2 o B
T
&
¢ - : \n&n.\\ 2
.-.@l....qu.-ndu:l@vl.-umﬂrdq.nhu-ﬂmu-nd\. 1;
a- gt T —
m T — — 4 Q Fo
z @
3 5
) 9} .
= "
mmv 49 ]
8 r
48
o1 |
. i\ j l— °~
0 oy 8 9 v Z 0
66°¢ 16¥ 0see 68e0 00°0 G600 Z1-01-061 - —
26°€ v S8IE 60 000 207 A6l -— — o — — —
8¢ %0 02 8D 20 20 A ST, S O
“w wy®ay N U we*%y M wl 'y uny

60



*II 9pow :d93s
Wl 20°L Y3 JO WRALAISUMOP UOLINGIUIS|P L9JSURUI-FRIY UO UOLIINS SSew JO 3233343 °G2Z d4nbL4

"y XV
0 uxy st : pn 0
o
. b B - e -~ - o
OO g--e Do g 8L g..o g O 12
e gt T e —
=) e
» -Z
L o §
” S
48
ot f
o r . n . ot
ot wo .x< 8 9 p 2 0
9°€ 186 0062 <690 000 00 oot ——————
9°€ o8 82 0690 000 20T 128 06l - —m G m —— -
16°¢ vi8 0662 $99°0 $€°0 20°1 12-1 <061 weeeeeeeeeees Oenemrmnennns
© ,0 0

W wyTay  No‘l w4 M Wl ‘Y uny

61



‘II |9pol :da3s
WS 20°1 8Y: 4O WRSUISUMOP UOJINQIAISLP J3JSURUI-IVIY UO UOFIONS SSRW JO 334)3 "2z dunbij

up XV
v ¢ 2 1 0
’ UxY s _ . ~ |°
g 62 7
~°
er A 2
-~ = o
o —_— .. _ ’
ar vr ..D..“..M....ﬂ....% o v ~ .b\\b,
S R BT I
5 ~— &
—
HA\Z 9} — — o wz
MF — ~— — R O m
/ /
ﬂ o ——
S— //
4s
o b
. 4 - 1 ! 01
0 yyoyp 8 9 v 2 0
807 988 Gave <180 00°0 00°0 2-01-061  —
80°% 088 05L€ §18°0 00°0 01 -8 -6l —mem R
0y 9¢8 0€LE 6510 00 01 R B - P
"W Wy o' we'a  om wy uny

62



"I L3POW :da3s
W 20°1 943} JO WRALISUMOD UOLINQIUISEP UIJSURLI-IRIY UO UOLIONS SSRW JO 3095343 °Ppgg a4nbi4

‘U ‘Xv

1 € '/ 1 0
Q ¥ T L]
y/xXv $'l 4 2 _ P 0
f 7’
N .\.h \\\ b - N
g ‘ \n \\
m. Q b u .h:\ \ \u\\\\
W -~ -~ h'ﬂldl hl- vt \n\\ b\ 1‘ .l”.
= O--. - -~ P -
5. o) FERgag 0 a0 TlO 3
= i S S N o
Se T~ 9 8
—~— ~
8t ~
/ /
-~ -~ - 418
onr ~ ~
S~
. _ . . : ot
0wy 8 9 v 2 0
ny 106 006€ S48°0 00°0 00°0 0¢-01-061 ——— — e —
oty 206 026€ 0.8°0 00°0 20°1 0¢-8 -061 ————— P —
'y 1€8 9¢6¢ 208°0 wo 20°1 06-1 061  -----veoe- P OO
ny 868 006€ 698°0 wo 20°1 6-2 -881 —————( ————

© , 0 .o .
w wy 94 o'l we’' d M w 'y uny



wd 9'0 a3 40

WRIAISUMOP UOLING ISP JTSSURUI-IBIY UO UOLIINS SSRW 4O 339443

‘II 13pow

1days

*REZ 9unbyy

p WXV ¢ : t 0
0 T 1 T \j L 0
11 me, ot S
¢ 41
o v
T 4t o
g =
mz 9 — — —_— nwz
b3 —
~ ~
8
B //
<48
ot +
L A i Qﬁ
0l s exy 9 v 4 0
i’y 022 osiy €20 00°0 00°0 9-01-061
118 61¢ iy 2520 00°0 09°0 9-6 -061 —————P e
ay 902 008t o2 0 we 09°0 6-v -061 -O—
“W wyy %' we% M wd 'y uny



‘Il 19poy :da3s

. w
W 9°0 Y1 O WRIAISUMOP UOLINGLAISEP ABJSURLI-JUIY UO UOLIONS SSTW JO 99333 °QE? aszm_..._ w
oc []
14 LXV £ e 1 0
0 0
Zr 4z
- Q e
£ v e
i =
F c
> 9F =,
> A
mr 49 2
T
i 1s
ol
L i i i . Qﬂ
01 8 9 1 4 0
wo ‘XV
or'y 44 08¢ osP’0 000 00°0 S1-01-061 —_—— e ——
o1’y 86  OSBE 6€9°0 00°0 09°0 61-6 -081 — ——g—
60°v 98y 00L€ bAS A 650 09°0 61-¢ -061 S, CORU,
9%y osy 09s¢ (1 §A) 9°0 09°0 St-¥ -061 —O0—
@ 0 0

W wyTey No'l we‘d M w‘y uny



“II L9poW :da3s
WO g°Q Y3 SO WEILISUMOP UOLINGLUIS|P JISSURLI-IRBY UO UOLIONS SSeuw JO 333433 €2 A4nbiy

y U xv € 2 1 0
0 0
N ~ - N
o vE
T 1y e
2 o
[=4
=Y 3,
b ] w
5, 1 8
” -
48
otk
1 _§ 1 (1 [ cﬁ
ot 8 9 p 2 0
wy XV
96°€ 18 0062 %90 000 000 2000 @ —— —
9°€ 9% 0062 190 000  09°0 126 061  —-—mrmig o —
'€ 056 <662 0890 €0 090 126 -061  ---ceeeeeeDmremacaeens
$6°€ W06 0662 W0 00 09°0 12-¥ -061 o
“Ww owy®y W'’ we%s  m wy uny

66



‘II L3ROW :033S
WO 9°Q 9y} JO WLIUISUMOP UOLINGLUISLP JISSURUI-3R3Y UO UOLIONS SSeW JO 399433 °PEZ danbyy

‘U XV
v £ 2 1 0
O — Il T 1 I 1 Q
st WXY o1 S =
cr 2
- I Q -
] 4 e
Z =
[
5 of =
b [
5, 177 2
m s
48
ol -
1 1 i I I Om
ot ) 8 9 b ] 0
wl 'Xv
10 Ji() (1719 SiL0 00°0 00°0 y2-01-061 —_
10 a6 (1793 0LL°0 00°0 09°0 v2-6 -061 — —— P ———
20 506 olve 0L’ 6.0 09°0 p2-6 -061  --------em F o SO
10 88 SEpE 02L’0 - €0 09°0 v2-v -061 -O—

Lo -° g° [
W owyTey Mol we'd M wd'y uny

67



“II (SPOW :UOLINQ4ISIP Jdjsuedl-3Ray da3s-3sod uo Y613y dazs JO 3933543 "epz 34nbiy

x (_wjsyem) b
’91 (zluu,

v U XV ¢ 2 1 0
0 . " . 0
-
N ™ \‘s\ |A N
o~ P
v \i\ 1 e
\\\-\ \\D -]
*--8--9--8--8-.g--8--g--® B g
_.D-" =
9 lDt.-.p-onpund--dl:nd-unouué‘-lb\\b\ 9 .\....6
~— —_ . 8
S—
—
—
2 — —
/
/ /
ot
n 1 A A 4 Q.H
0 o xy 8 9 v 2 0
o Sopp 0y °0 92°0 201 81-L -061  --oooeo-ee- Do
{4 sLEp 0990 16°0 09°0 8-S -061 RN "ttt
1sb sley Ueo 00°0 00°0 81-01-061 —_—

© .0 .0 .
wy ey W'l we‘y M wd ‘y uny



"IT ISPOW :uopIngia3syp 43 5URd3-303Yy da3s-1sod wo Wbiay dazs jo 329433 “qpz aanbyy

Uy 'Xvy
|4 1 0
0 Y 0
..
P
2t R S S 0
‘o Dll,nolllio.gllnloit..Oillalllp!l\D\l\b
o’ . v b II’I —_—
: I L
= g
> 9 <
> -z
5, 1o 3
g+
418
o1
. . -+ _ ot
°~ wI .Xﬂ 9 14 N 0
16° b18 0662 970 $€°0 201 12-0 061 oeeeomeem e
§6°¢ 06 141,74 089°0 €0 09°0 12-6 061  ~----vconee P, SR
9% ¢ 186 006 $69°0 00°0 00°0 12-01-061 _— —_—
W wyey Wl we' M wd 'y uny




*II LOPOW :uUOLINQLUISLP 43jSuea3-3edy da3s-3sod uo y6Lay dazs JO 3293433 "dpZ a4nboyg
.:- 4
y PXV 2 1 0
c v T T Q
.
\\.\\
N = \n.\ o N
a el
e LT I g e
-
m T —— — —_— \\\b 1 14 .l“
ﬁ QAnudcullD'llnnn.” ;/ —_— o llD\lan\\\tu m'
2o ot T e O =3
> // -\..
mw — ~——— 19 ”
8k
18
ot +
1 1 1 A M QQ~
1) S XV 8 9 1
100 0s8 0zve viLco 9¢°0 01 ¥e-1 -061 -
Q7 S06 0ve 04L°0 6L°0 09°0 ve-s -061  ---------- o e
107 L6 (1,94 SiL°0 00°0 00°0 ¥Z-01-061 —
“W way “ay Y ‘U we % M wd ‘y uny

70



‘II L9powW
7da3s WO 20°| Y1 JO WRAUISUMOP UOINGLUISLP BANSSIUd UO UOLIONS SSBW JO 399343 "©GZ NGy

T |
cv M. ¢ 1 0
¥
uIxv g1 m o 0
1+
41
2L
¢
£=° Er
o €°
2 vr 4¢ 3
— s 3
Ocs ﬁ w F
S
w1ty 4P
O —
XV n
4S
N -
'y A L 1 e
T wxy 8 9 v Z 0
86°¢ 0 sut€ 09%€0 000 000 A5l --———O0-———-—
16°¢  Gb  OSOE WED 000 20T A6l - — ——— —
86°¢ &Ly 002¢ 89¢°0 8¢0 201 Zl-p-L61 —O—
56°€ 90¢ 0862 29¢E0 2€°0 20°1 21-1-261 IURSURST,, S

x ° -O [}
W o owyTey W'l uwe'yg M wo 'y uny



"Il L9POW
1da3s Wl 20°L 3Y3 40 WEIAISUMOP UOCELINQLUISLP 34NSSAUd UO UOLIINS SSPW 4O 3993443 °QGZ aunby 4

.:— s
14 Py 13 A 1 0
0 T T T 0
Y/Xv 6l S Y4
M.d tr Q1 £©
g 3
= 2f 3
= X
= | a
w 4
m -
1 L. 1 AL w c m
v
o1 Wy ‘xy 8 9
%€ L€6 0s6¢ 0890 00°0 00°0 12-6- 161 ,f—— O ———
56°€ 8v 0262 51970 00°0 201 el —— - o— ——
96°¢ l£6 0562 089°0 8€0 a0°1 12-p-L61 O0—
96 ¢ 186 5282 089°0 6£°0 20°1 1 7.3 5713 — L
“w o owy®ey o'l we% " w *y uny

72



:da3s wd 20°( 9y} JO WRAUISUMOP UOLINGLUISLP 3ANSSAUd UO UOLIINS SSBW JO 393343

“I1 13POW

"9GZ 3unby

b uxv o 2 1 0 _
wxvy s g ¢z
2
2
£ -

Md Q = M M.d
= 3
S ¢ &

o o -
- <
..... Rt N SN s
L}
1 1 Iy °
°~ wo .XQ m O v O
Wy oo 519¢ 0051 00°0 00°0 96161  ———— O —— -
Wy 9 0€9¢ 565°1 00°0 21 CEEIl - — — —o — — -
[ £891 (1,944 686 °1 Al a1 zE-b- Lol —O
€0y 2041 0e9e 59671 8v°0 20°1 OE-1-261 == eeoQ-emommeenen
"W wyTay % 'O we Y M w 'y uny

o
~



“I] LSPOW UO $S3Sd) UL SPI3L4 MOLJ [©I:IBYIOdAY

92 Ar3L.

ISYS NOILINS ON (9 3Svd NOILINS (e

UL LU LI 11,

INIT ONIQIAIG /. W INITWY3HLS
S3J11Y¥0A

INITWV3INLS

/
NI INIGIAIG

& /)

74



* LRAOWRL J3AR|-A4RPUNOG 4O UOLIOUNS S® 33RJ DupIeay wnwixew up 3SedAdU] */2 34anbi4
8y %y
gL 2'1 ‘'t oL 6 g8° L 9° S ¢ € I L 0
¥ | 1 T 1 L J 1 I LB T 0.0
s @0 ® 1 0°L
o \®
! ////%/// ® o ///ﬁ/ g 0900 {11
SO N\ A5
%%% //////// L 'L ® -
® % uny wd *y ]
| ¢ // N ////%// 2> >80 | gy
W// /%//V oootL > 472y > oot
*® . bW p°L

mnb

w

su
XEIIlb/

75



‘M 40 UO0LIOUNS S 33eJ Bujjedy wnwpxew U ISRIUOUL

M

*gZ duanby

oM

800-90°0- 1/ L

€5°0- 89°0= Q/Y
L9l=un ‘rp="

0= 9/Y

62+ un

be W
S1U01[31) AYOIHL

W

‘INIWI¥IdXI o

020

s1°0

Yt

days,,

76



‘UOJ3IONS SSBW 03 NP 9SEAJIUL 9304-BULIR3Y WNWEXRW 4O UOLIR[IUJ0) ‘62 34nbB|4
1y Caym
001 1] 1
T 7T T T T T T 71 T T T 0.0
I i 0°'1
o\o@ 09°0 o IRE o
I 20T e s
_ / ‘ w
& wd ‘y =
| ‘T 3
o 12T g
y ¢>9U>6°0 2
- L ° y ‘o J¢1
s 0001 > ' ¥3y> 001
? ©
” v P~ W 1

77



