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ABSTRACT

A direct measurement of flat plate laminar local skin frictiom
was undertaken at M = 5,8 in the GAICIT Hypersonic Wind Twmnel, Leg No.
-le A new bélance particﬁlarly suited to the requirements of hypersonic
eiperimentation was designed, |

| By means of the fluorescent lacquer technique for indicating
boundary layer transition, unexpectedly high natural transition Reynolds
numbers were observed., The several methods of forcing transition which
were used were unsuccessful in producing transition at a Reynoids number
of two millions

Observation of the leading edge shock wave and boundary layer by
means of a schlieren system indicated that at M = 5,8 the shock wave and
boundary layer are separated by appreciable distances wherever the boundary
layer equations hold,

Skin friction force measurements were made at five Reynolds
numbers in condensatlion-free flowe The discrepancies between tﬁe observed
low values of va;ﬁg' and existing laminar boundary layer calculations
are reconciled by means of a qualitative analysis.

A theory deseribing the properties of the viscous boundary layer
for flows with condensation in the free stream is presented. It is
predicﬁed that for a specified nozzle geometry and stagnation temper-
ature, skin friction remains unchanged in the presence of moderate
amounts of condensation, while heat transfer for a given wall temper-
ature is affected by the presence of condensation which produces major

changes in the adiabatic wall temperatures. E
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SYMBOLS AND NOTATION

speed of sound, ft/sec

nozzle cross sectional area

factor of proportionality in the equation-fﬁ; = C(T/T )

local skin friction coefficient, dimensionless

specific heat at constant pressure, Btu/lb/°F

specific heat at constant volume, Btu/lb/°F

internal energy per unit mass, Btu/lb

mass fraction of fluid condensed, dimensionless

enthalpy per unit mass, Btu/lb

local heat transfer coefficient, Btu/sq ft/hr/°F

thermal conductivity, Btu/sq £t/hr/°F/ft

latent heat of vaporization per unit mass, Btu/lb

. . A
Mach number in condensation-free flow, &

Nusselt number, hx/k, dimensionless
pressure, lbs/sq in

Prandtl number, uCp/k, dimensionless
heat transfer rate, Btu/sq ft/hr
dynamic pressure, %qu, 1b/sq in
mass velocity, ft/sec

heat added per unit mass, Btu/lb

gas constant per wnit mass, Btu/lb
Reynolds number, U,X/2 , dimensionless
Sutherland's temperature, °R

time, sec

absolute temperature, ©R

vi

» dimensionless



W,V = local velociiy éomponents in x and y directions, respectively,

ft/sec
Ue = velocity outside the boundary layer, fi/sec
v = volts
b = coordinates parallel and perpendicular to surface, respectively,

(with origin at leading edge), ft

]
i

characteristic length of body, ft
= cycles
= boundary layer thickness, ft

= dimensionless independent variable occurringin the Blasius
function f07)

= ratio of specific heats, dimensionless
= Sutherland's constant, dinensionless

= characteristic angle, degrees

= absolute viscosity, 1b sec/sq ft
kinematic viscosity, sq fi/sec

mass density, 1b sec2/rtl

i

= shear stress, 1b/sq ft
= dissipation function

= stream function

E €90 VD XY O O X 3 2
1

= exponent in the equation jff‘ = (t/7.)°

Superscripts

( )* dimensionless quantities

( )* conditions at the throat, used only in A%

( )' ordinary differentiation

vii



Suhscrints

(), conditions outside of the boundary layer

( )S conditions on the surface bounding the condensation free sub-layer
( )y conditions at the wall or surface of the body

(.)é equilibrium conditions of an insulated surface

( ), stagnation or reservoir conditions

( )o properties of condensation free flow

( )c properties of two phase flow

( )L properties of liquid component

( )y ©properties of vapor component

() (without subscript) properties of mixture of vapor and droplets

( )B conditions at which Sutherland's constant is evaluated

Several other symbols and notations are defined in the text, for use

only in the immediate vicinity of their definition.
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I. TIHTRODUCTION

In discussing flow phenomena occurring at speeds which are large
compared to the local speed of sound, it has become the accepted
practice to refer to such speeds as "hypersonic', In the mathematical
sense, the hypersonic_regime is thal in which terms of the order of
l/Mz.are small compared to one and can often be neglected.

In a field as new as hypersonic fluid mechanics, it is inevitable
that new phenomenological discoveries be made concurrently but inde-
pendently by means of theorstical and experimental studies, and that
there should he some time lag in verifying and correlating results.

Two examples outstandingly typify the state of present knowledge, or
lack of it,of the fields The first is the important hypersonic boundary
layer transition problem which has been examined to some extent experi-
mentally but has not yet been attacked by theoretical methods to any
appreciable degree. The second is the hypersonic leading edge shock
wave-boundary layer interaction problem which already has been exten=-
sively studied theoretically (Refs. 1, 2, 3, and 4) and is only now
being investigated experimentally.

At the present stage of development in the field of hypersonic
fluid mechanics, not only are known anomalous phenomena inadequately
explained or verified, but the process of discovering new phenomena has
Jjust barely begun. It is important ‘o note, however, that phenomeno~
logical anomalies should not, in general, be expected to occur solely
due to the high ratio of ordered to random molecular energy character-
istic of the hypersonic regime, Thus, for example, the pressure

distribution on the surface of bodies in hypersonic flow, at high



Reynolds numbers where viscous effects are small, can be reliably
predicted by means of considerations usually applicable for purely
subersonic flowsa

ﬁnfdrtunately, experimentation at high Mach numberé is immensely
more difficult than comparable work in the low supersonic Mach number
regime due to the inevitable existence of extremes of temperature and
pressure, During recent years much thought has been given to the design
of several types 6f experimental installations capable of producing
umniform and steady regions of hypersonic flow. The relative advantages
of wind tunnels of the continuous and of the blow down type, several

types of shock tubes, and ballistic ranges were examined, and design

construction of at least three wind tunnels (5 in. and larger) capable
of reaching Mach numbers of the order of ten has been completed (NACA
Langley Aeronautical Laboratory, NOL, and GAICTT) and at least three
hypersonic shock tubes have been designed (Polytechnic Institute of
Brooklyn, Cornell University, and GAICIT).

~ Design, construction, and operation of high Mach number wind
tunnels offer many specialized and difficult problems not generally
encountered in low speed wind.tuﬁnel work, which very significantly
influence its operational limitations, If ailr is expanded from a supply
which is kept at room températﬁre and at several atmospheres pressure,
the air vapor - liquid equilibrium saturation point is reached at a
Mach nunber of the order of Le5. Thus, if thermodynamic equilibrium
~ 1s assumed to exist in the flow, the supply air must be hepted for
testing-ln condensallon-Iree flow at Mach numbers higher ﬁhan La5a

The successively higher supply temperatures necessary for condensatione
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free flow at higher Mach numnbers, and the.accompanying higher supply
pressures usually necessary to oblain the required compression ratio

across the nozzle, test section, and diffuser system, introduce increasing-
1y severe wind tunnel structural design conditions.

In view of the difficulties outlined above, it is of great
intefest to examine the possibility of obtaining useful experimental
results from testé performed in the presence of condensed air. It is,
therefore, desirable to pursue experimental research at high Mach numbers
in two parallel directions:

(1) Investigation of hypersonic effects.

(2) Investigation of the effect of the presence of
condensation on hypersonic phenomena, or, in other
words, the extent to which wind tunnel tests performed
in the presence of condensation can still reliably
be used to predict or verify hypersonlc phenomena

The present need for operating high Mach number wind tunﬁels
with and without air condensation introduces complications which will,
of course, be avoided, or at least minimized, when it is clearly es-
tablished in which regime specified research programs must be carried
out, The severity of this requirement can be demonstrated, for example,
by considering that the flat plate recovery temperature may, at a Mach
number of ten (based on'ﬁ/po), vary from -1600F (with no supersaturation)
to 800°F for reservoir temperatures varying from room temperature (BOOF)
to lOOOOF, a temperature range readily attainable in the GALCIT Hyper=-
sonic Wind Tunnel Leg No, 2.

Ih the summer of 1951, work in progress or completed had already

provided a qualitative experimental and theoretical description of the
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phenomenon of air condensation in high Mach number wind tunnels (Refs.
5, 6, 7, and 8), and investigations leading to quantitative results were
planned, At that time, condensation-free operation of the GALCIT 5 x &
in. Hypersonic Wind Tunnel, Leg No. 1, was not yet possible at Mach
numbers above five at pressures of the order of seven atmospheres, even
considering the observed degree of supersaturation, since the supply air
heater installation had not yet been completed, Due to these limita=-
tions in the facilities for experimentation, theoreticians and experi-
menters concerned themselves primarily with the condensation pfoblem

and only secondarily undertook predictions of anomalies to be expected
in the field of hypersonic fluid mechanics, The decision was made at
that time that the first extensive investigation to be undertaken upon
the completion of the condensation-free hypersonic facility (Leg No. 1,
with supply air heater, Cf. Appendix A) should concern itself with the
viscous boundary layer. This decision was made with little knowledge

of any unusual hypersonic effects.

Tt was planned that measurements of viscous drag would be under=
laken at the condensatlon-free Mach numbers attainable in Leg Noe 1 as
soon as heater construction and shakedown allowed and at the higher Mach
numbers of the planned Leg Noa. 2 when that became a useful facility for
experimentation. Measurements were to be made on a flat plate in the
presence of laminar and turbulent boundary layers with and without con-
densation. A similar program for flat plate heat transfer work to be
carried out at the completion of the first phases of the drag investi-
gations was alsc planned, The present author undertock the measurement
of viscbus skin friction, the first experimental program to be carried

out principally in condensation-free flow,
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A Mach number of at least eight in‘the test section could be
attained with the Leg No. 1 heater installation. However, for testing
contemplated to clarify condensation problems, the need for nozzle
.blocks in which condensation was absent for a comparatively long distance
downstream of the nozzle throat dictated design and construction of a
set df Mach six nozzle blocks. It was planned that, by means of suitable
test section surveys and by meking slight changes in the throat height
to vary the Mach number in the test section, a Mach number and model
location would be selected which was optimum in that existing pressure
gradients were at a minimum.

From the point of view of the over-all requirements of hypersonic
research at GALCIT, it was considered essential that new techniques of
boundary layer research be developed which were applicablc to the much
more severe requirements of the higher Mach number leg No. 2 operationa
Existing techniques of skin friction measurements were, therefore,
examined as to applicability under the conditions of forces, préssures,
and temperatures which would be encountered at high Mach numbers with
the extremes of stagnation temperature discussed above,

The problem of the experimental verification of theoretical
predictions of viscous drag on bodies in motion at high speeds has wntil
comparatively recent times remained unsatisfactorily solved, although
it has long been of considerable interest, Dhawan (Ref. 9), under the
guidance of Dr. He We Liepmann, carried out a systematic evaluation of
experimental methods for determining skin friction in high subsonic and
low supersonic flow, which included:

(1) Determination of skin friction from velocity profile

measurenents obtained by:
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(a) Pitot (or total head) tubes
(t) Stanton tubes
(¢) Hot-wire anemometers

(d) Interferometers

(2) Determination of skin frietion by direct measurement ofs
(a) Heat transfer

(b) Viscous shear force

As a result of extensive research, Dhawan concluded thai a device
could be built by means of which the local skin frietion force could be
directly measured to a greater degree of accuracy and reliability than
is possible with the other wethods, Dhawan designed and used a balance
system wihich utilized a "floating" element, carefully aligned with the
surface of a flat plate and supported by a three-bar linkage which
assured the naintenance of the parallel alignment between the element
and plate surfaces, The restraining force was supplied by a syétem
of four flexure links ﬁhich were part of the parallelogram support
mechanisms. <The mechanical sensitivity of the instrument, that is, the
amount of element deflection pef unit force, couid be varied by
utilizing flexures of various stiffnessess The position of the element
Was sensed by means of a differential transformer operating with an
input frequency of twenty kilocycles. Damping was provided by an oil
dash-pote

As a result of the highly satisfactory performance of Dhawan's
balance,demonstrating that accurate direct measurement of local skin

frietion wasz poszible, a number of local skin friction balances were



developed (Refs. 10, 11, 12, etc.)» To the best knowledge of the author,
all of these balances were very similar in principle to that developed
by Dhawan except that return force mechanisms were added in some cases
to make them of the null-reading type.

The present author critically reexamined and reevaluated the
various methods of skin friction measurement discussed in Ref, 9, and
concluded that all of these methods;except that involving the direct
measurement of local skin friction, are even more unreliable in the
hypersonic range than in the subsonic and low supersonic range considered
by Dhawan, Reasons for the unreliability differ in the present case
only in degree. It was, therefore, concluded that local viscous skin
friction would be determined by direct force measurement,

The above general considerations were completed during the sumer
of 1951, and a test program for experimentation in the GALCIT 5 x 5 in.
Hypersonic Wind Tunnel was planned, On the basis of data available at
that time it was believed possible to force a boundary layer transition
at Reynolds numbers less than one million. It was also believed that
the turbulent contamination of the laminar boundary layer would follow
its usual behavior. The maximum downstream location of the floating
element was thus fixed by the requirement that it be in a region which
could be kept purely laminare In thls manner, the floating element
location was established to be five inches from the plate leading edge.
To avoid measurable effects of the plate trailing edge, a plate length
of ten inches was decided upon.

Although flat plates of considerable thickness (< 2/3 in.) can be
tested in the GALCIT 5 x 5 in, tumel, a maximum plate thickness of 3/16

in, was established to facilitate the comparison between the techniques
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employed in the present fests and those used in {transonic investigationse.
To verify the feasibility of these size limitations, a roughly con~
stfucted plate was installed and wind tunnel starting characteristics and
minimum running pressures established., Although no evidence of flow
breakdown could be noted even with the supply air at atmospheric pressure,
it was believed unjustifiable to undertake the considerably more com-
plicated tunnel operation corresponding to total pressures less than
atmospheric, Therefore, for ease of operation and plant safety the
supply pressure operating range for a Mach number of about six was
limited to a range from 16 psia to 100 psia.

A detailed evaluation of experimental methods useful for the
present purposes was undertaken in which the use of existing techniques
was heavily favored.

It was decided that flat plate static pressures were to be
measured with respect to a known vacuum by means of static pressure
orifices suitably distributed over the plate surface and connected to
an oil manometer. Boundary layer pitot pressures were to be measured
by means of a probe, having a slit 0,002 inch high and walls sharpened
to a fine edge, connected to mercury and oil manometers,

The use of a new and po#erful technique of surface temperature
measurement, generally referred to as "thermography" (Ref. 13), was
very extensively examined but finally discarded since the required
development could not be completed withoui severe detraction from the
prihcipal purposes of this investigations. It was, therefore, decided
that surface temperature measurements were to be made by means of
thermocduples welded to the plate at points less than 0,010 inch below

the aerodynamic surface,



9

" The existing schlieren system was believed 1o be adequate for a
qualitative examination of the test section wave patiern and the plate
boundary layer.

A systematic evaluation of methods for indicating boundary layer
transition was carried out, as a result of which it was concluded that
methods based on the large differences between evaporation rates in
regions of laminar and turbulent flow yielded the greatest amounlt of
information for given expenditures of time and effort. Stalder and
Slack (Ref., 1) obtained excellent results by means of a method of
transition indication in which a lacquer was employed which fluoresces
only when dry. A brief experiment in the GAICIT 5 x 5 in. Hypersonic
Wind Tumnel indicated that the formulas suggested in Ref. 1l were
inapplicable for the conditions existing in the test section at Mach
six even with the supply air at room temperature. It was, therefore,
planned that a program of extending the method of Ref, 14 to higher Mach
nubers would be undertakens Results of this investigation are discussed
in Appendix C.

The most important, and, therefore, the most critical, evaluation
made was that of the existing techniques of direct measurement of skin
friction force. Since it was the purpose of the present investigation
to develop techniques applicable at plate surface temperatures varying
from;-léqu to BOOOF, the three-bar linkage balance systems, patterned
after that of Dhawan, were examined critically with respect to the
maximum allowable balance chamber tempsrature and the necessary accuracy
of force measurement and of element and plate aligmment., The following
was concluded: |

(1) A balance system utilizing electronic components in regions
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of high temperature was infeasible.

(2) Major redesign o£ existing balances would be required to
avoid apparent element deflections due to differential expansion of
the 1inkaée components and the differential transformer support
mechanism,

| (3) A nulling force mechanism must be supplied to allow measure-
ment of skin friction at given nozzle geometries without sacrifice of
accuracy under the wide range of Reynolds numbers possible in Leg Noe 2
of the Hypersonic Wind Tunnel Facility.

(4) A mechanism for adjusting the relative vertical position of
the floating element and thevflat plate would be required to account
for the inevitable excessive differential'expansion of the plate and
element support systems,

Thus, it was decided with considerabie regret that the three-bar
linkage system is inherently not adaptable o the stringent requirements
of high Mach number, high temperature operation, A completely new
balance system suited to the severities of hypersonic wind tunnel
operation was, therefore, designed, constructed, and successfully
operated, Pertinent details of this new balance design are discussed in
Section II.

Since it was believed difficult to construct a single plate which
incorporated the large number of pressure orifices and thermocouples
required to obltain adequate surface pressure and temperature distri-
butions in addition to the floating element and balance system, it was
decided to construct two flat plates. The first of these plates, the
survey plate, was to contain a large number of pressure or;fices and

thermocouples, while the second, or the balance plate, was to contain,
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in addition to the floating element, only two plate surface pressure
orifices for correlation with thé first plates. Design details of both
plates are discussed in Section II, |

The experimental program was, thus, to consist of surface
pressure and temperature measurements on the survey plate with a given
nozzle configuration, at five values of reservoir pressure, and at
values of reservoir temperature corresponding to various amounts of air
condensation in the free stream, Skin friction force measurements and
boundary layer pitot pressures were to be obtained on the balance plate
under the same conditions of pressure and temperature. Boundary layer
transition measurements were to be undertaken on either plate as
requireds Experimental procedures are further discussed in Section III.
A discussion of skin friction results will be found in Section IV,

As briefly mentioned above, investigation of the effect of the
presence of condensation on hypersonic phenomena is, at the present time,
still an important part of hypersonic researche. Thus, in addition to
the experiments mentioned above, a theoretical investigation of the
effect of condensation on skin friction and heat transfer was under-~
takens Theoretical resulis obtained in these studies are discussed in

Section V.-
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IT, DESCRIFIION OF HODELS AND TEST EQUIPMENT

In a field as relavively unexplored as hypersonic fluid mechanics,
it is a fundamental precept of experimental research that measurements
should be directed not only toward the resolution of specified phe-
nomena but also toward the discovery of new phenomena, During the
present investigation, in addition to the measurement of skin friction
force, schlleren photographs were ilaken, boundary layer transition
studies and extensive flat plate surface pressure and temperature sur-
veys were made, and boundary layer piltoil pressure surveys were planned,

In addition to the known severities of the wind tunnel test con-
ditions determined by the operating Mach number, total temperature, and
total pressure, problems associated with the particular wind tunnel
design employed in the GALCIT 5 x 5 in, Hypersonic Wind Tunnel (Cf,
Appendix A) had to be considered, The manner in which these consider-

ations directed the design of the models will be discussed below.

A« The Survey Plate

The known existence of flow non~uniformities in the test section
made 1t imperative that extensive surveys be made of those pressure
distributiong which could measurably affect the skin friction force on
the balance plate. 7he magnitude of these flow imperfections, principally
due to waves originating on the side walls near the nozzle block in-
flection points, at first was found difficult to repeat.

Since attempts to include an adequate number of surface pressure
orifices and thermocouples in the balance plate would greatly complicate

its design and possibly introduce errors in the force readings due to
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the effects of the presence of the orifices, it was believed necessary
to use a survey plate specifically instrumented for pressure and ltem-
perature surveyse. If data from the survey and balance plates vere to
be correlated, il was believed necessary that only models which could
be_installéd without opening the wind tunmnel doors should be utilized
in the present investigations.

When the design requirements for the present investigation were
established, it wﬁs also thought necessary to be able to vary the plate
angle of attack to permit corrections for flow asymmetries and to assure
attachment of the boundary layer over the complete plate. An angle of
attack adjustment mechanism with a rangs of six degrees was, therefore,
specified,

In observance of the precept that techniques were to be developed
which were applicable at the conditions of high temperature possible in
Leg No. 2 of ihe Hypersonic Wind Tumnel Facility, components of the
survey and balance plates were constructed from materials capable of
withstanding, for limited periods of time, temperatures as high as 1000°F.
On the basis of its resistance to corrosion at high temperatures, hard-
ness, dimensional stability during machining, and sufficient magnetic
permeability for being held in a magnetic grinding chuck, a type LLCC
stainless stesl was selected for use in the actual survey and balance
plates. As a result of development work undertaken for this purpose,
it was believed that the thermocouples could be attached closest to the
agrodynamic gsurface by machining indentations into the lower plate
surface to within less than 010 ine. of the aerodynamic surface and
welding the thermocouples directly to the plate, The staiﬁless steel

tubes used to lead the plate static pressures out of the model were silver



soldered to the plate.

A photograph of the sgrvej plate configuration derived from the
above general considerations is shown in Fig. . The location of the 16
static préssure orifices and 8§ thormocouples is shown on Figs 5s To
'minimize the blockage area, a requirement imposed only to develop more
generally éppiicable techniques, the thermocouples and pressure leads
were imbedded in the plate and covered with a stainless steel sheet
(Type 302)s The thermocouple wires were brought out of the model
through the windshield and comnected to one of the Brown potentiometers
(Cf. Appendix A)s, The pressure leads were brought out of the tunnel
by means of standard fittings located in the upper diffuser block and
connected to the right hand two banks of the silicone manometer shown in
Figs 1b.

The windshield on which both plates were interchangeably mounted
was made of Invar to minimize the differential expansion problem so
important in the balance plate. To permit the angle of attack adjust-
ments discussed above, the windshield was fastened to a circular cylinder

which was free to rotate in the test secltlion insert block (Fige. 18a).

B. The Skin Friction Balanoce and Plate

l, Balance Design Requirements

On the bhasis of ecareful analysis of existing skin frietion
balances, it was concluded that existing balance mechanisms were not
adaptable to the requirements of high temperature wind tunnel operation.
' Design of the new mechanism described below was undertakén«only after

the need for a device capable of directly measuring the skin friction
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force under high temperature conditions was clearly established.

If skin friction is to be neasured on a plate without heat trans-
fer, it is intolerable that portions of the mechanism close to the plate
surface, particularly the members supporting the plate, be cooled.
Temperature sensitive components cannot be housed in these supporting
members since such members must,of necessity, be allowed to reach

temperatures of the same order as that of the plate surface.

2. Selection of Displacement-Sensing Device

0f the possible types of strain or displacement-sensitive
electrical devices, the strain gauge dependent on qhanges in electrical
resistance 1s atlected most by temperature changes, and gauges sensitive
to changes in capacitance are the least commercially developed, The
selection of a position-gensing device which fundamentally responds to
changes in magnetic reluctance can, therefore, be justified on the basis
of availability and comparative insensitivity to temperature changes
(Ref. 15)s Since differential transformers manufactured by the Schaevitz
Engineering Company have beeﬁ successfully used in several of the existing
skin friction measuring devices, it was only natural that use of these
devices should be considered in the present case, It was concluded,
however, ihal these and all other presently avallable reluctance gauges
cannot be exposed to temperatures above hSOOF. If gauges of this type
were nevertheless to be used,it was necessary to utilize a mechanism in
which they could be located sufficiently far from the plate surface Lo

remain within the allowable temperature range.
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3. Comparison of Possible Balance Mechanisms

The three-bar linkage system used by Dhawan (Ref., 9) and others
is not adaptable to the transmission of forces and deflections over large
-distances since long and cumbersome components would be required and the
mechanical advantage of distance is always less than one. On the other
hand; a very common mechanism which can readily amplify deflections and
indicate them some distance away from the primary deflecting component
is that used in ordinary chemical balances, where the pointer indicating
the unbalance magnifies and remotely indicates the position of the
balarice panss

In the three~bar linkage, the sensitivity (deflection per unit
force) and natural frequency are both largely dependent on the stiffness
of the flexures and cannot be independently altereds The natural
frequencies corresponding to practical flexure stiffnesses are usually
comparatively highe. In general, the interchanging of flexures is cumber=
some and requires realignment of the floating element. |

In a chemical balance type of mechanism, the sensitivity and
period of oscillation can be easily changed independently,without the
need for floating element realignment, by changing the distribution of
weight above and below the pivot point,

Hypersonic wind tunnels can cperate over wide ranges of Reynolds
numbers and dynamic pressures even with fixed nozzle blocks and, thus,
almost invariant Mach numbers. Consequently, large variations in
aerodynamic forces are possibles. In balance systems not of the null
type, a gap width greater than the product of sensitivity dnd maximum

serodynanic force wmust be used, where the required sensitivity is the



1y

ratio of the minimum_detéctable displacement to the minimum force
increment to be measured, To mihimize the error introduced by the effect
of a discontinuity in the plate surface, the gap around the element should
be made aé omall as possible, consistent with the minimum allowable
sensitivity.

A null balance system has the advantages of having almost unlim=-
ited sensitivity and of permitiing the use of extremely small gaps
between the element and the plate, but it has the disadvantaze of usually
requiring a movable mechanical connection with regions oubside of the
wind tunnels Note that mechanisms of the chemical balance type are
inherently of the null type.

In view of the above considerations, the decision was made that,
for the present purposes, a nulling balance patterned after existing
chemical balances was far superior to the three~bar linkage mechanism

and that design of such a device should be undertaken,

be Comparison of Possible Pivoting Methods

In studying the design details of existing balances, il was found
that, in general, only five principal methods of providing frictionless
pivot points are used, The rolling types of bearings (ball, roller, and
journal) are the most suitable for large loads, Torsion strips and
jewel bearings, while adaptable to small loads, introduce severe design
problems. Thus, detailed consideration of practical pivoting methods
was limited to flexure links and knife edges,

Without exception, the chemical balances examined utilized knife

edges, which, for comparatively small loads, unquestionably provide
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the most aécurate and most frictionless pivoting mechanism. Knife edges,
however, have the comparative diéadvantage that two separable mating
parts are involved. The required sharpness of knife edges is principally
determine& by the allowable friction and the amount of uncertainty in
'vertical position which can be tolerated, Excessive additional dulling
of ihe edge due to chattering under non-steady loads and brinelling due
to occasional overloads may seriously impair both the accuracy of pivot
location and increase the contact friction, Examples of wind tunel
balances utilizing knifekedge'pivots are the GAICIT 10 ft. Wind Tunnel
and the University of California Low Density Wind Tunnel,

Flexure links have the considerable advantage that all components
are fastened together and relative sliding motion is not possible, but
they have the disadvantage of having definite, and in the‘present case
necessarily appreciable, spring cohstants_and somewhat uncertain behavior
at elevated temperatures, Examples of wind tunnel balances utilizing
flexure links as pivol points are those at the Southern California
Cooperative Wind Tunnel and the JPL 20" Wind Tunnel,

| Although the choice was dii‘i‘icuit to make, the uncertainty of
high temperature flexure properties was responsible forfthe decision to

use a knife edge pivot in the present case,

5. Comparison of Possible Nulling Methods

Three methods of applying a nulling force were considered in
detail and dummy mechanisms constructed. Since for the present purposes
the balance chamber must be kept at tunnel static pressure, it must be

possible to increase or decrease the nulling force by remote controls



19

Some chemical balances are equipped with mechanisms which permit adding
or removing individual weights remotely, but such devices are invariably
complicated, However, the Chainomatic principle used in many accurate
chemical balances, which peﬁmits continuous variation in load by
changing the length of a fine~-linked metal chain hanging from the
balance arm, is readily adaptable to remote control.

The principal advantage of using a chain for the present purposes
lies in its simplicity. It was found, however, that chains of the type
under discussion are very susceptible to wvibrations, which are difficuli
to damp out, The specific gravity of damping oils varies considerably
with changes in temperature (~.,05%/°F) and thus may introduce measurable
errors in the calibrated chain weight due to changes in oil level and
huoyancy force. An additional and even more severe disadvantage of
using chain loading is that chains, fine linked enough to weigh with
sufficient accuracy the minimum force, corresponding to the lowest
Reynolds number and laminar flow, must be comparatively long to balance
the maximum force corresponding to turbulent flow. The required long
chain and well are particularly susceptible to the vibration and
buoyaney effects mentioned above,

A mechanism sometimes used in metallurgical balances utilizes a
soft iron core oriented at L5C with the balance arm and at hSO with a
magnetic field. By changing the strength of the magnetic field, a
nulling force of predictable strength can be supplied. This variable
magnetic field mechanism has the considerable advantage of requiring a
minimum of mechanical parts and the disadvantage of bulkiness since a

>

very large volume of coiled wire is required to obtain a sufficiently
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strong magnetic field,

Acceleroneter studies of ihe wind tumel vibration problem were
undertaken to determine the most troublesome frequency components and
the maximum amplitudes of deflections On the basis of these studies in
'which, due to faulty equipment, the deflection amplitudes were under-
estinated and the most troublesome frequencies appeared higher than they
subsequently turned out to be, it was believed that extensive damping
of the mechanical parts would be requireds The nulling force mechanism
used in the final design (Fig. 17a and Fig., 182) is believed to have
none of the disadvantages of the other two systems given detailed
consideration and has the tremendous additional advantage that it is
readily adaptable to several methods of damping,.

The final nulling force mechanism consists principally of an
internal balance beam fastened to the main counterweight, which carries
two permanent magnets, and an external balance beam, wnich also carries
two permanent magnets, The external beam is pivoted on a knife edge
and balanced by a pendulum which moves in damping oil. The internal
bean is separated from the external beam by a brass plate which provides
a vacuun tight seal for the balance chamber, By adding weights to the
external balance pan, the external balance beam is rotated and a force
transmitted 4o the internal beam which produces a moment about the main
internal knife edges The sensitivity of the nulling force mechanisnm
can be varied by adjusting both the spacing between the balance beams

and the position and magnitude of the pendulum weight,

6, Element Alignment Adjusting Mechanism ’

It is difficult and prebably impossible to prevent excessive
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differential temperature expansion of the members carrying the plate and
those carrying the floating elemént. For example, with total tempera=
tures of the order of lUOOoF, differential temperatures of the order of
100%F must certainly be considered possible, and correspondingly, differ-
'ential expansions of the order of 5 x 10"h in, could be encountered
between components 5 in., long. A mechanism for adjusting the vertical
position of the element was therefore provided (shown in detail in Fig,
17¢), which could be operated during actual tunnel operation or preset
to align the element with the plate surface (or with a calibrated posi~-
tion above or below the plate to compensate for existing differential
expansions). The plate and element alignment was, for the present
purposes, made by observing interference fringes produced by a mono=-
chromatic light and an optically flat piece of gquartz. In future work
the element alignment, can be made during tunnel operation by means of an
interferometer whose general design was considercd but not undertaken in
detail,

To account for the fact that manufacturing and assembly tolerances
inevitably could not be limited to sufficiently small values, an element
tilt adjusting mechanism (shown in detail in Fig, i?b) which could be

operated before tunnel operation was provided.

T« BElectronic Components for Position-Sensing

A block diagram of the final arrangement of the electronic com-
ponents of the balance positionesensing system is shown in Fig. 19a and
the location of the two Schaevitz coils with respect to the mechanical
components of the balance system is shown in Fig, 18a. Dekails of the

circuitry are shown in Figs. 19b, 19c¢, and 19d, and the numerical values
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of the circuit elements are tabulated in Fig. 19fa

Note foha'h, by using two céils » changes in the output voltage due
to differential temperature expansion of the balance components holding
the coils and cores were minimized or even eliJ#inated. A 100 kc input
»signal was used, rather than the more common 20 k¢, because of the
somewhat greater change in electrical output per unit core deflection
obtainable, Simplification of system component construction is also
possible by using such a comparatively high frequency. With the amplifier
set at maximum gain (%= 500,000), a noise signal of 10 v and a change in
output of 7 volts per milligram of aerodynamic force was obtained. The
final electronic balance position-sensing system was used with complete

SUCCESS »

84 Calibrating Mechanism

The calibrating balance shown in Figs 17a was designed to provide
equal moments about the pivol point for equal loads on the calibrating
balance pan and on the floating element, The permanent magnet spacing
and the external counterweight position were adjusted to also provide
equal moments about the pivol point for equal loads on the external

balance pan and the floating element,
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IT7. EXPERIMENTAL PROCEDURES

Ae Selection of Flat Plate Loecation

As‘a first step in sélecting the optimum model location, exten=-
’sivs pitot pressure surveys of the horizontal centerplane were made. In
addition, flow inclination distributions were obtained by means of a ’
wedges On the basis of these nozzle calibrations, it was decided to
test the models near the downsiream end of the test rhombus and thus
minimize the effects of the sidewall waves found to exist in the nozzle,

The survey plate, installed in this location, is shown in Fig. L.

The pressure orifice and thermocouple locations are shown in Fig. 5.

Ba Selection of Reservoir Pressuresand Temperatures

For ease of plant operation, maximum and minimum stagnation
pressures of Sh.h psia and 16,0 psia, respectively, were selected with
intermediate test pressures of Thl, 4649, and 23.4 psia.

From the pitot-static pressure surveys of the flow, at various
stagnation temperatures (Fig. 3), a hinimum temperature of 190°F for
condensation~-free flow was established. This temperature is somewhal
below that theoretically reéuiredffor equilibrium saturation due to the
occurrence of supersaturations For the present condensation-free tests,
ayﬁotal temperature of 2250F. was selected to include an adequate factor

of safely.

Ces Measurement of Survey Plate Surface Pressure and Temperature Distributions

The survey plate was tested at the five test stagnation pressures,

‘at T, = 225°F and at room temperature. To determine the length of time
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necessary for plate surface temperature and Mach number equilibrium,
temperature and pressure readings were recorded at 20 minute intervals
until temperature equilibrium was reached, Since the heat transfer
decreases.with mass flow, the length of time for temperature equilibrium
at T0 = 225°F increased from approximately two hours at L.l psia to five
hours at 16.0 psiae

The changes in surface pressures, which were found to cccur until
equilibrium was reached, were caused by changes in apparent nozzle
contours due to the initially greater cooling of the walls and the
correspondingly thinner boundary layer, and by the warpage of the
structure supporting the nozzle blockss The survey plate surface pressure
and temperature distributions obtained during the hot runs are shown in
Figs. 8 to 11, and the chordwise pressure distributions for the cold runs
are shown in Fig. 12

The chordwise pressure distributions plotted in Fig. 8 show the
existence of a severe pressure gradient near the plate leading edge,
which is ungquestionably due to the effect of the boundary layer on the
free streams The pressure gradients observed on the remaining portions
of the plate, which became progressively more severe wiih increasing
stagnation pressure s are probably due to gradients existing in the free
Stréam even in the absence of the plate,

The spanwise pressure distributions 2.5" and 5% from the plate
leading edge, Figs. 9 and 10, show pressure gradients of opposite sign.
These pressure gradients are most probably due to slightly non-parallel
nozzle throat boundaries,

The surface temperature distributions for the hot runs are presented
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in Fige. 1le The comparison wiith theoretical predictions, based on the
calculations of Young and Jansseh (Ref. 16) who obtained a recovery factor
of approximately 0.85, shows the experimentally-obtained temperatures to
be considerably below the pfedicted values, This result is somewhat
surprising since surface temperature measurements on plates with laminar
boundary'layers on one surface, but in which heat flow hetween the two
sides is possible, generally give high results due to the effect of the
usually turbulent or'separated boundary layer on the second sides Two
effects which probably contributed to the lowering of surface tempers-
ature are losses of heat due to radiation and losses due to heat transfer

through the wind shield.
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distributions was taken with the supply air at room temperature, canly
the chordwise pressure distributions are shown (Fige 12). Much more
severe pressure gradients existed on the plate during the cold runs due
to the correspondingly severe non-uniformities in the free stream flow,
Large pressure gradients in the free stream are caused by the fact that
the nozzle was designed to produce uniform flow when the expansion
occurs isentropically. ©Since the expansion process inlfloW'with con~-
densation is more nearly isothermal than isentropic, nozzle contours
designed for condensation free flow must be inappropriate for producing
pressure~gradient~free flow with condensation,

It was observed that static pressures on the nozzle blocks and
on the plate surface were much less steady in the cold runs than in the
hot. It is a well known fact that the static pressufe in a high Mach

number flow with air condensation is affected, to the first order, by
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the amountvof condensed air., The observed pressure fluctuations,
therefore, probabiy correspond tovcomparable fluctuations in the degree
of supersaturation prior to the collapse of the isentropic state, The
obserﬁed ﬁlate surface température fluctuations are probably due to

'a similar phenomenoh, since plate surface temperatures can be shown also

to depend on the amount of condensation (Cf, Section V).

Ds Determination of Mach Number and Reynolds Number

The Mach number determined from the equilibrium pressure readings
five inches‘from the plate leading edge are shown in Fige. 6 as a function
of stagnation pressure ;n the reservoir,

Reynolds numbers 5 inches from the plate leading edge, computed
from the above values of Mach number and the meésured totai temperatures,
are shown in Figs 7« The wall Reynolds number, Rew, is defined by the

relationship

Re"= 5‘\\—\ x 'g:

w

where the subscripts ( ). and ( ),; correspond to free stream and wall
conditions,reSpéctively. The free stream Reynolds number, Re, , is

defined by the relationship

Rey= Sinx e
Note that in the following discussion the terms "Reynolds number! and

Hfree stream Reynolds number" are used synonymdusly, that is,

Re = Re

§
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'The_ﬁariationAof Mach number with stagnation pressﬁre evident in
Fig. 6, which occurs at constanﬁ initial throat setting, is due to two
princi@al causes, The predominating effect, which produces increasing
Mach numbers with increasing pressures, is the decrease in boundary
»layer displacement ihickness, and the corresponding inecrease in area
ratio, "%% ; with the increasing Reynolds number. This Reynolds number
effect is, however, partially compensated for by the opening of the
throat due to pressure loads and thermal effects on the nozzle blocks and

their supporting structure,

E. Investigation of Boundary layer Characteristics by Means of the

Fluorescent Lacquer Technique

Upon éompletion of the above measurements of pressufe and temper=
ature distribution, the plate boundary layer was studied by means of the
fluorescent lacquer technique whereby regions of laminar, turbulent, and
separated flow can be distinguished, (Cf. Appendix C).

Two anomalies were observed which wére possibly more significant
than any other resulis obtained in this investigations The first of these
was the observed fact that the turbulent wind twmel side wall boundary
layer did not contaminate the laminar plate boundary layere (Fige. 13a)e
The second, crudely demonstrated in Fig, 13b, was the fact that not only
was the boundary layer still laminar at a Reynolds number of two million,
the highest that could be obtained with the present plate, but it was
impossiblé 1o produce tranSitionreven by the severest of the several
-common transition~-producing devices useds The air injection method,

‘which is presently thought to be the most efficient transitionpproducing
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device, (Ref. 17) was not:usedksince the necessary orifices and air mani-
fold could not have been providedeithout intreducing further compli=-
cations in the plate design. Subsequent tests performed in the GAICIT
L x5 in, Hypersonlc Wind Tunnel with a plate equ;pped with air in-
gectlon orifices corroborated the result that tran51tlon of the laminar
boundary layer could not be produced at M = 5.8 at Reynolds numbers
below 2 x 106.

Existing theories of laminar boundary layer stability (Refs, 18,
19, etc) predict that instability begins at Reynolds numbers of the order
of several hundred for insulated flat plates at M= 6, The observed
great resistance to transitidn could be due to one or more of the
following reasonss:

(1) Error in the theory predicting the Reynolds number at which
the boundary layer becomes unstable.

(2) Avsence of disturbance frequencies which can be amplified
when the instability Reynolds number is reached.

(3) Very long transition region due to the possible long wave=-
length of frequencies proper for amplification.

(4) Comparatively greater damping of disturbances at the higher

Mach numbers,.

Fo Schlieren Studies of the Plate leading Edge

To examine the characteristics of the boundary layer and shock
wave near the plate leading edge, schlieren photographs were taken of the
first half-inch of the plate at all test Reynolds numbers Unfortunately,
the excessive amounts of oil present in the air of the winddtunnel (Leg
Noo 1), some of which is depdsited on the tunnel windows, made schlieren

observations extremely'difficult. Photographs obtained at stagnation
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pressures of L6.9 paia and 9L psia are shown in Figs. 1lhia and b,

The location of the leading edgekof the plate is marked by the symbol

"LeEa"s (The dark region upstream of the plate leading edge is due to

optical diffraction.) The ratio of the height of the dark line characw

vterizing the boundary layer to the distance from the plate leading edge,
é}-, is shoun at three stations., HNote that the boundary layer assumptions

&2
are valid only where (;ﬂ <« | . Values of the hypersonic shock wave -
k]

M
\Re

which is directly related to the hypersonic similarity parameter, M 8,

boundary layer interaction parameter, (Refs. 1, 2, 3, and L),

are marked, For the present test Mach number, M= 6, note the fact ihat
the shock wave and boundary layer appear definitely separated wherever
the boundary layer assumptions hold. The point at which the parameter
V%% has the value 1/10 is marked, since that point is considered to be
the downstream limit of the region where slip on the plate may occure
Although the above results can be considered only preliminary,
indications are undeniably present that the assumption of the shock
forming the outer boundary of the viscous layer (Hefs, 1 and 2) is not
physically correct at M=~ 6, wherever the boundary layer equations are
valide Subsequent more detailed measurements of ihe leading edge shock
wave, boundary layer, and pressure gradient made in a not yet completed
series of tesis on another plate indicate that the pressure gradients
assumed to exist in Refs. 3 and L may also be in error. Thus, the funda-
mental aésumptions of both of the two major theories of hypersonic

leading edge efforts existing at present cannot be supported by experiment.,

Gs Installation of the Skin FPriction Balance and Plate

Although the plates were designed to be interchangeably mounted
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on the windshield and installed without opening the doors, it was finally
decided that use of such a compliéated procedure was unwarranted. For
ease of model instéllation and final machining of the plate surface, the
advantageé of opening the doors far outweighed the disadvantages of
ipossible non-repeatability of pressure gradients,
| he installation of the balance mechanism and plate proved more

difficult than anticipated due to the inaccessibility of the mounting
surface, errors in manufacturing, and the existence of leakage into the
balance chamber and pressure leads. Considerable time and work were
required to locate the source of these difficulties.and some remachining
of parts was necessary. |

Little difficulty was encountered in aligning the floating element
with the plate surface. The original alignment was made within one
wave length of green light by the use of an optical flat and a mono=-
chromatic light source, The tilt and vertical adjustments shown in
Figs. 17b and 17c were used with complete satisfactions

Photographs of the balance plate installed in the wind tunnel
are shown in Fig. 15. The flat plate and‘skin friction balance in a
simulated mounting and associated elecironic equipmént are shown in

Fige 16,

Hs Discussion of Procedural Difficulties

In the initial efforts towards the taking of data three major
experimental difficulties were encoumtered:
(1) The wind tunnel deflections under the existing pressure and ther=

‘mal stresses were much greater than had been originally estimated, Since
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the main internal knife edge allowed free rotation of the internal balance
pendulum, and thus assured constant alignment with the terrestial
gravitational field, a relative displacement of the element was produced
by a slight tilting of sections of ithe wind tunnel structure. With the
balance sensitivity used, motions correspon&ing to a skin friction force
of the order of 100 mg. were possible, Had the magnitude of the wind
tunnel motions been correctly anticipated, the magnitude of the equivalent
skin friction force could have been easily reduced to an inappreciable
value by decreasing or completely removing the main counterweight.

Since the wind tunnel deflections were underestimated (on the basis of
apparently erroneous accelerometer measurements), a counterweight had been
chosen which was as neavy as wWas reconcilable with the sensitivity of the
electronic sensing system and the desired final accuracy. It had been
believed that a heavy counterweight was desirable to reduce the possi-
bility of the balance being lifted off its knife edge by the initial
pressure differences between the balance chamber and the wind tunnel

test section when flow was first established. This occurrence was, how-
aver, easily avoided by evacuating the balance chamber during the initial
moments of tunnel coperation.

For the present experiments it was believed simpler to eliminate
the effects of tunnel tiliing by using a removable vacuum-tight cover to
exclude aerodynamic loads from the element while gzeroing the balance,

(2) Efforts, carried out in anticipation of possible difficulties,
to reduce the oil content of the air to an inappreciable amount, proved
inadequates The problem of the pil being deposited on the plate

surface and flowing into the gaps proved teo be the major unsolved



difficulty during the entire period of experimentation. In many
instaﬂces the oil deposits‘wgre sb heavy as to make the taking of data
impossible, Although the widening of the gaps was considered as an
immediate.remedy, it was concluded from careful observation of the forma-
>tio‘n and motion of the oil droplets that gaps iarger than 4010 in, would
be fequired'to appreciably reduce the difficulties caused by the deposited
oile These large gaps would be required because the oil was found to
flow into the gaps not as a film but in the form of comparatively large
droplets. It was believed that the required large gaps could measurably
affect the skin friction force on the floating element and that the use
of such gaps should be avoideda

The most satisfactory oill-removing procedure evolved was the
simultaneous introduction of atmospheric air into the balance chamber,
and utilization of the bow wave from the balance cover to "sweep"
the oil off the plate by repeatedly moving the cover towards and away from
| the plate. The author believes that neither the method used nor the
increasing of the gap widths is a satisfactory experimental procedure ,
and if is strongly recommended that no direct skin friction measurements
be undertaken unless the wind tumel air is sufficiently free from
impurities to prevent appreciable deposits on the platé surface,

(3) Upon reduction of the data, it was noted that the pressure
'gradients obtained from the two static pressure orifices on the balance
plate did not duplicate the pressure gradients obtained on the survey
plate. Fortunately, the pressure gradients on the balance plate were
~always less than those obtained on the survey plate, and, in particular,

no measurgble spanwiée pressure gradient appeared to exists The entirely
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different i:ressure g_radié%zts were unquestionably due to dii'ferences in
nozzle throat height and the exact alignment of the nozzle blocks.

~ Since no correlation was possible between the pressure distri-
butions <Vm‘ the survey plate and those on the balance plate, the egtimation
’of existing pressure gradients had to be based solely on pressures measured
at two stations, one inch from the plate center line, and in the balance
chamber, Although spanwise pressure gradients existed on the strvey
plate, no appreciable pressure differences existed between the balance
chamber pressure éndkthe pressure one inch to the side of the element
center line, Thus, the assumption that the chordwise pressure gradient
along the plate center line was the same as that obtained from the two
pressure orifices one inch to the side of the center line appears 1o
be entirely justifiable, On the basis of this assumption, a correction
to the measured skin friction coefficients was applied by the method of
Ref, 20,which is based on congiderations of the von Karmdn momentum
equations The corrected and uﬁcorrected skin friction coefficients are
shown as a function of Reynolds number in Figs. 21 and 22, and as a

function of Mach number in Fige 23.
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IV, DISCUSSION QF SKIN FRICTION RESULTS

The theory of the laminar boundary layer on an insulated flat
pla.te‘ without pressure gradient has been formulated in great detail and
" is reliable except at very high Mach numbers, at low Reynolds numbers,
and wheneve’r various combinations of these two parameters become large
(Refse 1 - li, 21 - 23, etcs)s Reviews of existing laminar theories are
aveilable in several sources (Refss 2L, 25, elcs) so that discussion of
such generai considerations is omitted here, _

A sumary of the existing theoretical predictions of local skin
friction coefficients is shown in Fig. 23. (Refs. 16 and 26 - 32), Each
of the authors cited in Fig. 23 carried out solutions of the well known

campressible boundary layer equations:

) ) o (1)
= (Puq + N (Pv) =) | (1)
\’ ’aU. l, » Qg R 6 g . fr)
P ax Ax Qy 'bt(x 2)

'- P ’ax == C;T ~ pv - CGeT = %\k%—g—) A /u\—aa—f("-\ (3)

All authors cited except Crown (Ref. 27) considered the specific heat to
be constant, and all authors except Young and Janssen (Ref, 16) considered
the Prandtl number to be constant, although several different numerical
values were used, |

Van Driest and Gollos (Refs 32) and Crown (Ref. 27) made comparative
calculations to determine the effect of various numerical values of
Prandtl number on the laminar skin friction coefficients The conclusion

reached by both of these authors was that, within wide limits, the
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choice of the numerical valuve of Prandtl number is of secondary importancea.
Thus, the complication of assuming a non~constant Prandtl number does not
seem to be warranted if values of skin friction coefficient are to be
determined. It is important to note that the choice of Prandtl number
‘affects to a greater degree the heat transfer coefficients and that the
use of variable Prandtl numbers may be warranted if qalculation of those
coefficients is to be carried out.

From results obtained by Crown, it can be concluded that the use
of variable specific heats produces only very minor changes in skin
friction even at M = 12 with a free stream temperature of 50°R and a
change of only 3% at M = 8 with a free stream temperature of Sh0°R,

The very pronounced spread between the various theoretical
predictions of skin friction shown in Fig. 23 must, thus, be principally
due to the differences between the assumed variation of viscosity with
temperatures A discussion of the relative merit of these various
assumptions is presented in Appendix B, It must be noted here, however,
that it is concluded that viscosities predicted by the method of Hirsch-
felder, Bird, and Spotz, (Refs. 33 and 3L) are the most reliable at all
temperatures. The viscosities of Keyes (Ref. 35) are reliable at tem-
peratures above 270°R, the Sutherland formula is reliable above 360 R,
and Crown's assumption, although inaccurate throughout most of the tem-
peralure range, leads to values of viscosity which do not deviate from
the values predicted by Hirschfelder at temperatures below 200°R as
severely as to those obtained by the Sutherland formwla, The variation,
as a function of temperature, of [ normalized by the valug at

T, = 89.3°R obtained by Hirschfelder, is shown in Fig. 2i. To avoid
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overcompli¢ation of the presentation, the variation of O as predicted
by the power law is shown only foﬁ two important cases where W = 1, If
the value of PP is normalized by its value atffmk = 89.3°R as predicted
by the vafious methods, the great discrepancies which exist at that low
»temperature cause a very considerable spread in the values of f}* as
functions of temperature,

Laminar skin friction is basically a local phenomenon and thus
depends'most importantly on the local gas properties. The work of
Chapman and Rubesin (Ref, 26) is based principally on this point of view.
Comparison between the work of Chapman and Rubesin,in which it is assumed
that PM is constant throughout the boundary layer and has a value
determined by the wall conditions, and calculations using the Suthsrland
formula, in a temperature range where it accurately represents the
viscosity~temperature relationship, shows close agreement, This is true
even though the Chapman and Rubesin assumption becomes increasingly
inaccurate at higher Mach numbers when the temperature range, throughout
which the assumption is used, becomes increasingly greate.

While i‘tr is generally trwe that in obtaining numerical values of
C£VT§; it is’progressiwely'more_important at higher Mach numbers that
the correct viscosity-temperature relationship is assumed, surprisingly
great inaccuracies are permissible for comparatively accurate final
résults. However, if the value of skin friction is to be evaluated from
the product, quTEE s or if this product is to be determined from the
coefficient Gi., it is, of course, of fundamental importance that the
~value of viscosity pertinent to the Reynolds number be known to suffi-
~cient accuracy. For the hypersonic wind tunnel case, it ié, therefore,

essential that the free stream viscosity used be that predicted by



Hirschfelder,

Of the nine curves presentked in Fig. 23, only in the top three
was a free stream temperature of the same order as that which occurred
in the preéent experiments éxplici‘bly assumed. Chapman and Rubesin
,assumed that PM= f;}xw « For the present case of no heat transfer

of dissociation, Crown's assumption corresponds to

b & (L)
fa)* (:“*-'ﬂr

where C and Cl are evaluated at ‘t;.he wall conditions. Young and Janssen
used the well-known Sutherland fomulas

It appears that the values of Young and Janssen for T, = lOOoR
are higher, by comparison with those of Chapman and Rubesin and Crown,
than can be reconciled by their use of the Sutherland formula (Fige i)
and a variable Prandtl number, The fact that the zero Mach number value
of Gf VRTB' obtained by these authors differs by several per cent from
its well-known value of 0.60L4 lends credence to the opinion that compu=-
tational errors occurred in their calculations,

The values obtained by the methods of Chapman and Rubesin and of

Crown are very similar at M = 6, since their prediction of CeYRe differs

y
4
only by the factor @Vﬁ_&}m .
fo Moo

Since no calculations exist at the present time in which the
compressible boundary layer equations were solved using a viscosity-
temperature variation which corresponds to the hypersonic wind tunnel
case, arrangements have been made with the REAC group at the Jet Pro-
pulsion Laboratory to integrate these equations using the viscosity-

temperature relationship of Hirschfelder, Bird, and Spotzs Due to more
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urgent requirements of the Jet Fropulsion Laboratory, these calculations
could not be carried out in time for presentation in this reportas There-
fore, comparison of the experiméntal results can, at this time, be made
only with theoretical predictions in which viscosity-temperature rela-
.tionships of various degrees of accuracy were used.

Figs. 21 and 22 show, at a Reynolds number of one million, a
Cp Vﬁg. of 0,525 and 0.52, respectively., In preparing these diagrams,
the eight points believed to have been unaffected by the presence of oil
were faired by ilhe melhod of least squares. During the taking of data,
the presence of oil in the gaps was usually evident only by its effect
on the value of the skin friction force. Whenever this eifect was
sufficiently obvious to be indisputable, no data were taken until this
condition was corrected.,

The results of all force measuremenis actually carried out are
presented in Figs. 21 and 22, The data shown were taken on different
days within a total period of more than a month, during which time major
components of the balance were removed and reassembled for inspection
and repair. The scatter within the eight points used in fairing the curves
was obviously of a different order of magnitude than that of the remain-
ing six points. Thus, rejection of the six scattered points appears
justifiable on the basis that scatter evidenced by these points can be
readily explained by the presence of oil in the gaps,.

Figse 21 and 22 show a trend of increasing Cfv7§; with increasing
Reynolds number., However, the magnitude of this trend is too slight to
be conclusive evidence,

The agreement shown in Fig. 23 between the experimenial value of
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Cp [Re , corresponding to a Reynolds number of one million, and the
predictioh of Van Driest (Ref. 31) is believed to be a coincidence since
the calculations were carried out with an assumption of ﬁhe viscosity=
tempéraﬁure relationship Whieh was inappropriate for the hypersonic wind
’tunpel case,

The experimental result, shown in Fig., 23, is approximately 16%
below the values of Crown and of Chapman and Rubesin, who used inaccurate
simplifying assumptions as to the viscosity-température relationship,
and approximately 21% beiow the value of Young and Janssen,which is
believed to contain computational errors in addition to the inaccuracies
due to the use of the Sutherland equation.

Much thought was given to an estimation of Cfvﬁﬁg' corres-—

ponding to a more exact representation of the gas properties. Although

- no quantitative results could he obtained, it is believed that integra-

tion of the boundary layer equations using the correct variation of
viscosity with temperature would lead to results close to, and possibly
even somewhat higher than, the results obtained by Chapman and Rubesin
(Ref.’26) and Crown (Ref. 27),

To reconcile the discrepancies which exist between theoretical
brediction énd experimental reSults, the following two possibilities
were carefully examineds

(1) Possible Errors in the Experimental Measurements

At the completion of the test program, the thermocouple and Brown
potentiometer used to measure total temperature and the stagnation
- pressure gauge were recalibrated, It is believed that the values of

total temperature adopted after the thermocouple recalibration may still
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be in error, although this grror 1s not believed to be sufficiently

great to significantly affect the.comparatively temperature-insensitive
skin friction measurements. Evidence that an error in total temperature
neasurement may still exist is the discrepancy between the neasured

»survey plate surfacé'temperatures and those predicted by Young and Janssens

The skin friction balance mechanism operated satisfactorily during
the entire period of data-taking., An oscillograph record of a typical
laminar skin friction measuremeht,is shown in Fig. 20. Note the
Steadiness of the rorce readings and the comparatively small drift as a
function of time. It is estimated that the balance reading accuracy was
22 mge or £5.7% and £ 1.7%’of the minimum and maximum force readings,
respectlvely,

Although it is difficult to quantitatively estimate the effect of
the presence of the gaps and the minute element and plate misalignments
on lthe force measurements, these effects afe believed to be comparatively
small,

To determine the values of the skin friction coefficients from
the measurements of skin friction force, it is necessary to compute
values of the dynamic pressure, q, from measurements afﬁstatic pressure,
p, and reservoir pressure, po.' The maximum manometer reading error
corresponds to errors in p of % 3,6% and = .8% for the lowest and high-

- est test Reynolds numbers, respectively, The maximum error in stagnation
pressure, principally due to instrument calibration error, is believed

to be less than L 1%, bue to the womblued effects of errors in static
-and stagnation pressure, errors in dynamic pressure of approximately'

‘% 3% and % 1% are possible at the lowest and highest test Reynolds



numbers, respectively.

The errors in Mach numberbcorresponding to the combined maximum
possible errors in p and p, are 0.5% and 0.25%,at the lowest and highest
test Reynolds number,respectively.
| In the present Mach number range, the errors in Reynolds number
are due almost entirely to errors in viscosity. In the present temper-
ature range the free stream viscosity varies as TO.h (Cf. Table I).

For an uncertainty in T, of 2%, the \Re,which is the important para-
meter in the present case, varies by only Oslde

Note that the combined effects of all of the possible instrument
errors could change the computed values of Cp VEE' by % 9% and £ 3%at
the lowest and highest Reynolds numbers, respectivelys, Therefore,
neither the scatter in the data nor their low value with respect to the
available theoretical predictions can, to any appreciable extent, be
reconciled by instrument error.

It is believed that the widely-scattered data points were probably
taken with oil present in the gaps and should be rejected on those
grounds, It is further believed that the comparatively low values of
Cp [Re obtained can be reconciled in the manner discussed belows

(2) Possible Errors in the Theoretical Predictions

In addition to a careful estimation of the effects of using inexact
physical constants, results of which were discussed above, the appropri-
ateness of the usual solutions of the boundary layer equations was
examined. The effects of slip flow (Refs. 21, 22, etc,) and of the shock
wave = boundary layer interaction at the plate ¥ ading edge (Refs. 1, 2,

3, and L) were considered on the bases of existing theories. With



respect to both phenomena; existing theories predict appreciahle effects

only for limited regions of the plate near the leading edge, that is,
M . '
where and are of order one, The schlieren photographs of the
Re * [Re ' PR

first half-inch of the flat plate, shown in Fig. i, indicate the com-
paratively small fraction of the plate which falls, in the present case,
within the limits imposed by the theoriss mentioned.

The effect of shock wave = boundary layer interaction near the
leading edge is to increase the local skin friction coefficient in the
region where an appreciable pressure gradient is produced by the inter-
action, Although the magnitude of this increase differs in Refs. 1, 2,
and 3, it is difficult to dispute the contention that such an increase
existss However, it appears that the assumed or implied assumption that
at the end of the interaction region the skin friction coefficient
reaches the value predicted by classical theory is open to question.

It is unquestionably true that the increased skin friction at the
leading edge necessitates, by the von Kdrman momentum theorem, an in-
creased mass flow into the viscous layer and a corresponding thickening
of the boundary layers Thus, the "normal! boundary layer, which is
to start at the end of the shock wave ~ boundary layer interaction
region, starts with an initially greater thickness than that predicted
by classlcal theory, If the very plausible assumption is now made that
the velocity distribution within the boundary layer very quickly
approaches the classical distribution, then it is evident that at a given
statlon the similarily paramster Cf Reg- » where Re, 1s the
Reynolds number based on the displacement thickness, requires that the

value of Cp, and correspondingly C,|Re , be lower than that predicted
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from classical theory.

It is believed that the above qualitative justification of the
experimentally obtained low skin friction coefficient is entirely
plausible and warrants further careful theoretical and experimental

verifications
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V. THE BOUNDAKY LAYER IN A TWO-PHASE FLUID

It would be of considerable practical interest if experimental
data obtained in hypersonic wind tunnels with two-phase flow could be
-used to predict the properties of the hypersonic boundary layer in con-
dénsation-free flow. The extent to which correlation is’possible is
discﬁssed below,

Note that it has been shown in Refs, 5, 6, 7, and 8 that severe
deviations from the isentropic, Prandtl-Meyer type of flow occur even
with the presence of only a slight amount of condensed air, and it is
thus questlonable whether experimental studies, in a two-phase fluid, of
the important hypersonic shock wave-boundary layer interaction problems
can be directly correlated with the corresponding condensation-~free case.
In the fcl:l.mv:i.ng3 analysis it will be assumed that in the region under
ccms:i.dera.‘r,:i.onu‘%‘;<< 1, so that the effect of the self=-induced pressure
gradient can be neglected,

It is immediately appareat that if 53 is dei‘inéd 1o be 'hﬁe fluid
density and if it is assumed that the condensed particles move with the
mass velocity d, then the continuity and momentum equations take the
same form in the two-phase case as in the case without ‘condensation,

To derive the applicable energy equation, note that the proper
equatiohs of state are

p=pRT (12)
or
p=pll—gRT (1)

“and the enthalpy of fluid and vapor can be written as
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h=hg+h (=g | (22

But

h = (h,—L) | (3)
so that

h=CT-Lyg (2b)

The internal energy is, in terms of the enthalpy,

€= \" - }g (La)

so that
e = G, T—g(L+RT) | (Lb)

In the above equations, the subscript ( )v denotes the properties of the
vapor, L is the latent heat of vaporization per unit mass, g is the mass
~fraction of fluid condensed, and p, R, T, Cp, and C, are the thermodynamic
properties of the vapor.

The effect of the presence of condensed air on the viscosity of
the droplet-vapor mixture can be evaluated by means of the Browmian
movement law of Einsitein and von Smoluchowskie

Einstein deduced the equation

w~ =1+ 25n(4na) )

where n is the number of droplets per unit volume and a is the droplet
radius. (This equation in conjunction with that for the diffusion
coeffiecient can be used to determine Avogardo's numbers) But n is of the

_afder of
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N
Sop
&
where N is the number of molecules per cubic centimeter and r the molecular
radius. Thus, under the worst practical conditions of test section

pressure and temperature

25n|3we) = OL07)
so that the assumption that the viscosity depends on the state of the
vapor only introduces, at worst, an error of 1/10 of 1%. It is of inter-
est to note that in Einstein's equation the correction of viscosity due
to the presence of condensed air droplets is proportional to the volume
fraction of condensed air and is, therefore, small even for compara-
tively large values df the mass fraction of condensed air; g« Since the
mechanisms of molecular momentum transfer and of molecular energy trans-
fer.a.re very similor, it can be assumed by analogy that the heat transfer
coefficient, k, which represents the molecular energy transfer, is also
| only slightly affected by the presence of condensation, On making the
fur’bhér asgsumption that the transport properties P and k are independent.
of fluid density, it can be concluded that the viscosity and heat trans-
fer coefficients of the mixture of vapor and droplets are, to the present
accuracy, only functions of the vapor temperature.
| The general energy equationbcan now be written by analogy with

the uncondensed case:

P Dt PO | Dt div kk grQO\T) + <l> PQ (6)
where qb is the dissipation as generally defined and (¢ the heat added

per unit mass,
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For the case of sieady flow without pressure gradient, the usual

boundary layer assumptions lead to the following equations of motion:

(e + %(PV\ =0 (M

9\*@-% - gy = %YW w0 ©

?u (C T L%\ ~+- PV (C A — Lg\ Sy (k QT) /\.xki%—)
()

The relatiohship between viscosity and temperature which best
represents the physical situation without introducing great computational

difficulties is that suggested by Chapman and Rubesin (Ref. 26)

A oL | (10)
AT N
where‘(: is selected to give the correct value of i, o Since the
viscosity of a two~phase fluid is very closely approximated by the vis-
cosity of the vapor componenlt, no more severe assumpltlion is made in lhe
present case than is usuale A similar assumption about the heat transfer
coefficients and the usu#l assumption of constant CP imply that Prandtl
number is constante.
Unfortunately, however, the assumed temperature-viscosity rela-
tionship is not sufficient to allow the derivation of a momentum
equation independent of the energy equation wnless in the case of a two-

~phése fluid, it is instead assumed that the product of density and vis-

cosity remains constant,

ppM = Cﬂo}.&“  (11a)
The comparative validity of this assumption for the present case ecan be

evaluated in the following manner, The assumption
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/uob~ CT - (10)

in the ‘éwo-phase case leads to

‘&i; C{‘_Z.?:‘X | (12)
so that the assumption.g»:Cg . May be more severe in the present case by
the factor g Note, hdwever,'that at area ratios corresponding to
Mach number six (and To = ShOOR), the temperature range throughout which
the assumption pm = canstantyis required to hold is considerably smaller
in the case with condensation than withoute This fact more than compen=
sates for the comparative error of possible magnitude g,

By introducing the Von Mises transformation

_ £ By —_ $. By :
u ¢ 3\( 1.V 5 Bx | (13)

only the momentum and energy equations need be considered since the

continuity equation is satisfied identically,

o = B By ey (ta)
9T _ L 9q _ & Mo duV
D% CP A% P BW(CM X0 ) =+ CPP«, Cu(",a‘%\)‘) (15a)

Note that the only term in the above two equations which differs
from the usual case without condensation is that expressing the enthalpy
change in the energy equation. For the sake of further simplification,

dimensionless variables are now introduced,
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(U * X
MV X=X
_ «
L-= P = —% (16a)
#___ £ k‘)
/uh/%\; = 7 UX C

ob

Using these variables, the equations of motion become

ox" ’G\P* 3\\)" (1o}
OT"_ 1 89 _ 1 3 (wdT) AL (2wt
ax" CP - ’ax«x - ‘Dr (Bw, A8 ) B\V’) + C?T; (3 (,a\v,‘) (.}.)i))

P 3

The factor & :"‘_ multiplying the viscous dissipation temm wnhich
becomes \X—-\)V\i in Ptl:e case without condensation will not at this point
be related to a Mach number, since the introduction of a speed of scund
introduces unnecessary conceptual difficulties. The boundary conditions

relevant to the above equations for the case without heat transfer at

the wall are

=0 at v=0 (y=0)
uw =0 at \}1*7 o) (Y = oo\
T = : aa =0 (16b)

T'=1 at Y=o

g =49, al Y=oo
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Note that none of these boundary conditions isa funclion of < if it
is assumed that 9. is constant. Following the procedure of Chapman and
Rubesin, introducing

>

W=ty a1
whérg ) is defined by |
flp) = 2= (16)

reduces the momentum equation to the well-known Blasivs equation, with the
boundary conditions | |
fleo) =2
f(o) =40 =

"
Since complete tables of the functions { , § , and { can be found in

(19)

many references (Ref. 37, for example), the solution of the momentum

equation is known as a function of Vx*

Solution of the energy equation can now be undertaken by substituting

I | )
W= = {l») 1)
and changing the independent variables from.‘xg,‘+f to X, ) . In this

manner the energy equation becomes

5o T RIEL - oA 8%+ (Pt

07 o ?567
(20a)

A . B U e

2R T a e ()

with the boundary conditions



—r*(xf)“% =

(21a)
9(x’x)°°) = <0
g(x50) = O

Since these boundary conditions are independent of ‘X*, solutions
of the equation of the fomm T*(ﬂ?) and g(ﬁ?) can be made to satisfy the

boundary condition. Thus, only solutions of the equation

/_;S:I* ﬂ*‘ L. a ___EL);_ W
s RIS Rie= B2 =-S5

(20h)
need be considereds

'

Although no mention of the fact has to this point been made, it
is obvious that the equations discussed so far are inadequate to previde
a solution to the problem of the boundary layer in a two-phase fluid,
Another equation inwolving the mass fraction of condensed air, g, as
well as the space and state variables, must be supplied to solve the
problem within the assumptions already made,

Unfortunately, however, derivation of an additiohal equation in-
volving the mass fraction of condensed air, g, is difficult. The crux of
~the difficulties lies in the fact that while T# is a thermodynamic prop-
erty which depends only on the state of the fluid and thus is a point
function, the quantity, g, in addition to depending on the state of the

£luid, depends on the tl'xemnod;ynamic processs 7The equabtlon

P = U—"CB)FRT : (1b)

is therefore not an equation of state in the usual sense bhul really is
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an equation combining the equation of state of the vapor |

P— RRT

(ia)

with the equation describing the indestructibility of mass

R = (1“9\ P ' (22)

In all fluid mechanics problems involving two~phase fluids the
most powerful simplifying assumption which can be made is that in which
it is assumed that the process takes place at equilibrium, In the present
case, the assumption of thermodynamic equilibrium leads immediately to a
model in which the boundary layer consists of a sublayer defined by the
nonexistence of condensation and a layer in which condensation is still
present,

Since the assumption of thermodynamic equilibrium in general
applies only to conditions "in the large" and does not rule out the
occurrence of random deviations, the possibility of liquid air droplets
impinging upon the plate surface must be considered, It is difficult
to estimate quantitatively the probability of droplet collisions with
the plate Sﬁrface since this probabllity depends on two largely unknown
phenomena, the degree of superheating possible and the @istribution of
randon dropiet velocities (which is a function of droplet size distri-
bution)s However, it is possible to judge intuitively that since
eQuilibrium reevagsration occurs fér from the plate surface in terms of
" the coordinate st;, only an extremely small number of unevaporated
droplets can reach the plates,

The mean momentum of the droplets is the same as that of the

‘vapor, so that collisions of droplets with the plate must leave the skin
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friction uhaffected.‘ HoWever, due to the great heat cepacity of droplets,
a relatively small number of‘ droﬁlets could measurably affect the heat
transfer from the plate. The validity of neglecting droplet collisions
with the i:late in heat transfer caleulations must be verified by
| experjmentation,.

It is apparent that in the condensation-free sublayer, the mass
fraction of condensed air, g, and all its derivatives are zero so that

the energy equation reduces to its usual form

T 1 = N C S S

with the boundary conditions
g THx0) = T2
T* LX? ,,73 - ~\—:"(73‘, /75\

where the subscript ( )s denotes the conditions on the surface of the

(21b)

condensation-free sublayer, However, the assumptions of similarity

dT™ 3
— = 29
Bx—i ,ax-x D (23)

imply that the coordinates of the boundary are ﬁ? %‘475 = constant, so

that the boundary condition on that surface reduces to

- T ) =T ) =T (21¢)
The value of —T: mus'b’ be matched with that obtained from a solution
applicable in the layer with condensation,

In the condensation region the 'a,ssumption of isothermal droplet
reevaporation can be made with a high degree of accuracy, the errors

being only those produced by differences between droplet and vapor



temperaturés (surface tension effect) (Refa 6). Thus, in this layer,
the energy equation becomes
2 w\z
Qo _ U B (204)
om 4L f .
with the boundary conditions

glm) = O
Iloo) = s

Fortunately, this energy equation can be integrated since f and

 (214)

" are known values of M .

Ms “ 2
O~ ——JALA'V - e 5('*2«—,\ (2h)

AL

Since the quantl'by U"a is known, 5('7,\ and from it 07.3 can he
determined. The boundary conditions on the surface 7, T.=1 , and the
location of the surface are now determined as functions of the free
stream conditions, and the solution of the energy equation for the con-
densationffree sublayer is readily obtainable,

The energy equation under consideration

(Pr\’f ol _ —% CU.:_ (?“)l (20¢c)

is identical to that considered by Chapman and Rubesin except for the
boundary conditions, and similar to one considered by Pohlhausen. By
analogy with solutions obtained in Ref, 26 and Ref. 37 the solution to

the present problem can be written

T = aln, 2CT 7)+0YH (253)

‘where
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el = = EB”(E)]RFW@)T_QG R (26)

and \:bﬁ:is the solution of the homogeneous equation., The function
was evaluated by numerical integration and has been plotted by Chapman
and Rubesine The constants o, and cx\"'m can be determined by simultaneocus

golution of the equations

T =alp + _2%:1 (O + o\, (0
O (250)
5CT

I = alp)~ o) + o\l

where
and

for Pr = 0,72+ Thus, the adiabatic wall temperature is

_E,: = 06\075 + 21,3,:"?; 0.845 for Pr = 0.72

(25¢)
Values of Q7), for T = S40°R, are shown in Fig. 26.
The skin friction and heat transfer for the case of a two-phase

fluid can now be evaluateds The shear stress in the boundary layer is

T= p %‘-Y*— (27a)

or in terms of n?,

= ’%ﬁ e U v U (27b)
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Thus, at the wall,m = 0,

. \u& | X C-w .
T = A (o)uz TR (27c)
and
% ¥ _
C= —%—zi&—s‘(@\l’dﬁ (26)
But since, f*(0) = 1,328, the relationship
CVR. = 0.6e4lC,, (29)

identical to that for the single~phase case is obtained. Note, hovever,
that Qw must be evaluated from conditions given by the non-viscous |
saturated expansion relationships (Ref. 6) and a specified wall tem=
perature, |

The heal transferred from a unit area per unit time at a given

point is given by
(30a)

or in terms of the 07 coordinates, from Eq.

WL V@“\x , :
3 B 2_ ;.W 'y“XCw 12(\‘?—‘;" (O)'— QoYo (O%

- (30p)

But,
r kO) =0
and from Ref, 26

Y. Q)= — 05915

rso that
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o= — 5| %% (asas) (300)

If the heat transfer coefficient is defined by the equation

hm — = | (31a)
. Tw_—'—\—\—)le
then, by substituting for Ty , Ty, , and Q s the relationship

L —0.5919—“5—\]%&% (31p)

ady

is obtained. If the local Nusselt number is defined to be

Nu = }—‘% (32a)
the relationéhip
Nu = — 9——5‘2-1—5—\[@@ (320)

is obtained. Note that the expression for q, h, and Nu are identical in
form for the cases with and without condensation. Again proper consider-
ation must be taken of the free stream temperature and the valué of
for the condensation case,

The most important practical comparison between boundary layer
properties with and without condensation :Ls that which ‘expresses the

difi‘erénces between the local skin friction,  , and the differences

—

9

and T; + Since T -, to the present approximation, depends only on
) °

- between the local heat transfer, q, for specified values of E%- s Po s

the geometrical configuration —A'T » Such a comparison demonstrates the
error intrbduced by assuming the expansion in a given wind tunnel nozzle
to occur isentropically.

Thus, since the dynamic pressure, q, is held constant, for the



insulated plate

R G .
—_s. d
= = Cs;o (33a)

Substituting into the expression

CAR. = Q.ceNC, (25)

the relationship

T _ C ‘(C_w\
— = —-—-’S-Q -= S "T¥W le “
7;' C R i(cwwc (33}3)

is obtained, But “

CW == M_ ('_Ll'b)

so that

AN [m} (Re o,

(33¢)
% SR SR IO
A
The ratio %& was computed for T, = 540°R and Mach numbers ) M(’ﬁ\,

{o
from 5 to 10, It was found that within this Mach number range the pres=~

ent theory predicled an effect of less than 1% on the local skin friction
coefficients Thus, it is indicated that values of local skin friction
coefficients obtained in flow with air condensation may be correlated
directly with condensation-free values, whenever leading edge effects
are negligible,

Direct measurements of the viscous shear force on the floating
element were undertaken at a stagnation temperature of approximately

SL0°R, a Mach mumber (based on area ratio) of approximately 5.6, and
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stagnation pressures of 9l psia and L6.9 psia. The experimental
difficulties introduced by the présence of 0il in the air stiream were
much more severe in these cold runs than had been previoﬁsly encountereds
Even the most drastic methods for cleaning the oil out of the gaps
between the floating element and the plate proved to be only marginally
effective due to the comparatively high viscosity of the oil at the low
plate surface temperaturss,

The measurements obtained resulted in local skin friction
coefficients 6% and 11% higher than the values predicted by the present
theory for the higher and lower Reynoclds number, respecctively, on the
basis of the measurements made at stagnation temperatures of approxi-
mately 225 F (Fig. 21).

Although these experimental resulis are in closer agreemsnt with
the theoretical predictions of Chapman and Rubesin (Ref, 26) and Crown
(Ref. 27) than the values presented in Figs. 21 and 22, this agreenent
is not believed to be significant since the theoretical predictions of
Refs., 26 and 27 are believed to be inappropriate for the present range
of Mach numbers and Reynolds numbers.

In addition to the inaccuracies of the present theory for skin
friction in a two-phase fluid, three principal factors are believed io
account for the differences between the results obtained from the cold
aﬁd hot runs:

(1) A very severe pressure gradient existed on the plate during

the cold runs (Fige 12).
(2) 0il may have been present in the gaps while measurements were

being taken,
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(3) The effect of the thickening of the leading edge boundary
believed to measurably affect the local skin friction
coefficients was altered to an unpredicted extent by the
presence of condensation.

For specified plate temperatures, the ratio of heat transfer with

condensation heat transfer without condensation becomes, if the Prandtl

number is assumed to be the same in the two cases,

Ae. :</U~e:rw\c (Cw‘c (—E”th\c C{, (3[,)
% P @ (=T G ’

In the above expression (Eqe 35) Uthe primary efiect of the presence of

condensation is the modification of the adiabatic wall temperature, _TQQ.
Since(T;;L_changes to the first order with changes in the amount of
condensed air, g, the degree of supersaturation becomes of first order
in importance in determining the heat transfer from a plate in two-phase
flowe. Since the degree of supersaturation cannot; in general, he
predicted accurately enough for low temperature potentials, correlation
between heat transfer coefficients cobtained in two-phase flow cannot,in

general, be made With condensation free values.
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VI. CONCLUSTON

In addition to the development of experimental techniques applica-
ble to the study of boundary layer characteristics in hypersonic wind
~tunnels operéting at high stagnation temperatures, the present investi-
gation provided the following evidence as to the behavior of the laminar
boundary layer at érMach number of 5,83

(la) It was observed that the‘natural boundary layer transition
occurred at much higher Reynolds numbers than had been anticipated,
Further, even with the most severe methods used, transition could not
be forced at a Reynolds number of two million, The present experiments
give the first experimental indication of this vitally important
phenomenon,

(1b) A significant property of the transition phenomenon is the
observed inability of the wind tunnel sidewall turbulent boundary layer
to contaminaté the flat plate laminar boundary layer and produce transi-
tion in a region bounded by the usual contamination angle. |

(2) Evidence was obtained that at M = 5.8 the assumption that the
shock wave forms the boundary of the viscous layer does not correspond
to the physical facts in fegions'sufficiently far from the plate lead-
ing edge for the boundary layer éséumptions to holde.

(3) The measurements of the local laminar skin friction producéd
the extremely important result thét‘existing theories considerably over-
estimate the magnitude of the local viscous shear force at Mach numbers
and Reynolds numbers corresponding to thosé reached in the present
iinvestigation. A value of 0,52 was obtained for CfVTE;,

(4) A theory was developed for the laminar boundary layer in a
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two~phase fluid, on the basis of which it was concluded that measure=-
ments of laminar skin friction can be correlated with condensation-free
values (whenever leading edge effects are unimportant) and that heat
transfer coefficients and recovery factors ohtained in twow-phase flow
cannot be correlated reliably with condensation-free values due to the

unpredictability of the degree of supersaturation,
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APPENDIX A

EXPERTMENTAL FACILITIES

The GﬁICIT 5x 5"‘Hypersonic Wind Tunnel is of the continuous
type, that is, air is continually recirculated through the compressor
plant-and test section. The compressor plant employed to operate the
wind tunnel consists of eleven positive displacement pumps driven by
seven electric motors (Fig, 2)., The nine compressors employed in the
lower stages of compression are of the rotary type (Fuller Company).

In the final stage of compression two double acting reciprocating
compressors (Ingersoll-Rand Company) may be used. The rotary compressors
were selected because of their immediate availability and because of
their ability to operate at the necessary high compression ratios.

The intricate system of piping and valves interconnecting the
various pumps permits operation under a wide variety of conditions of
total compression ratio and mass flow. By the aligning of all the com-
pressors into a single stage of compression, sufficient mass flow is
available for operation at Mach numbers below two, while the arrangement
into six stages can supply compression ratios greater than a thousand,
permitting operation at Mach nunbers greater than ten,

Since the nozzle block throat width camnot be varied, the test
section Mach number, and, as a consequence thereof, the compression ratio
necesSary to maintain the specified Mach number flow are determined primari-
1y by the throat height., The required compression ratio determines, in turn,

rthe minimum number of stages necessary, while the required volume flow deter-

mines. the maximum possible number of stages of compression. Selection of a
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test section Mach number, therefore, implies definite limitations in
reservoir pressure., It is important to note that model size and con-
figuration play an important, and sometimes dominating, part in deter-
mining the minimum allowable.supply air pressure.

| The use of rotary pumps has the considerable advantage of pro-
viding increasing compression ratios with decreasing mass flow so that
wind tunnel and compressor plant characteristics inherently have ihe same
trends Unfortunately, however, the liquid seal required between the
floating vanes and the housing inevitably introduces oil into the air
stream in considerable quantity and necessitates extensive oil removal
methods. By far the largest amount of o0il is removed by coagulation and
settling in the piping and pressure vessels. In the second most
effective method of oil removal centrifugal separators are employed, in
which coagulation and settling are accelerated due to a centrifugal
force field produced by a forced rotary motion of the air stream.

The third, and not completely successful, method of oil removal.
employed in the original wind tunnel configuration utilizes eight high
pressure cannisters containing approximately 250 pounds of activated
charcoal (burnt cocoanut), which has little effect on removing oil in
the form of droplets from the air stiream,

Since these oil removal methods proved very inadequate, an
extensive investigation of possible filtering methods was undertaken,
as a resuli of which it was decided to utilize the 36~in, diameter
settling tank for housing various filtering media, Parlly for ihis
purpose, the tank was moved from its location immediately upstream of

the throat to a point upstream of the heat exchangers, The first, and



at preseni only, filtering equipment installed in the tank consists of
two layers of one-inch thick sheets cf sintered coke and a sheet of a
"molecular® filter paper recently developed for bacterioclogical sampling
(Ref, 37). Although these additional filtering methods reduced the
amount of oil in the wind tunnel air stream, quantities which were
prohibitive for some purposes continued to settle on the model surfaces
and on the wind tunnel doors and windows. Concerted efforts are now
being made to provide additional oil removal equipmente.

The air is dried by continuously circulating it through a tank
containing approximately two thousand pounds of silica gele Under
normal operation, the water content of the air can by this method be
easily kept well below one part in a hundred-thcusand (by volume).

The dryer reactivation cycle takes less than 15 hours so that regular
over-night reactivation is possible.

The Leg No. 1 wind tunnel air heating system consists of eight
finned copper heat exchangers energized by saturated steam at =~ BSOOF
provided hy the Institute's central boiler plant. OSteam superheaters
capable of increasing the steam temperature to SSOOF are also provided,
However, since the maximun steam rate is at present de‘gemined by the
feed water pumping system, the possible increased steam temperature pro=-
duces a decrease in steam flow rate which almost nullifies the effective=~
ness of the superheating systems Installaiion of equipment assuring
more efficient use of the existing steam superiieaters has been under-
taken,

A viater-cooled heat exchanger is used to cool the wind tunnel air

before it reenters the compressor system,
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‘Two systems of sultably valved piping duet the air output from
the compressor plant and heaters located in the sub-basement to the
basement of the Guggenheim Aerconautical Laboratory Building in which
the wind funnel and its associated instrumentation are located. Sixteen-
»inch piping capable of #ithstanding pressures below 250 psi is used for
comparatively large volume flow operations, while the much smaller high
pressure plping can be psed at pressures as high as 1000 psie. Two
valves located, respectively, immediately upstream and downstream of
the nozzle block=diffuser section permit channeling of all of the com-
pressor air through suitable bypass piping and thus allow cpening of
the wind tumel doors without interference with the operation of the
compressor plant.

The supply air pressure is indicated on the Tate~Emery Load
Indicator (Baldwin-Southwark) shown at the left of Fig, las The supply
air temperature is recorded by means of the "Speedomax" (ILeeds and
| Northrup) two-range, 20-point recorder (Fig.'la, upper right), which
also records other pertinent temperatures throughout the installation as
selected by means of the two patchboxes shown in the lower right corner
of Fige laes The supply air temperature is also indicated on the air-
operated WElectronich potentiometer controller (Minneapolis-Honeywell)
which is used for supply air temperature control (Fig. la, center,

: fight). The temperature controller determines the dome loading on two
diaphragm valves which control, respectively, the fraction of air
bypassed around the heal exchangers and the steam flow ratle into the
heat exchangers., By means of this controller, the temperature reading

of the thermocouple closest to the nozzle throat can be maintained



11

constant to within less than %QF. The supply air pressure is controlled
by means of a "Air-o-line" flow controller (Minneapolis-Honeywell) with
a sensitivity of 1/10-in. of water pressure, which determines the rate
of high pressure air leakagé through an exhausl valve (Fig. la, upper
‘left of control console)s

The dew point meter, shown near the center of Fig. la, utilizes
a polished chromium plated brass button, the surface of which can be
cooled by means of a jet of carbon dioxide. The dew point temperature is
determined by measuring the temperature at which fogging of the polished
hutton oceurs,

In addition to the pressure controller and dew point meter
already discussed, the console shown in Fige. la contains motor and
motorized valve controls, compressor pressure and pressure-ratio
gavges, controls for the pneumatic bypass, intake, and exhaust valves,
and motor curreni and power meters.

The contour, downstream of the inflection point, of the M = 6
nozzle was designed by the Foelsch method. The throat region, which has
a specified radius of curvature of .67 in., was connected to the
inflection point by a quintic to obtain a continuous va;iation of
curvature throughout the whole nozzle length, Both nozzle blocks are
provided with 18 static pressure orifices located at integral inches
from the throat along the center line., The downstream 16 orifices of
the upper nozzle block are comnected to the left hand pair of banks of

the silicone oil# manometer shown at the right of Fige 1b.

# DC 200 silicone oil with a kinematic viscosity of 10 centi-
stokes and a specific gravity of approximately 0.9 is useda.
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‘Model pressures are indicated on the remaining two banks of the
silicone mancmeter, on a single tﬁbe nmercury micromancmeter, or on a
simple 20~tube mercury manometer (not shown). The reference vacuum
pressure is measured by means of the "Alphatron" (National Research
’Corporation) shown at the bottom center of Fig. 1lb. Model temperatures
are indicated on the two Brown potentiometers shown at the left and in
the center of Figs. lb. Seventy-two thermocouples can be connected Lo
these instruments at one time,

Model controls are provided which allow the model to be rotated
about a line parallel to the tunnel axis, moved along the tunnel axis,
moved vertically, or pitcheds Remote model controls and position-
indicating counters are providede.

The schlieren system consists of the following: an air-ccoled,
high pressure mercury arc light source (B-H6, General Electric Company);
a two-lense collimating and focusing system; a light-masking slip; a
small, flat, first-surface, folding mirror; two 8-in. diameter, 120-in,
focal length, first-surface, spherical mirrors; two traversable 10-in.
diameter, flat, lirsl swface mirrors arranged in a “2%; an “iris"
shutter; a knife edge at the focal point of the second §pherical mirror
which can be used te cut off adjustable fractions of the light in the
vertical or horizontal planes; a second small, flat, firstesurface,
folding mirror; and a ground glass viewing screen in front of which
film holders can be introduced when desired. Any portion of the nozzle
block = diffuser section located between the glass-ports ean be brought
into view by traversing the large flat mirrors. The location of the

knife edge and image planes can be varied when requireds
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APPENDTX B

VISCOSITY-TEMPERATURE RELATIONSHIPS

In general, the viscosity of a gas is a point function of the
state of the gas, so that knowledge of pressure, temperature, and density
is nécessary and sufficient for a precise determination of its value,
However, since the stalte variables are related by an equation of state,
knowledge of any two of the state variables uniquely determines the
viscosity of a specified gase Unfortunately, the exact functional
relationships between viscosity and the state variables are extrenely
complicateds Thus, approximations to these exact relationships are
necessary if solutions of differential equations invelving both the
viscosity and the state variables are to be obtaineds Fortunately, the
regimes of most frequent interest in fluid mechanics are those in which
pressures which are high compared with the critical pressure (37.2 at-
mospheres for air) are accompanied by temperatures which are high com~
pared with the critical temperature (238,1°R for air). Low temperatures
usually occur with low pressures. In both of these instances, pressure
effects on the coefficlent of viscosity are negligible; and it is,
therefore, usually possible to consider viscosity to be a function of
- temperature only. The additional assumptions as to the variation of
viscosity with temperature usually employed in boundary layer theory
will be discussed below in the order of decreasing accuracye.

The best available predictions of the coefficients of viscosity
of gases as functions of temperature are those based on lhe tneory of

Hirschfelder, Bird, and Spotz (Refs. 33 and 3L), in which it is assumed



h

that the gas consists of neon-polar, smooth, spherical molecules,
Chapman and Cowling (Ref. 38) devéloped an equation for the coefficient
of viscosity‘cf a single gas by means of a rigorous treatment of the
kinetic'theory of gases (based on the work of Chapman, Enskog, Pidduck,

and others), which, in the notation of Refs 3L, becomes

/«A[é’—f‘%— = 5573x\0° [ﬁ\j—“f][(g kg)_vvv@ (3-1a)

where M is the molecular weight, T is the temperature in degrees R, r,
is the low energy collision diaméter expressed in angstroms, Vvand’wz(z)
are slowly varying functions of (5/9%%T), k is the Boltzmann constant
in ergs/°K, and € is related to the interaction potential between two

molecules, E(r), by the equation

EW =ael- &+ (=9 (B-2)

in which r is the distance between molecules, The viscosity of a gas
thus depends on only two parameters: (1) € , the maximum energy of
at‘or#ction (2) Tos the low-velocity collision diameter, which must
at the present time be determined from measurements of viscosity,
second virial coefficients, or diffusion at two temperatures, or esti-
mated from such propefties as the critical temperature and density, the
volume of the liquid, boiling poiﬁt, etcs The above expression for the
viscosity can, for convenience, be rewritten in a form in which the
effects of the temperature and of the inherent gas properties are

clearly separateds
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where

{ (% %\ = (‘5‘ J‘I\yz—-\i—- (5-3)

"é‘zv—mg(—g‘ = 97°K for air

For values of € and r, determined in Ref. 33, the values of

e
m

o
o
and '((% kT) were determined and tabulated in Ref. 3Le Note that the

viscosities of a given gas at two temperatures are related by the

equation -
& — § (% ke—z) (B-h)
AT HERT

An accurate and more convenient relationship between temperature

and viscosity determined by Keyes (Ref. 35) has the following three

constant emperical form:

_ qo‘ﬁt ’ ”
AT s (5-5)

The constants a, 3y al must be determined from experimental measurements

of viscosity. For air, Keyes'! equation becomes

swgs ~\0 \IT o
£t 5ec_} 2.316 x10 T (=)
T

Although Keyes states that the above equation for the viscosity of air
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is valid only above 1u2°H, it can be used with reasonable accuracy at
lower temperaturess. For example; at 9OOR Keyes?! equation predicts a
viscosity which is only 2.7% higher than the more correct value pre=-
dicted by‘Hirschfelder, Bird, and Spotzs It is of interest to nole that
’for‘polar gases an empirical equation of the Keyes! type may actually
be more reliable. For example, while Keyes'® equation allows accuratie
extrapolation of values of the viscosity of 002 to temperatures of the
order of IBQOOR, extrapolation by the method of Hirschfelder, Bird,

and Spotz leads to viscosity values 3% higher than the experimentally-
determined ones,

The well-known Sutherland equation

"

= H B=7
/\A\<5L+% (B-7)

accurately predicts viscosity variation for limited temperature ranges.,

If the values of the visecosity and the rates of change of viscosity
predicted by the Sutherland formula are equated to values obtained by
Hirschfelder, Bird, and Spotz, values of the Sutherland temperature, S5,
apprdpriate at each base temperature can be determined., Values of S

ks

obtained in Ref. 33 and values of K, and }

computed from these
®400°R .

are tabulated in Table I, The Sutherland formula is often also written

in the forms

= o [T ¥ 10 o
ﬁ /‘)‘s(‘-‘-‘r';) ‘:6/3'_ (B~0a)

or

6T, - (B=8b)
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The quantities k, and S are thus

ko= qé%%-(\-+-eﬂ (0-9)
and

If a.base temperature, TB’ is selected and ks considered truly constant,
it is possible only to equate values of viscosity or its derivative to
those obtained by Hirschfelder, Bird, and Spotz., The values of the
Sutherland constants, S » obtained by equating the viscosity for
Ty = 4OO’R are also tabulated in Table I.

The similarity in form between Sutherland's and Keyes! equations

is quite apparent since Keyes' equation can be written

= Q (B-11)
© =(T) -
/t)“ \ A SR
where
Z( l)—— odO_ ' . (B=12)

Values of Z(T)are tabulated in Table I.

Crown (Ref. 27) proposed a relationship between the viscosity of
the gas and the enthalpy in the viscous laminar boundary-layer involving
conditions at the point of highest enthalpy. For the case of no heat
transfer from the wall and no condensation or dissociation of the gas,
the enthalpy is highest at the wall, Crown's relationship can then be

stated to be

Co

N ) (is=13)
T

where



C,= M T ‘ (5-114)
and

Te
CeTET
) Mw Ve
This equation is generally less reliable than the Sutherland formula.

I

— ] (B-15)

By means of Crown's relationship, the boundary layer momentum equation
can be made explicitly independent of the free stream Mach number, a
result which can otherwise be obtained only by more inaccurate temper-
ature viscosity relationships,

The viscosity-temperature relationship of most limited accuracy
in the regimes of fluid mechanics which are of general interest can be

written
M= a7 (8-16)

By matching the value of the coefficient of viscosity and its first
derivative with respect to temperature obtained by means of the above
relationship with that obtained by the method of I{irsch;t‘elder, Bird, and
Spotz, the 1f‘alu:e of W » correct at a specified temperature, can be
obtained, Values of w5 computed in Ref. 33 are retabulated in Table I.
By assuming S=5% to be constantk,and to have the value detemined for

T = 54LOPR, values of W satisfying the equation

o = g (B-17)

“ean be obtained (Cf, Table I).
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APPENDIX G

DETECTION OF BOUNDARY LAYER TRANSITION IN HYPERSCNIC WIND TUNNELS

Stalder and Slack (Ref, 1h) developed a method for distinguishing
between regions of laminar and turbnlent boundary layers’by means of
1acqﬁers which fluoresce when dry. Due to the much faster drying of the
lacquer in regions of turbulence, those regions can be readily distinguished
from the laminar ones. The lacquers developed in Ref. 1 were found to
dry much too fast to be useful ai the conditions of high velocity, high
temperature, and low pressure which occur in the GALCIT Hypersonic Wind
Tunnel, Leg Noe. 1.

As a result of extensive efforts undertaken to extend the method
of Stalder and Slack Lo condilions existing in the Hypersonic Wind Tunnel
at M~ 6 and Ty~ 225°F, two satisfactory lacquers were developed.

Lacquer base: 50% T - 1LOO dye mixture (Vogel Luminescense Corp.
San Francisco)

50% solvent:
10% ethanol
10% butanol
10% ethyl cellosolve
50% butyl carbitol
20% plasticizer
The following drying times, corresponding to the two plasticizers

used, were observeds



Reservolr Pressure

(psia)

TR
5l
Ths ol
9.l

80

Turbulent Drying Times (Minutes)

Dibutyl Phthalate

Dibutyl Sepacate

8 - 10
5-5
1-3

20
10 - 12
9 - 11

17=9



50
75
100

125 -

150
175
200
250
300
350
L,00
L50
500
600
700
800
900

81

TABLE I

CONSTANTS APPEARING Tl VISCOSITY EQUATIONS

26,0

5946

95.5
132.9
165
177.1
18345
188.5
1905
18947
190,0
19147
192.0
193.2
19647
205,6
21748

#5651
6163
+8310
«9306
«96L9
« 9018
«9955
1.000
«9991
1,000
1,003
1,00l
1,005
1009
1.019
1.031

JJ,OBZ
Jili52
1631
L4710
Tl
RIVEY
1762
175k
L1751
oh— 7)-18
L7l
0h736
211732
171
U670
21619

5

166.5
178.0
18642
19142
195.1
19844
233.8
ZlOQO
205.8
20742
209.7
211.0
213.0
213.5
212.0
20740

#8L5
0939
993
1.018
1,018
1.003
«961
+935
«890
«852
822
« 197
« 777
e 7’-1-3
«719
«703
«693

07382
07216
07609
208753
« 1063
<1319
« 2007
#2970
1161
«5504
7006
.8589
l.222
1,606
1.977
2.314

<3354
4222
<1i8l5
«5319
+5689
#5987
U2
Neyaal
«7023
«7223
. 7388
21525
yyinn

<191l
8050
8163



- Compressor Plant Motor and Valve Controls
Reservoir Pressure and Temperature Regulators
Plant Pressure and Temperature Indicators

Figs la

Test Section and Nozzle Block
Pressure and Temperature Instrumentation

Fige. 1b

GALCIT 5x 5 IN. HYPERSONIG WIND TUNNEL
CONTROLS AND INSTRUMENTATION
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5 x 10in, Plate Used for Determination of
Pressure and Temperature Distribution
Installed in 5 x 5 in, Hypersonic Wind Tunnel

Fige 4
ot 10 —
1
¥ l
8 THERMO(‘,'OUPLE JUNCTIONS (.125° Diam.)
A 8 c D £ F I
e 0 e

[

\IS PRESSURE ORIFICES (No. &0 Drill)

Schematic Sketch of Pressure and Temperature Distribution Survey Plate

Fige 5
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FLAT PLATE SURFACE PRESSURES

To ~ 225°F
.10 T T
N “=\—\’y—|~
+e |
—r\-\__..
+
1.00 X :
></ \\
P 3 \
B, X 10 N
0.80
/6\<7——“'J7
l i\ O po= 944 psia
O S To=241°F
080 X A p,=744psia |
To= 243°F
YV po = 46.9psia
T, =240°F
X P =23.4psia —
To =217°F
+ po = 16.0 psia
T,=2i8°F
Q.70 : :
2 | o) | 2

SPANWISE DISTANCE FROM PLATE CENTERLINE (IN.)
AT 2% -INCH STATION

FIG. Sa
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FLAT PLATE SURFACE PRESSURES

, T, ~ 225°F
043 ; I
T
047 ‘ '
4\“4_\
4
x//x\ H
\x\
' X
045
/JL\"““—'—V
Y O po=944psia
043 Ve A pg=T74.4psia ]
T T, 243°F
V Po = 46.9 psia
T,=240°F
X pe=23.4psia
T, =217°F
+ po = 16.0psia
Tez218°F
041 : ‘ ‘
2 | 0 | 2

SPANWISE DISTANCE FROM PLATE CENTERLINE (IN)
AT 23-INCH STATION

FIG. b
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FLAT PLATE SURFAGE PRESSURES

~ - T ~ 225°F
.10 T 1
N~
+
//+
L ' —?'/
1.00 T
P a3 _
po X lo . X )(/x
x
020 —=
x
‘7//v
, O po=94.4psia
Y/—V————#z/ T, =241°F
A po=T4.4psia _|
0.80 To=243°F
vV p,-469psia
————3——“22’/1:1 T, = 240°F
g [ x Do =234 psia ]
To=z 2I7°F
4+ pe= 16.0psia
To = 2IB°F
0.70 L :
‘ 2 | 0] | 2

SPANWISE DISTANCE FROM PLATE CENTERLINE (IN.)
AT STATION OF FLOATING ELEMENT

FIG.10a
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FLAT PLATE SURFACE PRESSURES

To ~ 225°F
049 T i ' -
N ——
047 T
+
+ -1-//
—— e
' X
045 I SOl
X
'x/
O po= 944 psia

T, = 243°F

' \v4
, To= 241°F
043 \-},—--—‘47#__’47/t/}7 O po= T4.4psia |
L V Po= 46.9psia
' « ~ T,=240°F
A o
| _ __./O/ X p,=23.4 psia
T, = 217°F
+ p,= 16.0psia

To=218°F
| |

2 I 0 l 2
SPANWISE DISTANCE FROM PLATE CENTERLINE (IN)
AT STATION OF FLOATING ELEMENT

FiG. 10b
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Plate Sprayed with Fluorescent Lacquer
No Artificial Disturbance

Fig e 132

Plate Sprayed with Fluorescent lLacquer
Disturbance Produced by Irregular Bump 3/16 in, High,
Located L in. from Plate Leading Edge

Fige 13b



M = 5,76, Re/in = 1,2 x 10°, T, = 225°F, p_ = 46.9 psia

Fige lha

o

7

M = 5,83, Re/in = 2,5 x 105, To = 225°F, Do = el psia

Fige b

SCHLIEREN PHOTOGRAPHS OF FLAT PLATE LEADING EDGE
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s

x 10N, FLAT PLATE USED IN SKIN FRICTION WMEASUREMENTS
INSTALLED IN GALGCIT 5 x5 IN. HYPERSONIC WIND TUNNEL
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FLOATING ELEMENT

POSITION SENSING~
CcoiLS

"NULLING" FORGCE
MEGHANISH

SKIN FRICGTION BALANGE

Fie. |7a
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LOATING ELEMENT (4400)

—3 FLOW
s B SRN e S SO SANANANSNANANANANY
FLAT PLATE o s
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P .
I FLOATING ELEMENT

TUNNEL SIDE WALLS

/TEST SECTION FLOOR

N
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) E § TEST SECTION INSERT
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N
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b

SKIN FRICTION BALANGE

SECTION B-B
FIG. 18b
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