A STUDY OF
THE MEAN AND FLUCTUATING PROPERTIES

OF A TURBULENT HYPERSONIC BOUNDARY LAYER

Ronald Peter Bartlett B.Sc.

APRIL 1981

A thesis submitted for the degree of
Doctor of Philosophy of the University of London

and for the Diploma of Imperial College.

Department of Aeronautics,
Imperial College
Prince Consort Road,

London, S.W.7. 2BY.



ABSTRACT

The mean and fluctuating properties of hypersonic turbulent compressible
boundary layer have been investigated in a Gun Tunnel at a freestream
Mach number of 9 and over a range of Re9 from 2800 to 12000, under condi-

tions of severe wall cooling, Tw/Toe = 0.28, and negligible pressure

gradient.

The first part of the investigation comprised a study of the mean proper-
ties of the flat plate boundary layer at two freestream unit Reynolds
number conditions, including detailed surveys of pitot pressure and total
temperature at several chordwise stations. Valuable data has been obtain-
ed in a boundary layer which at low Ree exhibited the so called 'low
Reynolds number effects', whereas at high Reé was typical of a turbulent

boundary layer nearing equilibrium.

The second part of the investigation was a study to assess the feasibi-
lity of measuring density in the turbulent hypersonic flow at high mole-
cular number density, around 1018 molecules cm_s, using the non-intrusive
electron beam fluorescence technique. This aspect of the study proved
successful and the technique developed to enable preliminary measurements
of mean and fluctuating density to be made in the M=9 boundary layer.

Good agreement was obtained between the mean density profile measured

with the electron beam probe and that derived from conventional instru-
mentation. Power spectra of the density fluctuations appeared typical of
turbulent flow. Recommendations are made for improvements to the electron

beam system for future applications in high denéity turbulent flow.

A versatile digital data acquisition system has been developed in the
course of this investigation to enable the acquisition of the high fre-
quency signals, around 1MHz, associated with the electron beam probe and
to provide a substantial increase in the throughput and accuracy of data

from the Gun Tunnel.
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1.0 Introduction

With the advent of vehicles designed to fly at high velocity in the upper
atmosphere, such as the Space Shuttle, it is important to understand thorough-
ly the physics of the flow around such bodies at hypersonic Mach numbers.

This requirement is further emphasised by the trend of higher flight Mach
numbers at relatively low altitudes, for example the development of tactical
air-carried missiles with low hypersonic Mach number capabilities, or perhaps,
even by the development of future manned hypersonic vehicles. Flight at
hypersonic Mach numbers is generally confined to a 'flight corridor' usually
bounded by vehicle design constraints of sufficient 1ift and maximum accept-
able heat load, as illustrated by the velocity-altitude plot, fig. 1-1. A
ballistic re-entry trajectory is also shown in fig. 1-1; in this case the
requirement is for high terminal velocity, hence high accuracy at the target,
implying a low drag, slender projectile with adequate thermal protection to
withstand the extreme levels of aerodynamic heating. The corresponding Mach
number-Reynolds number plot, fig.1-2, shows more clearly the different flow
regimes that a vehicle may experience on a typical trajectory. The similarity
parameter, Mm/JEE; , is often used to characterize the boundaries between the
different flow regimes, and the criterion, Mm//EZ; = 0.01, is commonly used
to define the change from continuum to non-continuum flow that occurs with

increasing altitude.

At altitudes below about 40km, air behaves as a continuum and the flow field
produced by a vehicle will be characterized at high Mach numbers by the thin
Rankine-Huginiot bow shock, the viscous boundary layer adjacent to the
surface of the body and the inviscid flow region in between the shock and:
the boundary layer. The boundary layer gives rise to skin friction and v

aerodynamic heating effects and also influences the inviscid flow by its
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displacement effect. The magnitudes of these effects are dependent on the
local state of the boundary layer for example laminar, transitional or turbu-
lent. At hypersonic Mach numbers, M>5 say, the boundary layer thickness will
be much greater than the equivalent boundary layer at the same Reynolds number
in subsonic or supersonic flow. The bow shock also lies relatively close to
the body at high Mach number and the boundary layer thickness may no longer
be small compared to the distance between the body and the shock. This can
lead to an interaction between the viscous boundary layer and the inviscid
flow giving rise to additional displacement effects, for example at or near
the leading edge of a flat plate at hypersonic speeds or at the shock-boundary
layer interaction occuring at a compression corner. This mutual interaction
of the boundary layer with the external flow is known as viscous interaction,

an effect that becomes more important with increasing Mach number.

In order to assess the aerodynamic performance of a hypersonic vehicle, the
designer requires accurate predictions of the properties of a compressible,
turbulent boundary layer over the range of Mach number, Reynolds number and
heat transfer rate encountered on a typical trajectory. Complete wind tunnel
simulation of these flow parameters over such a wide range is generally not
practical with existing hypersonic wind tunnel facilities especially if non-
equilibrium effects such as real gas, high enthalpy or low density effects
are present. However, it is possible to investigate the structure of these:
hypersonic boundary layers on simple shapes in existing facilities over a
limited range of flow conditions. The data obtained from investigations

of simple aerodynamic models, such as flat plates or axisymmetric bodies, can
be used to derive and test empirical or semi-empirical correlation methods
and, of course, help to develop the numerical prediction methods. In this way
relevant information can be obtained for application to more complex shapes

without exactly matching flow conditions.
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At high Mach number the boundary layer shows certain phenomenological differ-
ences from low speed boundary layer flow. For instance, with increasing free-
stream Mach number the onset of transition is delayed and the extent of the
flow regimes between the end of a laminar boundary layer and the formation

of an equilibrium turbulent layer, i.e.'the transition region and the low
Reynolds number turbulent region', increases. In the low Reynolds number
region the boundary layer is statistically turbulent, but not yet in
equilibrium and the local boundary layer properties are highly dependent on
the local Reynolds number. Much of the available data has been obtained in
the boundary layer formed on a wind tunnel nozzle wall. Long lengths of flow
are available to generate fully developed, equilibrium boundary layers but
with the distinct possibility of significant upstream history, transverse
curvature or pressure gradient effects. As boundary layer flow on hypersonic
vehicles can be expected to be turbulent for much of the flight and often
preceded by long lengths of transitional flow, there is a specific need for
reliable data in this region, especially from flows of known origin on

highly cooled walls, the only conditions of practical flight interest. Due

to compressibility effects the turbulence structure of hypersonic boundary
layers, M>5 say, is also different from that of a low speed flow. It is
possible for significant fluctuation levels in velocity, temperature, density
and pressure to co-exist. Little turbulence data is available at these Mach
numbers particularly under conditions of significant heat transfer and there

is a requirement for such data to develop the numerical prediction methods.

Many numerical prediction methods are available for the solution, with vary-
ing success, of the two-dimensional or axisymmetric, laminar or turbulent

compressible boundary layer equations, see for example Bushnell, Cary and

v

Harris (1976) for a critical review. These methods often use finite differ-

ence techniques with various assumptions to close the system of controlling



24

equations. The simplest approach is the so called 'mean-field closure'

method using either an eddy viscosity or mixing length approach. For example,
the mixing length model would relate the turbulent shear stress to the velo-
city field and, using a turbulent Prandtl number, the temperature field to

the velocity field. At present there is considerable effort to develop higher-
order turbulence closure models based on the Reynolds-stress equation, see for
example Marvin (1977) or Rubesin et al (1977). It is hoped that the more
intricate higher-order methods will provide a more realistic modelling of
complex flows. At M>5 there are few studies which have yielded turbulence
data on which to base the development of the turbulence models required in the
prediction methods. For the more sophisticated prediction methods not only

is the time-averaged information needed, but further investigations to obtain
time-resolved data are also required to assess the effects of flow conditions
such as Mach number, Reynolds number, pressure gradient or heat transfer on
the turbulence structure. At hypersonic Mach numbers where the interpreta-
tion of the hot wire aneomometer signal in the presence of pressure fluctua-
tions proves intractable without questionable simplifying assumptions, it is
necessary to employ newer non-intrusive techniques such as the laser-doppler
aneomometer or the electron beam fluorescence technique which measure
directly, without ambiguity, a single flow parameter namely the velocity or

density respectively.

In the present study, performed in the No. 2 Gun Tunnel at Imperial College,
the boundary layer studied was formed on the wall of a large flat plate model
at a nominal freestream Mach number of 9. The objective of this study has
been to obtain systematic experimental data in a two dimensional turbulent
boundary layer on a cold wall, Tw/ToefO.S, at Reynolds numbers typicali

of flight conditions Rexf107. The compilation of compressible turbulent {

boundary layer data recently published by Fernholz and Finley (1977) showed
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the range of Mach and Reynolds number of the present experiment, i.e.
MéfQ and R% ~ 2800 to 12000, filled a gap in the available time-averaged

data. The experiment was divided into two distinct phases.

Firstly, the mean properties of the boundary layer were studied in detail

at two freestream unit Reynolds numbers. At the lower Reynolds number,

with forced transition, the flow conditions were typical of those at

which the so called 'low Reynolds number effects' might be expected.

In contrast at the higher Reynolds number, with natural transition, thé

flow approached an equilibrium turbulent boundary layer toward the trailing
edge of the model. At both freestream Reynolds numbers profile measurements
of pitot pressure and total temperature were taken at three stations and
wall distributions of heat transfer rate, static pressure and skin friction
(inferred from Preston tubes) were measured along the model centreline.
Velocity profiles have been calculated and compared with several of the
current velocity~temperature correlations and, after compressibility trans-
formation, with the well known incompressible results. Using an assumption
of local similarity, it is possible to calculate the turbulent transport
properties using the experimental mean flow data and the time-averaged
conservation equations. This approach has been used to calculate the total
shear stress, mixing length and eddy viscosity distributions which have
been compared with the available models and previous data. This method is
valuable in view of the shortage of direct measurements of turbulence

quantities at hypersonic Mach numbers.

The second phase of the experiment consisted of a feasibility programme
using the electron beam fluorescence technique to make preliminary measure-
ments of instantaneous and mean density in a turbulent boundary layer.

The electron beam technique has been applied mainly to rarefied laminar
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flows at high Mach number with considerable success and the present

study is one of the highest density turbulent flows to which it has

been applied so far. It is a non-intrusive method in which a relativistic
electron beam is fired into the test .gas flow, usually air or nitrogen,
and the resulting ultra-violet radiation observed with optical detectors.
Due to the inherent high frequency response, coupled to the high spatial
resolution that can be obtained using an optical detection systeﬁ, it is
possible to measure the fine details of the turbulent structure making
significant improvements on hot-wire aneomometry. An assessment of the
accuracy has been obtained by comparing the time-averaged density measure-
ments made in the first phase of the study (using conventional instru-
mentation) with the electron beam results. It became apparent early in
the electron beam probe development programme that with the available
equipment it was not possible to make measurements in the high Reynolds
number condition, natural transition layer as initially hoped. This was
due to beam attenuation at the higher density condition coupled with
inadequate differential pumping of the electron beam gun. Therefore, the
electron beam study was limited to the tripped boundary layer at the lower
Reynolds number running condition, although it must be re-emphasised that
even at this condition the number density represented one of the highest
to which the technique had been applied successfully. Most of the previous
high Mach number investigations containing fluctuating data have been
made with the hot wire aneomometer technique which is sensitive to mass-
flux or total temperature fluctuations according to overheat ratio, and
cannot match the frequency response of the essentially optical electron

beam technique.

Due to inevitable time constraints the electron beam study was limited

to one flat plate station, but it was sufficient to demonstrate the
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feasibility of the application of the technique to the present turbulent
flow. 1In addition to time-averaged and rms density profiles, preliminary
correlation measurements were made using two detectors, one fixed and one
traversing the boundary layer normal to the surface. Estimates of power
spectral density for each detector and the coherence between the detectors
were made using a fast Fourier transformation technique to convert the data
into the frequency domain. Although preliminary, due to the paucity of
measured fluctuating data, the present results are valuable since together
with the mean data it is hoped that an improved understanding of the structure
of turbulent compressible boundary layer flow will result eventually leading
to the formation of better analytic models of the turbulent transport

properties.

A third aspect of the investigation has been the development of a data
acquisition and processing system which was essential for handling the high
frequency signals of approximately 1MHz associated with the fluctuating density
measurements. This system was also used for the time-averaged measurements
with conventional instrumentation, such pitot tubes and total temperature
probes, to give greater accuracy than achieved previously. The digital system
is capable of digitizing one channel at 4 x 106 samples/second or up to 24
channels at slower rates, thus providing a system that accommodates all the
data acquisition needs of the Gun Tunnel. This data acquisition system which
is linked to the Departmental minicomputer has been successfully incorporated
into an overall data processing system for the Hypersonics Laboratory, i.e.

Gun and Nitrogen Tunnels, a task that entailed considerable software develop-

ment in Assembly Language.

This thesis contains the following sections. In Section 2.0, a general reviey

of the literature relevant to the turbulent compressible boundary layer at
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supersonic and hypersonic Mach numbers is presented. Section 3.0 contains

a description of the No. 2 Gun Tunnel facility and the instrumentation used

to obtain the time-averaged profile and wall data. The development and calib-
ration of the electron beam system is fully described in Section 4.0, which
also contains a brief historical and theoretical background to the technique
together with suggestions for the improvement of the system. The results from
all the phases of the study are discussed and evaluated in Section 5.0.
Conclusions to the validity of the present results and suggestions for further

work are given in Section 6.0.
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2.0 Review of the Literature

2.1 Introduction

An investigation of the available literature shows that most studies of
hypersonic, turbulent boundary layers have been limited to time-averaged
measurements. In contrast to the numerous studies at low speeds
containing time-resolved information there are few investigations
containing fluctuating data in supersonic or hypersonic flow and there
are no systematic studies to investigate the effects of Mach number.
This situation exists due to both experimental difficulties, compounded
at the higher speeds, and the subsequent problems in data analysis due
to the interactions between the various fluctuating modes. 1In consequence
most investigations have concentrated on the time-averaged measurements
and much effort has gone into developing the techniques to transform the

flow to an equivalent incompressible flow.

In the survey it is proposed to discuss the laminar, compressible boundary
layer and the transition from laminar to turbulent flow in brief and then
to discuss the turbulent, compressible boundary layer in detail. The
discussion of the turbulent case will be divided into the time-averaged
properties and the fluctuation (or time-resolved) properties. 1In the

case of the time-averaged properties, the common methods for analysing

and interpreting the data will be discussed initially, to be followed

by a review of some of the important contributions to the data. The

same approach will be taken with the time-resolved properties with an
additional discussion of one of the most important measurement techniqqgs,

i.e. the hot wire aneomometer.
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2.2 Laminar Compressible Boundary Layer

With increasing Mach number the effects of compressibility, i.e. the effects
of varying density, must be considered in the differential equations of the

laminar boundary layer.

2.2.1 Velocity-temperature relationships

Two solutions of the energy equation were derived by Busemann (1931) and
independently by Crocco (1932) for the relationship between the temperature
and velocity fields. The first solution corresponds to a Prandtl number of

unity and an adiabatic wall:

2
T o _ y-1) 2 _|U
T = 1+ 1 [Ua] (Eq. 2.1)

The molecular Prandtl number, a property of the gas, is defined as:

Pr = pcB
k

The second solution is valid for a zero pressure gradient flow with unity
Prandtl number on an isothermal wall:

T T T

Tl v g—_nz[ g]p_-.

T = T + [ T ] U + M |1 U U (Eq. 2.2)

oo [eo] = (o]

From the solution of the energy equation for zero pressure gradient and
unity Prandtl number, the well known Reynolds analogy between the rate of
heat transfer and the rate of momentum transfer can be shown to exist. The
Reynolds analogy can be expressed in terms of the skin friction coefficient
and Stanton number as, for a Prandtl number of unity:

st = ic, (Eq. 2.3)

or in general terms for a non-unity Prandtl number as:

St = }cf Pr (Eq. 2.4)
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2.2.2 Exact Solutions

Exact solutions of the laminar compressible boundary layer equations have
been made possible by the elegant transformation methods such as the analysis
of Illingworth (1946) and Stewartson (1949) which relate the compressible
laminar boundary layer to the equivalent incompressible layer. This
transformation, known as the Illingworth - Stewartson method, has formed the
basis of several exact solutions using similarity concepts such as those of
Li and Nagamatsu (1953, 1955); the similarity assumption relies on the

fact that it is possible to scale velocity profiles to be congruent at
different x-stations. The exact solutions using these concepts are valuable
for testing against the approximate methods which are usually based on the

momentum integral equations of the boundary layer.

The various approximate solutions have been reviewed by Walz (1969) and

Stewartson (1964). The methods are usually based on one of three approaches:

i) Modification of the exact compressible similar solutions.

ii) Extension to compressible flow of the integral momentum and

energy relations.

iii) Finite difference computation of the exact compressible,

laminar boundary layer equations.

The advent of powerful digital computers has made the last approach more

attractive in recent years e.g. Cebeci and Smith (1970).

2.2.3 Reference Temperature Methods

The reference temperature concept is an empirical method that has been used
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widely to evaluate local compressible flow properties from the approximate
formulae successful in incompressible flow. In detail, the reference
temperature, or intermediate temperature, method involves evaluating the
transport properties, such as viscosity, and the density at a temperature
somewhere between the wall and freestream temperatures. The approximate
low speed formulae can then be used with the transport properties evaluated
at the reference temperature. The reference temperature is determined from
one of the empirical methods such as those due to Young and Janssen (1952),

Eckert (1955) or Sommer and Short (1955).

Detailed descriptions of the structure and calculation of the laminar,

compressible boundary layer are available in Schlichting (1968), White (1974)

or Stewartson (1964).

2.3 Transition

The factors effecting the transition from a laminar to a turbulent boundary
layer are numerous and complex. At subsonic speeds the structure of the
transition region has been widely investigated and four distinct regions

have been noted:

a) Region of Tollmien -~ Schlichting waves.
b) Region of spanwise vorticity.

c) Three dimensional vortex breakdown.

d) Region of turbulent spots.

There are many factors which can influence the critical Reynolds number,
Recr, above which the instabilities in the boundary layer will grow eventually
resulting in transition to turbulent flow. These factors include pressure

gradient, suction, fluid injection, heat transfer, freestream turbulence,

noise, roughness and streamwise curvature. Mach number is also a factor which
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influences transition. In addition to the effects of compressibility,
there is often significant heat transfer associated with high speed flows,
and this in general has been found to produce a stabilising effect, i.e.

increases the critical Reynolds number.

Stability theory has proved useful in the study of transition in incompress-
ible flow, notably the solution of the Orr-Sommerfelt equation. The addition
of compressibility greatly increases the complexity of stability theory

due to the existence of fluctuations in density and temperature. Mack

(1975) has produced numerical solutions to tﬁe stability equations which
reveal simultaneous oscillations or modes each of which is composed of waves
propagating at different angles to the local mean flow vector. The experi-
mental verifications of stability theory at high Mach number has been con-
fused by the high noise levels found in most supersonic or hypersonic facili-
ties primarily emanating from the nozzle wall boundary layer. It is thought
that in most facilities transition is triggered acoustically but free stream
turbulence may be the cause especially at lower Mach numbers. It is also
difficult to assess the effects of Mach number due to the widely varying
unit Reynolds number achievable in different wind tunnels. Mack (1975)
suggests that the first effect of compressibility is to reduce the critical
and transition Reynolds numbers to a minimum at 3<Me<5, followed by an in-
crease at higher Mach number. Recent experimental investigatipns by Kendall
(1974) and Demetriades (1974) have shown good agreement with the calculations

of Mack.

The topics of stability and transition of high speed flows have been wide-
1y reviewed by Reshotko (1975), Mack (1969) and in particular by Morkovin

(1969).
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2.4 Turbulent Compressible Boundary Layer

As in the case of the laminar compressible boundary layer, the effects of
varying density must be taken into account in the turbulent flow case. In
addition to the velocity fluctuations present in the incompressible case,
significant fluctuations in density, hence temperature, are possible in
the compressible turbulent boundary layer. At high Macﬁ number, it is also
possible that pressure fluctuations will exist hence all four fluctuation
modes may co-exist. Exact solutions of the turbulent boundary layer equat-
ions have not proved feasible for either the incompressible or compressible
boundary layer and much effort into obtaining experimental data for input
to, or to test against, the many numerical solutions. In the compressible
flow case, most investigations have concentrated on time-averaged measure-
ments of profile or wall quantities, and the methods for analysing this
data has relied heavily on concepts successful in the analysis of incomp-
ressible turbulent flows. Fluctuation, or turbulence, measurements have
been limited by the experimental difficulties but are vital to form the
necessary turbulence models for input to the calculation methods. The
technique most frequently used has been the hot wire aneomometer, but

the newer non-intrusive methods are becoming inceasingly popular. In this
section, the time-averaged and the time-resolved (fluctuation) properties
of the compressible turbulent boundary layer are discussed and a review

‘'presented of the important contributions to the data.

2.4.1 Velocity-Temperature Relationships

The Crocco-Busemann relationship between velocity and temperature, derived
for the compressible laminar boundary layer (Crocco (1932) and Busemann ( .

1931)), has been extended to the compressible turbulent case by van Driest

(1951). The original Crocco relationship is based on an exact solution of
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the energy equation and is valid for the following conditions: molecular
Prandtl number of unity, isothermal wall and zero pressure gradient. To
account for a non-unity Prandtl number, van Driest modified the Crocco
relationship to include a recovery factor. In the turbulent flow case, the

recovery factor, r, is found to be,

r =~ 3hr=0.89 (turbulent,air).

The Crocco relationship, modified by van Driest, for 0.8< Pr< 1 is:

T T T
- = ¥ U _ W r(y-1) U _u
= = +U[ T]+ - Mzu[ U], (Eq. 2.5)
e e e e e €

which can be re-written in terms of the recovery temperature Tr as

T - T T -T T - T 2
0o v r w|U + oe r (U (E 2.6)
T -T T -T |U T -T |U ’ Q.- 2.
oe w oe w e oe w
where,
T =T[1+r('1)M2] .
r 2 e

For unity Prandtl number and unity recovery factor, the relationship

simplifies to the original linear Crocco solution:

U
= 3 (Eq. 2.7)

If the wall condition is adiabatic, i.e. Tr = Tw’ rather than isothermal,

the relationship reduces to a quadratic:

To B Tw U @
',I;—T = [—6] (Eq. 2.8)
oe w e

It is usual to compare compressible turbulent velocity-temperature data with
the linear and quadratic relationships..The non-unity Prandtl number solution
Eq. 2.5, deviates only slightly from the linear solution, Eq. 2.7, and has

shown good agreement with data from zero pressure gradient flows with little
upstream influence especially on cold walls, see for example Bushnell et al

(1969). The quadratic relationship, Eq. 2.8, which is also known as the
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Walz form of the Crocco solution has shown good agreement for flow with

non-zero pressure gradients, e.g. nozzle wall boundary layers. In the case

of adiabatic or near adiabatic wall flows the simple relationships above

do not predict the velocity-temperature distribution, see Sturek and

Danberg (1971). Recently Whitfield and High (1977) have produced an

analytic relationship which predicts an increase in Prandtl number approaching
the wall within the viscous sublayer, by including an approximate model for
the turbulent shear stress distribution. Earlier Meier and Rotta (1971)
produced a similar solution using a'numerical approach with a variable Prandtl

number distribution through the boundary layer.

2.4.2 Transformation Methods

The prime objective of the compressibility transformation method is to

derive a set of functions which relate a compressible flow to a corresponding
constant density flow. For example, it is possible to derive an exact
solution in the case of a laminar compressible boundary layer which transforms
the flow to a corresponding subsonic flow e.g. the Illingworth-Stewartson
transformation (Schlichting (1968) p324). At present in the compressible
turbulent case there is no available exact solution, and all the available
transformation methods require assumptions usually based on experimental
data. Early work on transformation methods can be traced back to von
Karman (1935) but the first attempt to transform the partial differential
equations of turbulent flow was by Mager (1958). The method due to Coles
(1962) is one of the best known methods and is based on the earlier work
of Mager. He assumed that the tprbulent shear stress is invariant under
the transformation but Coles modified the method with a more rigorous

'law of corresponding stations' for compressible adiabatic flow. This

law is based on the assumption that certain of the terms in the transform-
ation are functions of X only (see for example Bradshaw (1977) ). The

Coles method is derived for zero pressure gradient flows on adiabatic
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walls and many later workers have attempted to extend the method to flows
with pressure gradient or heat transfer, e.g. Crocco (1963), Baronti and

Libby (1966) and Lewis, Kubota and Webb (1970).

2.4.3 Van Driest effective velocity approach

The effective velocity method of van Driest (1951) has been extensively
used to 'transform' the compressible turbulent boundary layer to an equiv-
alent incompressible flow. Although applied to the whole layer this method
is strictly valid in the inner layer; the method is based on similarity
concepts using a modified Prandtl mixing length theory in conjunction with

a Crocco-Busemann temperature distribution. The Prandtl mixing length theory
is based on the assumption that the turbulent shear stress in the boundary

layer can be expressed as:

t dy dy

Prandtl found that the mixing length, & , was proportional to y , i.e.
£ = ky. To relate the density to velocity, van Driest assumed a perfect

gas and used the Crocco-Busemann relationship for unity Prandtl number:

T 2

T T
_ aw _ U (1-1)!2 e |U

= 7 = 1+ 07 1y 2 Ve T |U
w w e w e

(Eq. 2.10)

If Eq. 2.9 is substituted into Eq. 2.10 and assuming that 7 = T T, » Van
Driest was able to integrate the resulting equation to obtain an effective
velocity in terms of U/Ue' Keener and Hopkins (1973) have proposed a form

of the van Driest relationship incorporating a temperature distribution

based on a turbulent recovery factor to allow for a non-unity Prandtl number.
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The van Driest effective or 'transformed' velocity is then , after inte-

gration given by

U 1 -1 2A2(U/Ue) - B B a—
- = . sin + sin /.2 2
U, A./ifcf (Tw/Te) /_2——2-41\ + B 4A” + B
(Eq. 2.11)
where UT = (Tw/pw)b and is known as the friction velocity,
and
T T
2 e (y-1) .2 e 2
= € (¥y=1 = — - Eq. 2.
A Tw 2 Me B Tw + A 1 (Eq. 2.12)

2.4.4 Law of the wall

The analysis of the incompressible turbulent boundary layer has relied heavily
on the multi-layer concept of the boundary layer, see for example Bradshaw
(1976a). In this description the layer is divided into a viscous sublayer, a
buffer layer and the log-layer, whereas the outer region is divided into an

outer layer and a superlayer.

The inner region is characterised by the so-called 'law of the wall' which
has had so much success in correlating low speed velocity data, e.g. Cebeci
and Smith (1974), and much effort has been expended on establishing the law
of the wall in compressible flow. The effective velocity approach of van
Driest has been extensively used to transform the compressible flow velocity
profiles for comparison with the law of the wall. The law of the wall using

the van Driest method, Eq. 2.11, is usually modelled as:

T yU.

I o= o (IN SUBLAYER) (Eq. 2.13)
T w

3k

i . 1 1n[331] + C (LOG LAYER) (Eq. 2.14)
U, Kk v, a. 2.



39

Where k is the von Karman constant, Schlichting (1968), and C is a function

dependant on heat transfer rate and skin friction.

The values of k and C are still subject to uncertainty, Bradshaw (1977)
recommends k = 0.41 and C = 5.2, whereas Fernholz and Finley (1977) suggest

k = 0.40 and C = 5.1 (based on their critical comparison of available data).
The van Driest method has shown considerable success in correlating data over

a wide range of Mach number from both adiabatic and cooled wall boundary

layers e.g. Laderman (1978).

2.4.5 Law of the Wake

Coles (1956) proposed a function which represented the wake-like behaviour

of the outer region of the boundary layer in incompressible turbulent velocity
profiles; this hypothesis is commonly known as the Law of the Wake. A wake
function can be incorporated into the law of the wall and extended to the

compressible case using the van Driest method for transforming the velocity

yU

1 T

K ln[v ] + C +
w

The wake is represented by a wake parameter T and a function W(y/8) which

profile:

= 1=

U
T W(y/8) (Eq. 2.15)
T

is approximated by:

W(y/8) = 1 - cos(my/8) (Eq. 2.16)

This function has a value of zero at the wall and equals 2 at y = 6. Coles
—k

defined the strength of the wake component as A(U/UT) which represents the

maximum overshoot of the velocity profile from the log-law region. The wake

parameter is related to the strength by:

ST

T o= .g A( ) (Eq. 2.17)
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Coles found that the strength, A(E*/UT), was zero at Ree<500 and reached a
maximum value of A(ﬁ*/UT) ~ 2.8 at Reb>5000. Fernholz and Finley (1979) have
concluded that the wake component shows similar characteristics in supersonic
flow as in the incompressible flow case but the large scatter in the available
wake strength data is probably due to a combination of difficulties in eval-
uating it from the experimental data, and to factors such as three dimensional
effects, free stream turbulence, upstream influences or other as yet unknown

factors.

2.4.6 Outer law

Many attempts have been made to extend the outer law or the velocity defect
law to compressible flow, e.g. Coles (1953), Stalmach (1958) or Maise and
McDonald (1968). Using the van Driest method and incorporating a wake

function, the outer law is usually represented by:

-1 (y/8) + (2 - W(y/8)) (Eq. 2.18)

U k

==

The outer law is sensitive to pressure gradient effects and in particular to
the evaluation of a boundary layer thickness 6§ . In compressible flow at high
Mach number there may well be large discrepancies between Gu and Gp . It
is usual to employ the %Jthickness defined at the point where the impact
pressure equals 0.99 of the freestream impact pressure. Fernholz (1969) has
suggested a semi-empirical outer law which attempts to overcome the problem

*
of evaluating 8§ by using the length scale A , originally proposed by Rotta

(1950), where: l* —k
* U6 - U
A = & — d .2,
ol v (v/8) (Eq. 2.19)
0 T

The Fernholz relationship is valid for zero pressure gradient flows over

isothermal walls: —k —%
U6 - U

U
T

*
= -4.70 1n (y/b ) - 6.74 (Eq. 2.20)

In this expression the constants were obtained from a correlation of data
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as a function of Tw/Taw and ReG
2

2.4.7. Determination of Skin Friction and Heat Transfer

The determination of skin friction in the compressible turbulent boundary
layer is of obvious importance to flight at hypersonic velocities, but the
prediction of skin friction, even for the zero pressure gradient flow,

has proved an intractable problem. The numerous theories so far presented
show large discrepancies amongst themselves, and the available measurement
methods, such as floating element gauges or indirect devices such as Preston
tubes, have serious experimental or calibration difficulties. Determination
of Cf from heat transfer is also of dubious value due to the uncertainty

in the Reynolds analogy factor F. Most of the available Cf prediction

theories are based on one of three approaches:

a) Intermediate Temperature Methods

This method relies on evaluating the boundary layer transport properties
at an intermediate or reference temperature somewhere between the wall

and freestream temperatures; this approach had shown success in evaluating
compressible laminar boundary layers e.g. White (1974) p.590. Once the
fluid properties such as density and viscosity have been evaluated at

the reference temperature the skin friction can be evaluated from one

of the constant density formulations e.g. Karman-Schoenherr forﬁula

(Schlichting p.602). Two of the best known reference temperatures are due

to:
(1) T 2
Eckert (1955) T = 0.5 + 0.039 Me + 0.5 E!. (Eq. 2.2%)
e T
e
* 2
(ii) Sommer and Short (1955) L = 0.55 + 0.035 M_" +0.45 Ty (Bq. 2.22)
e T

e
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b) Methods based on transformation theories

If a transformation method can be found to map the compressible turbulent
flow into the equivalent incompressible flow then it is also possible to
déternine theskin friction from the incompressible formulae, e.g. Schlicting
(1968). The limitations of the available transformation methods have been
discussed earlier, section 2.4.2, and the same comments are also applicable
to the skin friction methods based on these methods. The Coles (1962) trans-
formation has formed the basis of many of these formulae , e.g. Baronti and

Libby (1966).

c) Methods based on the van Driest mixing length theory

The effective velocity method discussed in section 2.4.3 can be extended

to provide a skin friction formula e.g. van Driest (1951). A second theory
was later produced by van Driest (1956) which incorporated the von Karman
mixing length formulation and is commonly known as van Driest(II). The von
Karman mixing length is used in the Prandtl shear stress equation, and a
temperature recovery factor, r = 0.89, was used in the Crocco temperature
distribution thus enabling van Driest to calculate the density profile. The
van Driest (II) formula is given by Hopkins and Keener (1972), using the
notation of Spalding and Chi (1964), in terms of the incompressible skin
friction coefficient, Ef , and the incompressible momentum thickness Reynolds

number Re,..

0
Cf = (Fc)vd Cf (Eq. 2.23)
Ree = (Fe)vd Ree (Eq. 2.24)
where vd stands for van Driest and,
(F) = r(y-1) ,2 . -1 =1 -2 -
c’vd 2 Me (sin o + sin "B) , (Fe)vd ue/uW .
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a = (2A2 - B)/(4A2 + Bz)é , B = B/(4A2 + Bz)i
where,
A = r(y-1). 2 Te Te 2
__15_—Me E; » B = E;' + A -1

This theory is recommended by Hopkins and Inouye (1971) on the basis of an
evaluation of the available methods. Other theories have been based on the
van Driest formula for instance the Spalding-Chi (1964) method which used

empirically derived functions to account for heat transfer.

None of the available prediction methods have yet been able to accurately
predict the observed values of skin friction over the wide range of Mach
number and heat transfer conditions experienced in practice. The direct
measurement of skin friction using the floating element balance is question-
able due to the reliability and comparability of these devices. Indirect
devices such as the Preston tube require a calibration which is often based
on a comparison with floating element balance data. Although Winter (1976a)
in his review of measurement techniques concluded that the Preston tube is
probably the most reliable of the devices available to date but the choice of

calibration in compressible flow is often arbitrary.

Winter (1976b) has comprehensively reviewed the measurement techniques for
heat transfer in compressible boundary layer flow. The well known Reynolds
analogy, section 2.4.1, is the method often used to predict the heat transfer

rate or the equivalent non-dimensional Stanton number, where:
F = ZSt/Cf (Eq. 2.25)

The accuracy of the Reynolds analogy factor, F , is inherently linked to

the accuracy of the skin friction coefficient which, as described earlier,
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has proved difficult to predict or measure with confidence. From
simultaneous measurement of skin friction and heat transfer rate the
range of F has been found to vary from 0.8 to 1.2 although a value

of 1.16 is often used in practice at high Mach number.

2.4.8 Time-averaged Data

The early work in compressible boundary layers has been reviewed by Hornung
(1966), Beckwith (1970), Coleman (1973) and Fernholz (in Bradshaw 1976a).

A recent review paper by Bradshaw (1977) contains an overview of the topic,
and a valuable source of data is the critical compilation of data by Fernholz
and Finley (1977). More recently the same authors, Fernholz and Finley

(1979), have produced an evaluation paper on the data.

An early investigation of an adiabatic boundary layer with zero pressure
gradient was performed by Coles (1953) at a Mach number range from 2 to 4.5.
He found that various types of transition device resulted in negligible
differences in profile quantities e.g. velocity. A null balance technique
was used to measure Cf which was subsequently used to verify the momentum-
integral equation. Lobb, Winkler and Persh (1955) made an investigation

of a hypersonic cold wall boundary layer; the nozzle wall boundary layer
was studied at 5< Me< 8.2, and profile measurements of total temperature

and pitot pressure were made but C_ values were estimated from the velocity

£
gradient at the wall. Hill (1959) investigated a cold wall axisymmetric
boundary layer at 8< Me< 10 and found a quadratic dependance of total
temperature function (Ot)on velocity which has since proved typical of

a nozzle wall flow. The properties of a flat plate boundary layer at Me =5
were measured by Winkler and Cha (1959). This boundary layer showed .
significant transitional characteristics; Walz (1964) and Fernholz and Finiey
(1979) have questioned the accuracy of the Cf measurements which were

determined from the slope of the velocity profile at the wall. This comment
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also applies to the earlier study by Lobb et al (1955).

Spalding and Chi (1964) extensively reviewed the available prediction
formulae for skin friction. They produced a method based on the van Driest
(1956) mixing length theory but including constants based on empirical

data.

Cary and Bertram (1974) recommend the Spalding-Chi formula for general
use at hypersonic speeds but prefer the Coles (1962) formula for very cold
walls at high Mach number. Hopkins et al (1972) found that the Spalding-

Chi underpredicted their data by more than 10%.

In a review of data, Bertram and Neal (1965) concluded that no single
theory for skin friction could adequately describe the available data over
a wide range of Mach number and heat transfer rate. Danberg (1964, 1967)
investigated a transitional boundary layer at Me = 6.7 under conditions of
both heat and mass transfer. He found that the transformed velocity, using
the van Driest method, was in reasonable agreement with the law of the wall,
but in contrast to incompressible flow the constant terms are functions of
the heat and mass transfer rate. Allen (1968) used the Baronti and Libby
(1966) form of the Coles transformation to calculate skin friction from
velocity profiles. A graphical interpolation technique, originated by
Clauser (1954), was used to determine skin friction; Allen concluded that
the method gave good results for adiabatic flow but did not predict the
correct trend with heat transfer. Fernholz (1969) has proposed a semi-
empirical relationship, using the van Driest transformation, for the velo-
city defect distribution in the outer layer. The author suggests that
this method correlated the data better than previous methods such as those
by Stalmach (1958) or Maise and McDonald (1968), which fall down on the

evaluation of a representative boundary layer thickness in compressible flow.
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In an extensive review of velocity profile data Johnson and Bushnell (1970)
have presented’ a correlation for the exponent of the power law fit to the
velocity profile in terms of Ree and Tw/Toe' Hastings and Sawyer (1970)
have reported measurements at Me = 4 over a range of Ree including profiles
which showed significant transitional and non-equilibrium effects. Estimates
of the strength of the wake component confirmed a similar trend to that

proposed by Coles (1962) for incompressible flow.

Hopkins and Inouye (1971) have reviewed the skin friction formulae and
recommend the use of van Driest (II). In addition, they suggest that the
same formula, in conjunction with a Reynolds analogy factor of 1.0, be

used to determine heat transfer rate at high Mach number. Using a novel
combined pitot and total temperature probe, Meier and Rotta (1971) have
investigated a nozzle wall boundary layer at 1.5< Me< 3.0. This data

was used, in conjunction the results of a complementary study by Mabey,
Sawyer and Meier (1974), to calculate the turbulent Prandtl number
distribution through the boundary layer. They found that turbulent Prandtl
number increased close to the wall indicating that the turbulent transport
of heat decreased more rapidly towards the wall than the turbulent transport

of momentum.

Hopkins et al (1972) made direct measurements of skin friction and determined
velocity profiles for Me = 5.9 to 7.8 at Tw/Toe = 0.3 and 0.5. They found
that van Driest (II), Coles and a finite difference method predicted the
skin friction data to within : 10%. It was also found that van Driest (II)
gave the most satisfactory transformation of the compressible velocity
profile data onto the law of the wall and velocity defect curves. Voisinet
and Lee (1972) investigated a zero pressure gradient nozzle wall boundary
layer at Me = 4.9. This data is probably subject to considerable upstream

history effects due to heat transfer in the nozzle region.
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Horstman and Owen (1972) and Owen and Horstman (1972) present mean profile
data obtained from a detailed investigation of the boundary layer on a
cone-ogive-cylinder model at Me = 7.2 and Tw/Toe = 0.5. Using the similar-
ity method based on the time averaged conservation equations of Bushnell
and Morris (1971), they calculated the shear stress distribution which
agreed well with incompressible results. The van Driest (1956) transforma-
tion gave the best agreement of their data with the incompressible law of
the wall. The measured skin friction was found to be bracketed by the
commonly used formulae i.e. Coles, van Driest (II) and Spalding-Chi. The
finite difference method of Dwyer (1972) gave the most satisfactory agree-

ment with the skin friction and heat transfer data.

Hopkins and Keener (1972) investigated a nozzle wall boundary layer with
upstream history effects and contrasted the results with data from a
reference flat-plate study in the same facility by Kenner and Hopkins
(1972). They found that the flat plate data fitted the linear Crocco
temperature-velocity relationship but the nozzle wall data was found to

be closer to a quadratic dependance.

The use of Preston tubes in compressible flow was assessed by Allen (1973)
who tested several calibrations against floating element balance measure-
ments. Allen recommends the use of one of the log-law calibrations, e.g.
Patel (1965), rather than one based on a power law, e.g. Hopkins and

Keener (1972). A least squares calibration equation was also developed
from the measured balance data which gave better accuracy than the others
tested. Watson et al (1973) presented data on the development of a
boundary layer through a transition region. Significant low Reynolds number
effects were found and a correction scheme suggested which greatly im-
proved the agreement between measured and predicted values. Bradshaw and

Unsworth (1973) assessed the Cf data of Allen (1973) and presented a
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revised calibration in terms of inner layer variables; the authors state
that this calibration should be valid for boundary layers with significant
pressure gradients. The Van Driest mixing length method was applied by
Keener and Hopkins (1973) to the nozzle wall data of Hopkins and Keener
(1972); it was found that by using a modified temperature velocity
distribution in the Van Driest equations it was possible to predict velocity

profiles with upstream history effects.

Meier, Voisinet and Gates (1974) extended the work of Meier and Rotta (1971)
on the evaluation of the turbulent Prandtl number distribution through the
boundary layer. Using Prandtl's mixing length concept a relationship was
proposed for the increase in turbulent Prandtl number near the wall which

gave good agreement with data from three different wind tunnels.

Detailed mean flow measurements were made by Laderman and Demetriades (1974)
in their study of a cooled wall boundary layer at Me = 9.4, The authors
could not give a satisfactory explanation for the large normal pressure
gradient detected across the layer. Non-dimensional total temperature
showed a quadratic dependance on velocity in the outer layer but changed

to a linear dependance close to the wall. This could be a result of the
interpolation procedure used to determine the total temperature data close

to the wall.

Cary and Bertram (1974) reviewed the available skin friction formulae and
recommend the use of the Spalding-Chi formula of Mach numbers up to 9 but
showed that the Coles (1962) formula gave better correlations at higher
Mach number on cold walls. Mabey et al (1974) extended the adiabatic flat
plate data of Hastings and Sawyer (1972). Fernholz and Finley (1979)
considered this to be the most reliable zero pressure gradient, adiabatic

wall data in its Mach number range.
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A comprehensive review of the measurement techniques for heat transfer
and skin friction has been published by Winter (1976a and 1976b). In the
case of skin friction, Winter concludes that due to the lack of a reliable
and reproducable floating element balance, the Preston tube remains the
most repeatable device. Bradshaw (1976) has used the van Driest transform-
ation to produce a skin friction formula in terms of wall variables, which
he suggested in Bradshaw (1977) was one of the best methods for evaluating

.

experimental data without the usual arbitrary assumptions.

A version of Coles' wall-wake velocity profile has been proposed by Sun
and Childs (1976) for high Mach number flows with heat transfer. This
method was found to give good agreement with experimental data over a wide
range of Mach number and heat transfer rate. Whitfield and High (1977) have
investigated the temperature-velocity relationships for non-unity Prandtl
number and produced an analytic relationship which has shown good agreement
with experimental data; earlier, Meier and Rotta (1974) achieved similar

results using a numerical method of solution.

Watson (1977) has invesigated wall cooling effects on a transitional
boundary layer at M = 11. He found the transition position little effected
by heat transfer rate. Cold wall total temperature data followed the usual
linear Crocco solution for flat plate data but adiabatic wall data showed
similar departures from the linear solution as those reported by Mabey et
al (1974).

In the light of revised floating element data, Allen (1977) re-evaluated
the compressible flow Preston tube calibrations of Allen (1973). The
general conclusions of the original paper remain unchanged but the author
now recommends the use of either his own least squares fit calibration or
the method of Bradshaw and Unsworth (1973). Fernholz and Finley (1977) d
assembled a comprehensive compilation of data from compressible turbulent

boundary layers investigations which is a valuable source of experimental
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detail and numerical data. Mean flow data have been reported by

Laderman (1978) for various heat transfer rates in a Me = 3 boundary layer.

Using the van Driest transformation the velocity defect law incorporating
a wake function correlated the non-adiabatic data successfully. The
turbulent transport properties deduced from mean flow data were found to
be in good agreement with previous adiabatic flow results.‘ Acharya,
Horstmann and Kussoy (1979) report mean profile measurements as part of

a turbulence study at Me = 2.3 in an adiabatic nozzle wall boundary layer.
They found that using the van Driest transformation the profile data

correlated well with the incompressible form of the law of the wall.
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2.5 Fluctuating Properties of Turbulent Compressible Boundary Layers

2.5.1 Fluctuating quantities

In incompressible turbulent flow the velocity fluctuations give rise to the
well known apparent or Reynolds stresses which are generally much larger
than the viscous stresses. Compressible flow is complicated by the additional
variation of mean density and the subsequent need for an equation of state

to relate the pressure, density and temperature. Turbulent compressible

flow is further complicated by the existence of density fluctuations:

P = p + P (Eq. 2.26)

If the density fluctuations are present, the equation of state automatically
implies that temperature fluctuations must also exist,

T = T + T (Eq. 2.27)

Hence, in a compressible turbulent flow it is possible for velocity, density,
temperature and pressure fluctuations to co-exist. The derivation of the
two-dimensional, compressible boundary layer equations from the full Navier-

Stokes equations requires the following assumptions:
V<<U g e 2 W=o0 3 -0
’ ’ 2 az .

The additional assumption that the fluctuations are small with respect to

the mean value is also required, i.e.

Q << Q for all Q,

where Q =u, T, p and p. One:of the first applications of these assumptions
to the compressible Navier-Stokes equations was by van Driest (1951); the form

of the time-averaged boundany layer equations (two-fiimensional, compressible
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and turbulent) presented here is a development of van Driest's work by Rotta

(1963):
Continuity: 9 - = 3 — _
% (pU) + 3; (pv) = 0 (Eq. 2.28)
L oo W _ _dp , ot

X-Momemtum: pU X + pV 3y = - d4x + 3y (Eq. 2.29)

Y-Momemtum: 9p . 9 (.E.;T;') = o (Eq. 2.30)
y oy

. T e T , v T _ pdp , 2q U

Energy: pU cp 9% + pV cp dy U dx + % + Tay (Eq. 2.31)
—3 .@ . ] 1 = .a_E_ Y 1 1

where, T = 3y pu'v and q = Kk 3y p v cp (Eq. 2.32)

( A quantity with an overbar represents a time-averaged value and one with
a prime represents a fluctuating quantity, e.g. U and u' respectively).
These equations, together with the equation of state, describe the two-
dimensional compressible boundary layer. In contrast to incompressible flow,

the turbulent shear stress term, T, , and the turbulent heat flux term, q ,

t
become triple products as the mean density varies. The equations do not form

a closed set thus cannot be solved without further knowledge of the turb-

ulence structure, i.e. further simplifying assumptions.

The turbulence structure of the compressible boundary layer shows the same
type of intermittency in the outer region as found in the constant density
case. The intermittent structure is usually observed as a characteristic
'one-sided' signal obtained from a hot wire aneomometer, as first reported
by Kovasznay (1953). This phenomenon is observed at both the interface
between the thick laminar sublayer (thick compared to an incompressible

layer at the same Ree ) with the turbulent inner layer, and at the true
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boundary layer edge with the inviscid freestream flow. In the case of a
cold wall, usual at high Mach number, the hotter turbulent flow at the
sublayer interface mixes with the colder laminar flow in the sublayer to
form the intermittent signal. At the outer interface, the reverse process
occurs with the hotter freestream flow intermingling with the slower

colder turbulent flow in the boundary layer.

Morkovin (1962) has surveyed the available data to produce an hypothesis
which states that, if the root-mean-square density fluctuation is small
compared to the local mean density, then the turbulence structure of the
boundary layer is similar to that of an equivalent incompressible flow.
The validity of Morkovin's hypothesis has been discussed in detail by
Bradshaw (1977), who concluded the hypothesis is proven for boundary
layers up to a freestream Mach number of about 5. This implies that the
turbulence modelling concepts successful in low speed flows can be used
with confidence for compressible flow if the variation of mean density

is taken into account up toAM < 5. At Mach numbers higher than 5, density
fluctuations become increasingly more important, and it is conventional
to use the equivalent fluctuation modes of vorticity, entropy and sound (
corresponding to velocity, total temperature and pressure fluctuations).
Morkovin's hypothesis implies that the pressure fluctuations are negligible
and that the sound mode can be ignored for M < 5, but at M > 5, the sound
mode can be significant and interact with the other modes. This can lead

to difficulty in analysing the output of the most common measuring tech-
nique, i.e. the hot wire aneomometer, which requires an assumption regard-
ing the pressure fluctuations to close the controlling equations. Other
techniques, such as the electron beam fluorescence probe or the laser.dOpp-
ler aneomometer, do not require such an assumption but are still in the '

development stage for use in high supersonic or hypersonic turbulent flows.
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2.5.2 Turbulence Modelling

Many of the turbulence models used in the various calculation and prediction
methods are based on the mixing length and eddy viscosity concepts which have
proved valuable in incompressible flows, e.g. Schlichting (1968). The eddy
viscosity, £ , and the mixing length, % , are defined by the following
relationships:

2 99U
Tt B pe oy

_aHI _ 3y

By PEgy (Eq. 2.32)

where, T is the turbulent shear stress.

These concepts have formed the basis for modelling the shear stress in most

of the differential or finite difference calculation methods in incompressible
flow. To apply these methods to compressible floy, it is necessary to modify
the eddy viscosity or the mixing length hypothesis to allow for variable
density. A compressibility transformation approach is often used to allow

for the effects of variable density; a comprehensive review of the various
turbulence modelling concepts is given by Bushnell et al (1977) or Frost

and Moulden (1977).

2.5.3 Turbulence Properties from Time-averaged Conservation Equations

With the lack of turbulence measurements in compressible flow much effort
has gone into obtaining the turbulent shear stress and heat flux terms in
Eq. 2.31 from the mean flow profile data, using the time-averaged conserv-
ation equations and an assumption of similarity. The time-averaged conserv-

ation equations for the two-dimensional flat plate boundary layer are:

Continuity: 9, - 3 (pV) = 0 (Eq. 2.33)



55

Momentum: ) —— ) ~ Ty = _4p 9T
ax (pUUD + -5; (pUYV) dx + 3; (Eq. 2.34)
where T = T_ + T = 32 - (Bv'u') (E 2.35)
, 1 g = 3y q. 2.

If the boundary layer is fully turbulent the profiles U/Ue, D/Oe and T/Te
are functions of y/g only which allows the approximation, following
Horstman and Owen (1972):

dQ
2—3 - (Q/Qe)a-e- , where Q = pU or pUZ.

Eq. 2.33 can be integrated to give PV which can be then substituted into

Eq. 2.34 , which on integration with respect to y/§ gives:

y/§
T C:t‘ ) d 2 ds pU
2 - z ax P * ax ~ oz 40/9 -
pU 2 P U pU
e e e e e e
Eq. 2.36
[\ 8 § d
“—H e ¢ || v | B+ S5 R
p U e P U p U
e e e e e e

o'
The x derivatives of § , peUe, peUz and p can be found from the profile -
data and the integrals evaluated numerically to determine the total shear

stress distribution through the boundary layer. The miximg length or eddy

viscosity can be found from the following equations:

_ .,2 2u |aul _ . au
T = pl 3y Iay p& 3y (Eq. 2.37)

The y derivatives are also determined from the profile data and to a good

approximation T = Tt‘ Sandborn (1974) has examined the available shear stress

distributions obtained from meam flow data and has found that, for zero
pressure gradient flows, the distributions correlate independently from

Mach number. From this data review Sandborn formed a 'best estimate' dist-
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ribution of supersonic shear stress data which agreed well with the incomp-

ressible data of Klebanoff (1955) and Zoric (1968).

2.5.4 Turbulence Measurements

It is essential to have direct measurements of turbulence properties, such

as shear stress and the distributions of the various fluctuation modes, in
order to test the validity of the turbulence models. The majority of data has
been obtained with the HWA and a limited amount with the laser doppler aneomo-
meter, which measures the velocity fluctuations directly without assumptions
in the data reduction. As regards the pressure fluctuations, there is no
acceptable method to measure these, except at the wall with a flush mounted
microphone, since fluctuating pitot pressures do not yield static pressure
without knowledge of the correlated velocity and density fluctuations. It is
proposed to discuss the HWA as the majority of the data have been obtained

with this technique.

2.5.4.1 Hot Wire Aneomometer (HWA)

Most fluctuation measurements in compressible flow have been made with the
HWA, which is a fine electrically heated wire that responds to flow fluctua-
tions. The HWA is usually operated in either a constant current or constant
temperature mode; a full description of the HWA operation is given by Sandborn
(1972) . The analysis of the output signals is complex, especially in compress-
ible flow in which significant fluctuations of U, T, p and p are possible.
Kovasznay (1950) and Morkovin (1956) have developed the analysis of the HWA
signals using a method of modal analysis in which the equivalent fluctuations
of vorticity, entropy and sound (acoustic pressure) are used in place of
velocity , temperature, density and pressure. They proposed a linearised
analysis which is only valid for small fluctuation levels so that higher
order terms in the response equation of the wire can be ignored. The HWA

has been shown to respond principally to mass-flux (pU) or total temperature

(To) fluctuations; the output signal (e) can be represented by the equation,
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in the notation of Morkovin (1956):

T! (pu)v
e' = S ._o - S —_——
Eq. 2.
T.T, pU pU (Eq. 2.38)
= St - S m
To pU
where, t = Té/To and m = (pU)'/pU.

This expression can be re-written in terms of the experimentally determined

mean square quantity:

2
T 2 2 2 .2

A =
e SpU m + ST t + 2SpUST mt Rmt

o o
(Eq. 2.39)
where ST and SpU are the HWA mass—-flux and total temperature sensitivity
o

coefficients, and Rmt is the correlation coefficient between the mass-flux
and total temperature. The sensitivity coefficients are determined by calib-
ration and the physical properties of the wire material. The HWA is operated
at three wire overheat ratios to determine the three unknowns in the response

equation, i.e. m, t and Rm In practice, the HWA is operated at a large

£
number of overheat ratios, usually at least 10, and a method of least squares
used to determine the unknown parameters. Using this method, it is possible

to determine the distribution of mass-flux and total temperature fluctuation

levels through the boundary layer.

To obtain the fluctuation levels of density, velocity, temperature or
pressure from the mass-flux and total temperature data, it is necessary to

expand the equations in the following way:

2 2
] 1 A
2 _ 2 LR, e (Eq. 2.40)
P U g
2 2
2 2T 2u' T'y' v
t4 = — - - —
@5 o+t B3 2048170 (Eq. 2.41)
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2
g YAt Tt T'y!'
stR. = 2 ., Ip ., mol u (Eq. 2.42)
mt U Tp up TU
, (=12, -1 . G-D2
where al (1 + 2 Me) and 81 2 Me .

This set of three equations is underdetermined with six unknowns and it is
necessary to make an assumption to simplify the equations. It is usual to

assume that the pressure fluctuations are negligible:

P! . ou pt

T
T_

©

This assumption in conjunction with the equation of state gives:

PL_ o - B, I
P P T

Using this identity the equations form a closed set from which it is possible
to determine the individual fluctuating components, e.g. u'/U, T'/T or p'/p.
This assumption has been used by several investigators in their data
analysis, see for example Kistler (1959), Owen et al (1975) and Laderman
(1976) . The validity of the assumption of negligible pressure fluctuations

at Mach numbers above 5 is questionable. At higher Mach numbers the intensity
of the pressure fluctuations increases, i.e. the sound mode becomes increas-
ingly important; Laderman and Demetriades (1974) have attempted to allow for
pressure fluctuations by assuming that the entropy and vorticity modes were
out of phase but perfectly correlated. The data evaluated using this assumpt-
ion was compared with the same data evaluated assuming zero pressure fluct-

uations and it was found that the difference was small.

2.5.5 Turbulence data

As mentioned in the previous sections, the HWA technique has been the method
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most often used to investigate the turbulence properties of high speed
boundary layer flows. Kovasznay (1950, 1953) and Morkovin (1956) 1laid the

foundations of applying the HWA to compressible flow (section 2.5.4).

Kovasznay (1953) found that the peak fluctuation levels of velocity were
similar to those expected from previous incompressible studies. Morkovin
and Phinney (1958) made a limited survey of a boundary layer at Me= 1.77

and concluded that the turbulence structure was similar to that of a constant
density flow. Kistler (1959) made an extensive study of an adiabatic flat
plate boundary layer including the effect of varying Mach number, 1.5<Me<4.7.
Assuming negligible pressure fluctuations, Kistler found both the mass flow
and total temperature fluctuation levels increased with increasing Mach
number. The static temperature fluctuation levels were found to be propor-
tional to the mean static temperature difference across the layer. Kistler
proposed that this was due to the transport of the mean temperature field

by the velocity fluctuations.

In a review of the limited available fluctuation data in compressible flow,
Morkovin (1960) has discussed the problem of the interaction of the various
fluctuation modes; this paper formed the foundation of Morkovin's hypothesis,
Morkovin (1962, 1964). Wallace (1968) used the election beam fluorescence
technique to measure mean density and RMS density fluctuation levels in a
nozzle wall boundary layer at Me=8. In addition measurements were made of
fluctuating pitot pressure which were used in conjunction with the density
data by Harvey, Bushnell and Beckwith (1969) to estimate the longitudinal
velocity fluctuation levels. These results were compared with a simple
mixing-length calculation method; the authors concluded that the mixing=-
length approach gave good estimates of the magnitude and trend of the measu?ed

fluctuation data.
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Fischer et al (1971) in a HWA study of a nozzle wall boundary layer at
Me= 20 found large mass flow fluctuations which were attributed to large
density fluctuations near the wall. A detailed investigation of the turbu-
lence structure of a cold wall, hypersonic boundary layer was reported by
Owen and Horstman (1972). Extensive HWA auto and cross-correlation measure-
ments were made in the layer formed on a cone-ogive-cylinder model at
M =7.2, A nodel for the turbulence production and growth was proposed which

e

proved consistant with previous incompressible results.

Laderman (1974) studied the adiabatic boundary layer on a slender cone at
Me=7 and found that the static temperature fluctuations dominated the
turbulence structure. Kistler's (1959) correlation of static temperature
fluctuations for supersonic flow was found to be inadequate at hypersonic
speeds. Distributions of velocity fluctuations were found to be similar
to equivalent low :speed data but showed a slow decrease in magnitude with

increasing Mach number.

A laser doppler aneomometer was used by Yanta and Lee (1974) to study a
Me=3 boundary layer; turbulence quantities from LDA measurements agreed
well with data obtained from conventional probes, and the distributions
were similar in magnitude to previous incompressible data suggesting Mach
number independence. Rose and Johnson (1974) have made shear stress
measurements in a Me =2.9 boundary layer using both conventional HWA equip-
ment and a laser doppler aneomometer.The laser data agreed well with HWA
measurements over the outer 60% of the layer but showed unexplained System-

atic differences. nearer the wall.

Laderman and Demetriades (1974) examined the boundary layer formed on
the nozzle wall of a continuous tunnel at Me = 9.4 under conditions of
significant heat transfer. The authors report detailed measurements of

the mean flow field, turbulent fluctuations and intermittent structure;
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a significant contribution from the sound mode was assumed in the data
redgction scheme. This investigation showed that the turbulence was
dominated by the high frequency pressure fluctuations. The static
temperature fluctuations agreed with projections from adiabatic, super-
sonic data and the longitudinal velocity component fluctuations were

small differing little from results at lower Mach number.

In his comprehensive review of turbulence measurements in compressible flow
Sandborn (1974) has found that the majority of data at super and hypersbnic
speeds have been hade in a zero pressure gradient, turbulent boundary layer.
The majority of turbulent shear stress data was found to be similar to that
measured in the equivalent incompressible flow especially in the outer
regions. Intermittency measurements appear to show a pronounced difference
from the incompressible case in that the intermittency extended over a much
smaller percentage of the layer. Sandborn concluded that the shear stress
could be estimated to withinlt 15% and that the equivalent incompressible
case was prbbably a good model up to Me = 10 (the Mach number limit oflthe
reviewed data). Owen, Horstman and Kussoy (1975) extended the measure-
ments of Oweq and Horstman (1972) by making a detailed investigation of

the turbulence structure. The velocity fluctuation level was found to
agree with the Mach number trend set by previous compressible data and the
incompressible data of Klebanoff (1955). However, the measured hypersonic
density fluctuation data did not follow the low Mach number trend and

appeared to be independent of Mach number above Me:5.

Smith and Driscoll (1975) used the electron beam fluorescence technique to
simultaneously measure density and temperature fluctuations in a Me=16
adiabatic wall boundary layer. The density and temperature fluctuations were
observed to be much larger than expected in a supersonic boundary layer

and asymmetrically distributed about the mean, thus preventing a linearised
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analysis. Pressure fluctuations were also large and this could not be
neglected in the data reduction. Similar results were obtained in two other
studies at Mach number above 10, e.g. the studies by Kemp and Owen (1972)

and Fischer et al (1971).

Unique direct measurements of the total heat flux were made by Mikulla and
Horstman (1975) in a turbulent non-adiabatic boundary layer. This data
agreed well with values obtained by integrating the energy equation.
Statistical properties of the cross correlations were found to be similar

to corresponding measurements at approximately the same momentum thickness
Reynolds number. Mikulla and Horstman (1976) report turbulence intensity
and Reynolds shear stress measurements for a shock wave boundary layer
interaction region with and without separation. The authors conclude that
the differences in turbulence liftimes for separated and attached flows were
due to a coupling between the turbulence energy and separation bubble

unsteadiness.

Laderman (1976) has made turbulence measurements in a hypersonic Mé=7.1
boundary layer over a sharp slender cone for both adiabatic and cold wall
conditions. The results agreed with previous findings at Me = 9.4
(Laderman and Demetriades (1974) ) and showed that there was significant
reduction in the Reynolds stress component with increasing Mach number; the

Mach number effect dominated any effect due to heat transfer.

Acharya, Horstman and Kussoy (1979) have investigated the Reynolds number
effects on the turbulence field of a compressible boundary layer at Me= 3.
They found that the vertical and transverse velocity components. (u and v)

are approximately equal and independant of Reynolds number in contrast to

the incompressible result. The streamwise velocity fluctuations correlated
well with the previous compressible and incompressible data if scaled using

the method originated by Morkovin (1964).
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3.0 Experimental Detail

This section deals with the models and instrumentation used to obtain time-
averaged boundary layer data but also includes a brief description of the

No. 2 Gun Tunnel. Details of the electron beam system and associated instru-
mentation are included in the next chapter. Appendix A contains details of
the design and construction of the Gun Tunnel Data Acquisition System and
Appendix B describes the calibration procedure for the total temperature

probes.

3.1 The Imperial College No. 2 Hypersonic Gun Tunnel

All the experiments described herein were performed in the Imperial College
No. 2 Gun Tunnel. Full details of the design, construction and performance
are given in Needham et al (1970), and only a brief description is included
here.

As shown in fig. 3-1, the facility is a conventional intermittent blowdown
tunnel with a contoured Mach 9 axisymmetric nozzle fed by a free piston
compression heater. By virtue of the double diaphagm firing system excellent
repeatability of test conditions is obtained at all pressures. Pure nitrogen
is used as both the test gas and the driver gas. The 0.4m diameter nozzle exit
plane enables a flat plate model of 0.2m span and 0.95m chord to be accomm-
odated in the coreflow. Stagnation pressures of up to 104 l‘\lle-2 are used to
generate freestream unit Reynolds numbers ranging from 2 x 107 m'_1 to 6 x 107
m—1 at a stagnation temperature of approximately 1060°K. The performance
envelope for the Mach 9 contoured nozzle is shown in fig. 3-2, and a summary
of the standard operating conditions is given in Table 1. The method outlineq

in Culotta and Richards (1970) was used to calculate real gas compressibility

effects on the expansion from the reservoir to the test section.
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3.2 Windtunnel Models

3.2.1 Large modular flat plate model

The model used for all the time-averaged boundary layer measurements was

a sharp flat plate with leading edge thickness of 0.01lmm (15° included
angle) and of 0.18m span by 0.76m chord. The model is shown in fig.3-3
fitted with hanging sidenlates which were used as previous tests had shown
these to be an effective way of preventing disturbances from the model
underside interfering with the test flow. A surface slot, 0.10m x 0.65m,
was machined in the flat plate into which various combinations of instru-
mentated modules could be fitted where required. The empty spaces were filled
with flat, blank modules thus avoiding unwanted disturbances due to, for
example, pressure tappings upstream of the measuring station. A high order
of surface finish and fit was maintained between the modules and the model,
the surface roughness being better than 15 microns in both cases. The model
was mounted 10mm below the tunnel centreline in order to avoid any upstream

flow disturbances that might focus on the nozzle axis.

3.2.2 Inclined flat plate

This model was used for the variable incidence tests required in the total
temperature probe calibration described in Appendix B. A sharp flat plate
(15o included angle) of 0.13m span and 0.30; chord was used fitted with
hanging sideplates. The model acn be inclined at various fixed angles of
both positive and negative incidence by means of machined spacers. A probe
holder was fitted to the trailing edge to allow up to four probes to be
held in the flow region between the boundary layer edge and the leading
edge shock. The probes were adjusted to be parallel to the model surface

'

and the position checked by means of Schlieren photography for each angle.
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3.2.3 Boundary layer transition trips

Boundary layer trips consisted of a single row of delta shaped vortex
generators 1mm high and 3mm apart; the generators were inclined approx-
imately 30° to the flow direction. A single strip of vortex generators

was fixed 10mm from the model leading edge and used to force transition

at the lower Reynolds number running condition (Table 1). The type of trip
and its application was identical to that described in an earlier study

by Coleman(1973).

3.3 Instrumentation

The flat plate modules, described in section 3.2.1, were used to mount
all the instrumentation required in the time-averaged boundary layer
measurements. The probe displacement was measured with a micrometer screw

gauge using an electrical buzzer circuit to indicate mechanical contact.

3.3.1 Digital data acquisition system

The majority of the data obtained from the instrumentation described herein
was recorded on the digital acquisition system. This system was developed
during the investigation with the aim of replacing the existing 'analogue’
oscilloscope-camera recording equipment, and to enable time-resolved
measurements to be made from the electron beam probe. These two functions
imposed essentially different requirements. The oscilloscope recording
equipment was used to make time-averaged measurements from conventional
instrumentation . This type of measurement required the digitizing of many
analogue input channels at modest conversion rates, typically 2 x 104 to

6 x 104 samples per sec. The electron beam function required the digitizing
of one or two analogue channels at high conversion rates, e.g. 1 x 106fto

4 x 106 samples per sec. A system incorporating these requirements was <

developed utilising a local buffer memory to store the data until run
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completion, when the data was transmitted to a remote minicomputer system
for processing and subsequent permanent storage. Considerable Assembler
programming was required to develop a Hypersonics Laboratory control
program suite in addition to the many specific application programs or
tasks for each type of measurement. Full details of the Hypersonics
Laboratory Data Acquisition System are available in Bartlett, Davis and

Harvey (1979), and further details are presented in Appendix A.

3.3.2 Transducers

The pressure transducers used were either of the unbonded strain gauge or

of the piezoelectric type, i.e. Statham or Kistler respectively. All
transducers were acceleration compensated types but as a further precaution
flexible mountings were used for all tests. Tests were also made with
blocked probes or pressure tappings in order to assess these precautions

and no significant signal was detected. The transducers were usually mounted
in a housing using soft rubber O-rings as vibration insulation, and silicone
rubber tubing to connect the transducer to either the probe or the pressure

tapping.

3.3.3 Preston tubes

Skin friction values were inferred from surface impact pressure distributions
which were measured with three different diameter Preston tubes, i.e. 1.25mm,
2.07mm and 2.96mm. Each Preston tube was mounted on an instrumentation
module with a surface pressure tapping provided either side of the tube
inlet in order to simultaneously measure the static pressure at the wall.:

A wirewool plug was fitted in the probes to prevent spurious signals due

to the 'hot' test gas reaching the transducer diaphragm. Piezoelectric

transducers have been found to be especially sensitive to heating effects.
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Iron or steelwool has been found to be one of the best materials to act

as a heat sink in these circumstances, e.g. Harvey(1979).

3.3.4 Surface pressure

To measure surface pressure two instrumentation modules were manufactured
with five surface tappings, one module with a chordwise distribution and
the other with a spanwise distribution; the spacing between adjacent
tappings was 20mm in the chordwise direction and 10mm in the spanwise
direction. The tappings were made by cementing 1.5mm internal diameter
copper tube through clearance holes in the modules and then machining the
tube flush to the surface. Flexibly mounted piezoelectric pressure
transducers were situated inside the model connected by the shortest
possible pipe length to ensure good response. Flexible mounting was
required to exclude the possibility of spurious signals due to the large

accelerations occuring in the tunnel start-up processes.

3.3.5 Heat transfer

Heat transfer rates were measured with thin film gauges flysh-mounted on
a flat plate module in either spanwise or chordwise distributions. A
detailed account of the fabrication and mounting of the gauges will be
available in Edwards and Hillier(1980). In brief, the platinum gauges
were made either by hand painting or by evaporation through an accurately
machined mask onto 3mm diameter polished quartz substrates. The gauges
were carefully mounted into the plate to within 0.03mm, as preliminary
results had indicated that it was vital to ensure the gauges were accur-
ately levelled with the model surface. The amplified gauge output,

representing the surface temperature, was recorded on the digital data



68

acquisition system (Appendix A), and from thence transmitted to the College
mainframe computer where a numerical integration program was used to
calculate heat transfer rates. The conversion rate employed was such that
1024 points were taken on up to 16 channels in 25.6 msec. The numerical
integration technique was based on the method outlined in Schultz and Jones
(1968), and was a significant improvement over the previous method which
used an electrical analogue circuit to produce an output directly proport-
ional to heat transfer rate. The 'analogue' method required repeated

calibration with the measurements being taken from oscilloscope photographs.

3.3.6 Survey probes

3.3.6.1 Pitot probes

As shown in fig. 3-4 a rake of four probes was used to measure the boundary
layer pitot pressure profiles. The probes were made from stainless steel
tubing honed and flattened to improve the spatial resolution. The probe
outside diamensions were typically 0.5mm high by 2.0mm wide with a wall
thickness of approximately 0.075mm. Smaller probes were tried but were
found not to respond adequately during the steady run time of the Gun
Tunnel. Pitot probe height was approximately 5% of the traversed boundary
layer thickness. To avoid vibrations the probes were connected to the
pressure transducer with small bore silicone rubber tubing. Pressures were
either measured with either unbonded strain gauge or piezoelectric pressure

transducers, which were flexibly mounted inside the flat plate model.

3.3.6.2 Total temperature probes

The total temperature probes used were of the minature vented shield

thermocouple type; the sensor utilised 12.5 ym diameter chromel-alumel
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thermocouple wire, with length to diameter ratio equal to 180, held between
100 um diameter supporting prongs. A lengthy development programme was
undertaken before finalising the design used in this study. Full details of
the probe design and development are available in Bartlett,Edwards and
Hillier (1979). Probe calibration is difficult and was not precisely eff-
ected for the probes.It covered the appropriate range of unit Reynolds
number but did not cover the precise Mach number range. Full details of
the calibration are presented in Appendix B, together with a description

of probe construction and dimensions.

Briefly the calibration involved measuring the probe response over a range
of Reynolds number comparable to that experienced in traversing the boundary
layer. It was not possible to duplicate the boundary layer Mach number
variation, although this was likely to be a second order effect; in addition
the calibration was carried out at a fixed total temperature . The approp-
riate Reynolds number range was generated by use of a compression or
expansion surface , with the probes fixed parallel to the surface. The
probes showed a very efficient response achieving maximum recovery factors
in excess of 0.98 in the highest Reynolds number flow, i.e. freestream
conditions, falling to 0.88 at the lowest Reynolds number. Corrections
applied to the reading lead to measured total temperatures accurate to

+5% of the average total temperature obtained in the boundary layer.

Spatial resolution was determined by the probe shield which was a flattened
and honed pitot head with four vent holes sited well behind the thermo-
couple junction; the pitot to vent area ratio was 1.67. Intake dimensions
were typically 0.875mm high by 1.50mm wide with an average wall thickn;ss
of approximately 0.075mm. If the intake height was reduced further the

thermal boundary layers within the shield impinged on the bead resulting
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in a fall of recovery factor.

3.3.7 Stagnation pressure measurement

The tunnel stagnation pressure, po, was measured with a Kistler piezoelectric
transducer mounted in the nozzle block; the po value was used to normalize
pressure data to correct for run to run variations in diaphagm burst pressure.
It was estimated that po could be measured to better than *2% using

the digital data system.

3.3.8 Freestream total temperature measurement

The freestream total temperature was measured using boundary layer probes
fitted with circular inlets. Tom was used to normalize total temperature
data for run to run variations. The estimated accuracy was better than

+5% using the digital data acquisition.

3.4 Signal processing

All the signals derived from instrumentation (time-averaged data) were
amplified, passed through a 1kHz low pass filter and in most cases

recorded on the digital data system. The amplification was normally

chosen to produce a near 2.50 volt input to the data system thereby ensuring
maximum digitization accuracy. Early measurements not recorded digitally

were recorded on the oscilloscope-Polaroid camera system.

3.5 Estimates of accuracy

Estimates have been made of the maximum measurement error in the three
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profile variables, i.e. normal displacement (y), pitot pressure (pt), and
total temperature (To). The probe centre was positioned to within *0.05%
and no significant vibration or displacement was detected by either flow
visualisation or post run measurement. Using the digital data system it
has been estimated that the pitot pressure was measured to better than *2%
and the total temperature to better than *5%. Also it was estimated
that surface impact pressure could be measured to better than *2% and
heat transfer to better than +8%. The digital system contribution to

these errors was 0.25% after averaging.
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4.0 Electron beam system

4.1 Introduction

The electron beam fluorescence technique (EBFT) is a well established

. . 16 -3
method for probing high Mach number rarified flows (n < 10 cm ) e.g.
Muntz (1968), Davis and Harvey (1976). The non-intrusive character of

1 -

this optical technique make its application to higher density (n > 10 6 cm 3)
turbulent flow especially attractive. Of equal importance to the non-
intrusive nature is the inherent high frequency response of the technique,
typically greater than 1MHz, compared to the frequency response of a hot

wire aneomometer (HWA) which is usually limited to approximately 250kHz,

e.g. Owen et al (1975) or Laderman and Demetriades (1974).

The schematic, fig. 4~1, shows the equipment used to apply the EBFT to the
Gun Tunnel. Briefly, the technique involves firing a highly collimated beam
of high energy electrons into the test gas flow; the interaction of the
electrons with the gas molecules gives rise to optical band radiation which
can be analysed spectroscopically to obtain estimates of rotational temper-
ature, vibrational temperature or the molecular number density of the excited
species. In the case of the Gun Tunnel the electron beam was fired horizont-
ally from the vertical flat plate and subsequently collected in a graphite
cup on the far side of the nozzle flow. The fluorescence could be examined
by an optical photomultiplier system mounted on the working section floor.
The determination of density is based on the observed relationship, usually
linear, between the fluorescent intensity of the band system and the molecu-
lar number density; this relationship is often obtained from a calibration,
using the same optical arrangement , over a comparable range of gas numberva

density and temperature. Although theoretical calibration schemes also

exist there remain constants due to both the optical geometry and beam
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accelerating voltage that have to be determined experimentally.

Rotational and vibrational temperatures are determined by measuring the
relative intensities of the rotational lines and vibrational bands. 1In
this chapterthe historical background of the technique is presented with
particular emphasis on the applications at high density in turbulent
flows. A brief outline of the theoretical background is also included
together with full details of the electron beam equipment, instrumentation
and models. The calibration of the fluorescent intensity against density
is described, and the application of the technique to boundary layer

measurements is discussed with reference to the present experiment.

4.2 Historical

The electron beam fluorescence (EBF) technique has been extensively applied
to probing high speed, rarefied flows for the last 15 years. Most of
these studies have been made in low density (n < 1016cm_3) laminar flows,
principally of nitrogen or helium, in which estimates have been made of
density and rotational temperature. An excellent summary of the theory,
development and application of the EBF technique to rarefied flows has
been published by Muntz (1968); this reference also contains a comprehen-
sive bibliography of papers published up to 1968. Butefisch and Vennemann
(1974) have fully reviewed the application of the EBF technique to rarefied,
hypersonic flows up to 1974. These two references provide an excellent
background to the technique and its application at low density. For that
reason this survey is restricted to discussing the limited applications of

17 18 -
EBF to relatively, high density (n = 10 to 10 cm 3) turbulent flows.

The apparent difficulty in applying the EBF technique to turbulent flows
is reflected in the paucity of previous studies. Boyer and Muntz (1967)

first applied EBF to the measurement of turbulent fluctuations in the wake
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of a sharp, slender cone. This investigation was carried out in an
intermittent, hypersonic shock tunnel at M=12.6 using pure nitrogen as the
test gas; observation times were limited to a few milliseconds. The
optical system used an interference filter with a wide band width trans-
mitting wavelengths from 390nm to 480nm. The static calibration extended
up to a room temperature equivalent pressure of 5 torr (n*= 1017 cm_s) and
showed little variation with temperature over the range of 80°K to 210°K.
The technique was used to measure turbulent density and temperature
fluctuations, and to monitor their axial history in the wake of a sharp
10o half angle cone model free flying in the M=12.6 flow. This study
demonstrated that the EBF technique and a shock tunnel to be a useful
combination in the study of turbulent, hypersonic flows. Dionne et al
(1967) have also made measurements in the hypersonic wakes of spherical
projectiles fired into air or nitrogen. The spectral window in the case
was defined by an interference filter centered at 337.5nm with a 5.5nm
band width which permitted the observation of the strongest band {0,0]

of the N2 (2+) system. The calibration was performed up to a room temper-
ature equivalent pressure of 19 torr (n® 2 x 1017cm-3) and showed a
linear response over this range for nitrogen but showed significant
quenching in the case of air. The authors attributed this to the higher
quenching cross-section for oxygen in comparison to nitrogen. Measurements

of mean density, rms density and power spectra were reported.

Camac (1967) has used the EBFT to make flight measurements of density

in the boundary layer of a non-ablating slender, re-entry vehicle. 1In
preparation for the flight measurements the author reports a comprehensive
study of the excitation-emission processes and the pressure dependence of
both the N2+(1-) and N2(2+) systems. This study also included measure-
ments of beam attentuation and spreading at high density. A linear

response of fluorescent intensity with pressure was found for the N2(2+)
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{0, 0} band at 337.1 nm up to a room temperature equivalent (RTE)
18 -3

pressure of 60 torr (n= 2 x 10 cm ) At pressures below 2 torr RTE
this band was shown to exhibit a quadratic dependence on pressure. Wallace

. : 17 -3
(1968) reported EBF measurements at relatively high density (n=10" cm )
in the cold wall boundary layer of a shock tunnel nozzle wall. This study

+ .

was carried out in air at M=8 using the N2 (1-) system {0,0} band at
391.4 nm. Mean density and density fluctuation measurements were reported
but no account was taken of temperature fluctations in the data reduction
scheme, i.e. no separation of modes. A peak fluctuation intensity of
9% (rms to mean) was detected close to the wall. Measurements of fluctua-
ting pitot pressure were also made which show large fluctuation levels
(peak rms to mean value of 50%) close to the wall. EHEarvey, Bushnell and

Beckwith (1969) subsequently analysed the Wallace data to estimate the

intensity of velocity fluctuations.

In one of the most comprehensive studies to date Smith and Driscoll (1975)
have reported EBFT measurements in a helium, hypersonic (M =16) boundary
layer. These measurements were made in the adiabatic tunnel wall boundary
layer with a freestream number density of 4.4 x 1017 cm_s. This paper
also reviews the problems in applying the technique to a turbulent, high
density flow including the factors controlling frequency response, spatial
resolution and sensitivity. Simultaneous measurements were made of number
density and temperature by observing the emission from two Helium lines
(396.5 nm and 501.6 nm). Mean densities were observed to agree with those
deduced from conventional probe surveys but mean temperatures were found

to be considerably higher. RMS density fluctuations were found to reach a

peak value of almost 67% of the local mean value at y/ 6§ = 0.4.
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McRonald (1975) has studied a cold wall boundary layer in a continuously
running M=9.4 wind tunnel using air as the test gas (n® 3 x 1017cm—3). A
50kV electron beam probe was used and the total fluorescent light output
used to determine number density. It was necessary to include an integral
of the mean density to account for the significant beam attentuation effects
at boundary layer thicknesses of up to 125mm. Mean density and temperature
fluctuations were measured across the boundary layer at three values

of tunnel stagnation pressure. This data was compared to mean data

obtained with conventional instrumentation (static pressure, pitot pressure
and total temperature); agreement was found to be poor. The fluorescent
light output was found to contain contributions from local temperature
fluctuations and integrated beam attentuation fluctuations in addition

to that from local gas density fluctuations. The author describes this
situation as analogous to the separation of modes problem in the inter-
pretation of hot wire fluctuation measurements in which simplifying
assumptions are required to close the controlling equations. The measured
gas density fluctuations were found to reach a peak of 6% to 8% of the local

mean density in the central part of the boundary layer and to fall to about

3% at the edge.

Harvey and Hunter (1975) have reported a study of a hypersonic turbulent
free mixing layer at three stations downstream of a M=19 nozzle with a

. 16 -3 . .
freestream number density of 3 x 100 cm . The data were obtained with a

28kV electron gun. Good agreement was obtained between electron beam and

conventional probe measurements of local mean flow parameters.

The limited number of investigations using the EBF technique in turbulent

flow is partly due to experimental difficulties, such as beam scattering and
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attentuation, but mainly a result of the general lack of interest, hence
funding, for hypersonic research in the last decade. From the historical
survey, it is apparent that the EBF technique has proved a successful and
economic diagnostic tool for rarefied laminar flows, but in the case of
turbulent flow the technique requires further development before it becomes
a routine diagnostic method. For nitrogen flows, the excitation-emission

mechanisms are well understood over the density range of interest, i.e. n =

15 20 -3 .
10 to 10 cm , and the necessary optical detection and data acquisition
techniques are widely available. However, from the studies cited earlier it
is clear that in addition to a meticulous calibration further development
is required in the design of the electron beam generation and injection

equipment to minimize beam broadening, attenuation and flow interference

effects.

4.3 Background theory

4.3.1 Excitation-emission mechanisms

Molecular nitrogen exhibits significant emissions from two band systems in

the pressure range of interest. At low pressures, typically less than one

+

2 1st negative system (1-) is predominant but at higher pressures

torr, the N
the N2 2nd positive (2+) system becomes increasingly more intense. The

excitation-emission mechanism for the two systems is different.

+ .
The N2 (1-) system is excited chiefly by direct inelastic collisions with
primary beam electrons (20-50kV), with a small contribution from scattered
electrons with sufficient energy. In contrast, the N2(2+) system is excited

by low energy secondary electrons which result from inelastic collisions

between primary electrons and gas molecules. The vibrational energy levels



of nitrogen are shown in the simplified diagram, fig. 4-2, from Camac (1967).

The mechanism for the direct excitation of N; (1-) by high energy primary

electrons is well known and can be written:

'+ + 2 + + 2 +
z
N2 (X Zg ) + e —> N2 (B Zu ) + 2 —> Nz (X e ) + hv

Ground state High Excited upper Low energy Stable Photon
N2 molecule energy ionized state secondaries ionized
primary of N2 ground
electron state
(Eq. 4.1)

The direct excitation results in an ionized molecule in an excited upper

energy state which subsequently decays to the ionic ground state with the
emission of a photon. The above analysis illustrates how the intensity of
the fluorescence is directly proportional to the number density(n) of the
ground state molecules. This is confrimed by the observed linear relation-

ship of intensity against number density for this system. The most intense

<+

2 (1-) 0,0 band at 391.4 nm but at

and thus commonly used system is the N
pressures greater than approximately 0.5 torr (at room temperature) quench-

ing due to non-radiative collisions between excited ionic molecules and

+

5 (1)

ambient gas molecules result in a fall off in sensitivity. For the N
system it has been found that oxygen accentuates the collision quenching
effect and therefore it is desirable to use pure nitrogen rather than an

oxygen-nitrogen mixture such as air.

The N2 (2+) system becomes increasingly more important at pressures above

1 torr and dominates the total emission at higher pressures. The excitation

mechanism of the N2 (2+) system does not require ionisation as the upper.

transition level involving the neutral molecule lies well below the N2

ionisation level. The excitation of the N2 (2+) system can be written:
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' + 3 3
N2 (X Zg ) + e ——= N, (C Hu) + € —— N2 (B Hg) + hv

Ground state Low Excited Lower Ground

Nz molecule energy neutral energy state Fhioton
secondary state of electron
electron N
2
(Eq.4.2)

This excitation process has a small cross-section for the high energy
primary electrons but has a large cross-section for the secondaries formed
from the primary-ambient gas molecule collisions. The optimum accelerating
voltage has been found experimentally, see for example Muntz (1968), to be
approximately 50 kV for adequate penetration and secondary production. The
secondary electron excitation mechanism should produce a quadratic depend-
ence of intensity on number density as the cross-section also includes a
number density term. The observed pressure dependencé does in fact show a
quadratic relationship up to around 2 to 3 torr (at room temperature), then
almost a linear dependence at higher pressures. This is due to a quenching
effect wherein the upper energy levels of the higher vibrational states are
partially depopulated through non-radiative transfer to the lower energy
levels, whilst the lower vibrational levels such ag the (0,0) and the (0,1)
bands are found to experience a cascading vibrational collision mechanism
which populates the excited states. This cascade process is believed to be a
major factor in the continued linear growth of the (0,0) band intensity
with increasing pressure whereas the higher vibrational bands exhibit
significant quenching.

For both systems, the N; (1-) and N_ (2+), the collisional de-excitation

2
rate of the excited states is temperature dependent which implies that any

calibration of the fluorescent intensity against number density should be

performed at a range of temperatures similar to those experienced in the

wind tunnel tests.
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4.3.2 Fluorescent intensity dependence

The fluorescent intensity of a spectral band can be related to the gas
density and temperature by equating the production rate to the depletion
rate of the upper level popualation of the observed molecular transition.
Muntz (1968) -has derived an equation for this intensity dependence which
has the same form as a Stern-Volmer quenching equation; this relationship
depends on the assumption of constant beam current and accelerating voltage

and can be written, following the notation of Smith and Driscoll (1975):

I = An
ul : 3
1+ Bn Q(T) {(8/m) RT}

(Eq. 4.3)

The numerator of this equation represents the ratio of the excitation rate
to the spontaneous decay rate for the excited level of the observed trans-
ition; in practice the constant, A, would also contain a dependence on the
optical detection system, the beam current and the accelerating potential.
The second term of the denominator represents the ratio of the rate of
.depopulation due to molecular collisions to the spontaneous decay rate for
the excited level. The collision cross-section, Q, is assumed to be temper-
ature dependent, and represents the cross-section for depopulation of the
upper level by ground state molecules. If the average time between molecular
collisions becomes comparable to the spontaneous lifetime of the excited
molecules, typically 10-8 sec., collisional de-excitation drastically alters
the observed fluorescence intensity. Under such conditions the second term

of the denominator introduces a temperature dependence.

Equation 4.3 ignores the population of the upper excited levels by secondary

electrons and if this effect is included the intensity dependence can be re-
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written:
2
I Al + 81 n
ul 3 (Eq. 4.4)
1 + C1 nQ(T) T

This expression has been used by several investigators, e.g. Harvey and
Hunter (1975) and McRonald (1975), to describe the intensity dependence of the
fluorescence with number density; this expression can be re-written in a

more compact form as:

_ A2 + 82 n2
n ———— (Eq. 4.5)

1+C_n TD
2
where, In is the measured ratio of photomultiplier output voltage to the
collected beam current. At number densities below v 5 x 1017 cm_s, it is
possible to ignore the n2 term of the numerator which is seldom greater than
a few percent of the preceding term. In rarefied studies, typically number
. 15 16 -3 ., .

densities of 10 to 10 cm , it is also possible to ignore the contribution
of the second term of the denominator, see for example Muntz (1968). In this
case, the observed fluorescence intensity will be directly proportional to

18 -3

number density. In the present study, number densities of around 10 cm

occur and it is necessary to use the full relationship, i.e. Eq. 4.5.

4.3.3 Spatial resolution and frequency response

The spatial resolution and frequency response of the EBF technique are
inherently linked by the intial beam diameter, do’ which is defined by the
final orifice diameter, i.e. the exit orifice in the model surface. The op-
tical arrangement is shown in fig. 4-3; the spatial resolution is detefmined
by the optical volume defined by the beam diameter and the slit spacing ‘

employed in the detection optics. In this case, the fluorescent cylinder

formed by the passage of the beam is imaged onto a fibre-optic with a rect-
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angular input section which effectively defined the slit width. Degradation
of the spatial resolution is caused by beam spreading which occurs as a

result of several processes:

a) Primary electrons are elastically scattered outside the initial

beam diameter.

b) Secondary electrons are emitted at large angles to the primary

beam direction.

c) Resonance radiation trapping occurs when the upper state of the
observed transition has an optically allowed transition to the
ground state, thus permitting radiation to be successively
emitted and re-absorbed which results in the radiation being

diffused.

d) Excited molecules could be convected out of the beam before the

emission of a photon.

The first two factors are likely to produce the most significant beam
broadening at high density; resonance radiation trapping is not significant
for a diatomic gas such as nitrogen or air. Excited molecule lifetimes of

v 10—8 sec. also imply that molecules will not be convected out of the beam
at the velocities considered in this investigation. The elastic scattering
of primary electrons also results in beam current attentuation, i.e. the
injected beam current does not necessarily pass through the optical volume
under examination. It is possible to reduce these effects by increasing the
accelerating voltage which reduces the cross-section for elastic scattering.
This process also decreases the fluorescence intensity and it is generally

accepted that 50kV is an optimum level. Above this voltage the cost, complex-

ity and safety requirements of high voltage equipment rapidly increase.
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Camac (1967) has proposed an empirical relationship by which it is possible

to estimate the half intensity width of the beam, W after it has traversed

b’

a length of gas, lg’ at a pressure, p, and temperature, T.

W = 0.044 plz (ZOO/T) (Eq. 4.6)
Va
where Va is the accelerating voltage in units of 100kV. Assuming the worst
possible conditions of a gas layer at the freestream density, temperature
and of the local boundary layer thickness. These conditions give a half
intensity width of 3mm at the boundary layer edge but obviously the beam
broadening will be less under actual run conditions. Beam diameters of
approximately 2 to 3 mm will reduce the maximum frequency response from
1.5 MHz to 0.5 -~ 1.0 MHz . Photodetectors with responses adequate to resolve
disturbances in th is frequency range are widely available. Frequency
response is ultimately limited by photomultiplier shot noise, which is
the statistical error in measuring photons; in a time period corresponding
to a fluctuation the detector must receive a sufficient photon flux to
give good statistical accuracy. Unless the signal strength is sufficiently
high, as the bandwidth increases, the higher frequencies appear as noise.
This implies that a high beam current is necessary to result in adequate
signal to noise ration and hence the ability to resolve the high frequency
fluctuations. The smallest disturbance detectable is equal to the beam
diameter hence the maximum frequency response is given by:

£ o= Uy/d, (Eq. 4.7)

Typically, U, = 1450 m sec ! and d = 1.0 mn which gives:

b = 1.5MHz
max

This assumes that there is no appreciable beam spreading on transit througﬁ
the boundary layer. If the beam diameter increases from 1lmm to 2 to 3mm as

calculated above, fmax will be reduced to 0.5 to 1MHz.



84

4.4 Equipment

The electron beam equipment is shown in the schematic fig. 4-1; the electron
gun has been extensively used in the Hypersonics group at Imperial College
for both rotational temperature and density measurements in the continuously
running Nitrogen Tunnel, e.g. Lillicrap (1969), Davis and Harvey (1976) and
Davis (1978). A brief description of the major system components is included

in this section.

4.4.1 Model

The electron beam model is identical to the model described in section 3.2.1
in all respects apart from chord length, and is also similar to that used by
Coleman (1973) in earlier tests at Imperial College. The model was a sharp
flat plate with leading edge thickness 0.0lmm and of 0.18m span by 0.91m
chord. Hanging sideplates were used to prevent disturbances from the model
underside interfering with the test flow. The plate was fixed to a faired
aluminium alloy underbody which served as both a support for the model and
provided a cavity, shielded from the flow, in which to house the different-
ially pumped section of the drift tube. Ports were machined into the base

of the flat plate model at four centreline stations starting 460mm from

the leading edge then at 50mm intervals. The pumped section of the drift
tube assembly was located and locked into these ports using a trapped O-
ring as the vacuum seal. A 1.0mm precision hole was drilled at each station
to allow the passage of the electron beam normal to the model surface. At
stations not in use the 1.0mm hole was fitted with a flush fitting plug:

to prevent any interference with the test flow.
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4.4.2 Model support

In contrast to all previous Gun Tunnel studies it was not feasible to mount
the model from the working section floor because the electron gun could not
be fitted either above or below the working section without major tunnel
modifications. To overcome this the flat plate was mounted by means of
horizontal, faired supports onto a fabricated steel box section which replaced
one of the existing Schlieren windows see fig. 4-1. The box section provided
a good mounting surface 14" from the nozzle axis; two reinforced mild steel
struts are used to support the aluminium alloy underbody of the flat plate.
The upstream strut is faired to reduce loads and aluminium plates are fixed
between the upstream and rear struts thus forming a void through which the
draft tube passes. During all tests the working section door, onto which the
model was mounted, was bolted to the working section to prevent movement

during evacuation and subsequent venting to atmosphere.

4.4.3 Drift tube and differentially pumped block

The drift tube was a 22.0mm o.d. stainless steel tube extending from the
electron gun through ports in the box section panel to the differential pump-
ing block located in the model underbody. Four drift tube ports were machined
in the box section panel corresponding to the four beam stations on the

model: A differential pumping system was required to substain the pressure
gradient between the low pressure gun (10-4 to 10-5 torr) and the relatively
high pressure model surface (5 torr). The drift tube and pumping block are
shown in fig. 4-4. High conductivity copper was used for all the pumping block
ports that came into contact with the beam. A 22.0mm copper pipe was used to
connect the pumping block to an external rotary vacuum pump (660 l/sec);z A

small pressure balancing chamber was incorporated into the pumped block to
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prevent fluid suction/injection from the boundary layer. Pure nitrogen was
supplied to the chamber through small bore tubing; a needle valve was used
to control the nitrogen flow. The chamber pressure was monitored with a

strain gauge pressure transducer.

4.4.4 Electron beam gun

A conventional three electrode gun was used in the tests described herein;
full details of the electron gun and its operating characteristics are given
in Lillicrap(1969). In brief, the gun is constructed from a commercial
electron microscope gun with specially fabricated magnetic lenses and

4 to 10-5 torr is maintained in the gun

deflection coils. A vacuum of 10
chamber by an o0il diffusion pump with a thermo-electrically cooled baffle.
The gun is designed to operate at a maximum acceleration voltage of 30 kV
with input beam currents of 2-3 mA.The power supply incorporated a commercial
high voltage supply, 30kV at 3 mA, with additional circuitry to derive

a bias voltage and a floating low voltage power supply to provide filament
heating. Two magnetic lenses were used to focus the beam to a fine spot

and three sets of deflection coils were used to steer the beam through the
equipment to the model surface,where the series of coaxial holes in the
differentially pumped section acted as a final collimation of the beam. High
stability constant current power supplies were used to drive both deflection

coils and magnetic lenses. The electron gun is shown in the photograph

fig. 4-5.

4.4.5 Optical detectors.

The optical detection system is shown in the schematic, fig. 4-3, and in
the photograph, fig. 4-6 . A maximum of three detectors were used as shown,
rigidly mounted to the floor of the working section; the two primary detectors,

D1 and D2, were mounted on precision optical traverse mechanisms operated by
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micrometer screw gauges thus enabling the detectors to be traversed
normally through the boundary layer. The third detector, D3, was fixed

and used to monitor the beam fluorescence just outside the boundary

layer edge. The arrangement of the detectors is shown in the inset diagram
on fig. 4-3. A 40mm diameter quartz lens (£f=125mm) was used in the
primary detectors; the optical axis of the lens was inclined at 5° to

the vertical to remove the possibility of lens cut-off at points close

to the model surface. A front surface mirror, with a coating chosen to
give maximum reflectivity in the ultra-violet region, was used to turn

the light path from the lens through 900. The quartz lens formed an image
(m=0.93) on the rectangular input slit (1.00mm x 0.25mm) of a quartz

fibre optic which could be replaced by a ground glass screen for initial
focussing. The fibre optics were of the cross section transformer type with
a rectangular inpuf and a circular output section. Flexible vacuum
connections were used to route the fibre optics to the photomultiplier
tubes externally mounted to the working section. The photomultiplier
housing contained a quartz relay lens and an interference filter

(Ac = 3 nm). EMI type 6526S photomultiplier tubes were used fitted with

quartz windows.

4.4.6 Signal Processing and acquisition

Since photomultiplier tubes are current output devices, current to voltage
amplifiers were required to amplify and condition the signal for recording
on the digital data system. Two types of current amplifier were used in

the investigation. The first was a commerically available current to
voltage amplifier, Keithley model 427, which was a high precision instru-
ment with facilities for variable time constant and gain. Although the
bandwidth of this amplifier was not adequate for the proposed fluctuation

measurements, i.e. - 3dB point at 100kHz, it was suitable for feasibility
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studies and time averaged density measurements. The second type of
amplifier used was designed and manufactured with the Department; the
bandwidth was designed to extend from DC to 1MHz (-3dB point) with gains

of up to 107 V/A.

The Gun Tunnel digital data acquisition system was designed with the
possibility of making time resolved density measurements in mind; the

high speed capability, one channel at 4MHz digitizing rate or two at 2MHz,
is ideal for acquiring such data. Full details of the system are presented

in Appendix A.

4.5 Calibration

As stated earlier, the relationship between the fluorescent intensity

and the number density is usually determined by means of a calibration.
Ideally the calibration should cover the exact density and temperature
range experienced in the test flow. In addition the calibration should
also be carried out in a flowing gas to prevent any possibility of heating
the gas or the gradual increase of concentration of impurities, such as
oxygen, which would quench the fluorescence. In the present case a quasi-

static calibration was obtained only at one temperature.

4.5.1. Calibration equipment

To facilitate the calibration a cylinderical chamber was fixed to the

model over the beam station. The beam was collected in a large graphite .
cap close to the exit orifice; pure nitrogen was injected into the chamber .
via alarge pipe containing metal gauze and wirewool to ensure thorough

mixing of the gas. A thermocouple was used to measure the temperature

of the mixing chamber which was also assumed to be the gas temperature
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as the gas velocities were very low. The gas flow was controlled with

a high precision needle valve, and the gas pressure measured with a
strain gauge transducer. The detector optics viewed the beam through
narrow slits in the hottom surface of the chamber; these slits also formed
the gas path into the working section which was maintained at a

pressure slightly lower than the calibration chamber. The interior of

the chamber was painted black to prevent reflections.

4.5.2. Calibration results.

The fluorescent intensity was represented by the voltage ouput from the
photomultiplier detector system measured at the input to the data

system; the beam current was measured as the voltage drop over a

precision 10k ohm resistor. The fluorescent intensity, normalised by

the beam current, is plotted against density for the three detectors

in fig. 4-7 a, b and c¢c. The figures show that the relationship is linear
over a large proportion of the density range examined, but with a loss of
sensitivity appearing at the higher densities. The calibration was limited
to 26 torr RTE (room temperature equivalent pressure i.e. 293°K); this

was due to the inability of the differential pumping system to maintain

the gun pressure at 10-4 - 10-5 torr for greater densities. This problem
prevented electron beam measurements being made at the HP running condition
where the freestream density exceeded this level by a factor of four.

It was decided to limit the investigation to the low pressure (LP) running
condition but even so the freestream density level was 30 torr RTE. Re-
design of the differential pumping system or an increase of pumping capacity
was not practical at this stage, so it was necessary to extrapolate the =
calibration to 30 torr RTE. This was achieved by fitting the relationship,

equation 4.5, to the data and using this relationship for further data

reduction:
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2
= Eq. 4.9
In A2 n + an (Eq )

D
1 + 02 nT
Without knowledge of the temperature dependence it must be assumed that
D = 0 giving:

2
I, ™ #&;n+En (Eq. 4.10)

1+C
g D
The temperature dependence has been shown to be small and this assumption

has been used by other investigators e.g. Harvey and Hunter (1975) and

Wallace (1968). The calibration curves are shown in figs. 4-7a, b and c.

In order to assess the effects of quenching by oxygen, the calibration was
repeated using air as the test gas; fig. 4-8 shows the quenching effect
of oxygen emphasising the precautions that must be taken to limit the

oxygen content of the test gas.

To assess the beam attenuation through a layer of high density nitrogen a
series of tests were performed in the calibration chamber. The attentuation

of an electron beam through a layer of gas is commonly modelled by:
i = i e (Eq. 4.11)
*
where k is a function of the beam voltage and Faraday cup construction.
%*
A mean value of k = 0.00146 was determined by varying the separation,
y(mm), and the density (torr RTE); this value compares well with the

*
recommendation of Smith and Driscoll (1977) of k = 0.00167.

4.6 Application to Boundary Layer measurements

The EBF system described in the earlier sections was used to make
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preliminary measurements of mean and fluctuating density in the boundary
layer formed on the model at the LP running condition, see Téble 1. As
described in the last section it became apparent during the calibration that
it was not feasible to use the technique at the HP running condition as hoped.
Therefore, it was decided to limit the investigation to the LP boundary layer
using a boundary layer trip to ensure that the layer was fully turbulent at
the EB station. Only one EB station, x = 560mm, was investigated due to time
constraints.. Conventional time-averaged measurements were made on the same
model at identical conditions to provide data for comparison; these measure-
ments included pitot pressure, total temperature, static pressure at the

wall and Preston tube surveys. Heat transfer data was available from an

earlier investigation, Coleman (1973), using an identical model.

Preliminary tests showed that the high bandwidth amplifiers were exhibiting
high frequency response deficiencies; this was partly due to design faults
and the moderate signal to noise ratio , which was a result of the low beam
currents. These problems could not be solved quickly and the fluctuation
data was obtained using the Keithley amplifiers which had a -3db bandwidth
of 100kHz. At x = 560mm a profile was obtained by traversing one detector
through the layer and using a second detector focussed at the boundary layer
edge for normalisation. Thesedata were acquired using the high speed data
system at sampling rates of 1 x 106 to 4 x 106 samples per sec., with a maxi-
mum of 16384 samples. From the data it was also possible to calculate the
root mean square value of the density fluctuations at several points through
the 1ayer.'Corre1ation measurements were also made by fixing the location

of one detector and traversing the other detector through the layer; a third

detector was used to monitor the boundary layer edge for run to run wvaria-

tions.
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4.7 Conclusions and recommendations

Applying the EBF technique to a high Reynolds number intermittent facility,
such as the No 2 Gun Tunnel, imposes requirements additional to those necess-
ary in a more rarefied continuous tunnel. Adequate penetration of the beam
through the high density gas optimally requires accelerating voltages of
approximately S50kV. In the present study, the accelerating voltage was
limited by the design of the high voltage insulator within the gun to 30kV.
It is hoped that a S50kV gun, at present under construction, will be available

in the near future.

Fluorescent intensity is directly proportional to beam current therefore it
is vital to maximise the injected beam current to ensure adequate signal

to noise ratio. Significant losses were experienced in the 30kV gun with
only 20-30% of the supplied current reaching the model surface; the design
of the 50kV gun has been optimised for low current losses and would give a
significant signal to noise improvement. Electron guns typically require
pressures of about 10—5 torr to ensure reliable operation and long filament
life. In contrast the wall static pressure levels are about 6 torr and 18
torr RTE for the LP and HP running conditions respectively. These pressure
differences can be successfully maintained by the present differential
pumping equipment but at the higher static pressure the gun pressure was
marginal. The design of the differential pumping system could be significant-
ly improved if it were possible to use larger diameter pipe to the main
rotary pump which has its pumping speed limited by the present 22mm OD pipe.
Alternatively a far smaller beam diameter, with. a correspondingly smaller
orifice in the model, would dramatically eliminate the pumping problems. It
would also be advantageous to incorporate a rapid operation valve to isolatg

the gun from the working section after a run; this valve would have to be

interlocked so as to switch off the gun power supply prior to closing.
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Calibration at the higher densities also posed the identical problem of
overloading the differential pumping system. It has been shown by Smith and
Driscoll (1975) that dynamic calibration has significant advantages over

a static calibration in which impurities may well quench the fluorescence.
It is suggested that a better approach to calibration may be to use a free
jet facility with a range of nozzles and to cover the temperature and
density range of the test flow by varying the free jet supply conditiomns.
Significant loads due to the high pressure levels are transmitted to the
model especially during the tunnel starting processes, hence rigid mounting
of both the model and associated electron beam equipment is required to
prevent loss of delicate beam alignment. However, the gun and model mounting

proved very successful with little or no re-alignment necessary between runs.

Detection optics proved adequate but larger aperture lenses and higher trans-
mission interference filters could be employed to improve the signal to noise
ratio by collecting more light. For the correlation measurements, it proved
difficult to align and focus two separate detectors onto the same volume

of the fluorescent light beam. It is suggested that one lens could be used

to image the beam and use separate relay lenses to route the light to the
detectors. The problems encountered with the broad band DC amplifiers have
been solved by minor redesign and should enable the bandwidth of the fluct-
uation measurements to be raised to at least 500kHz. It is also suggested

that it would be desirable to measure the beam broadening through the boundary

layer to accurately determine the spatial degradation caused by this process.

The EBF system developed in this investigation have successfully been used

to make preliminary measurements of mean and fluctuating density in a

turbulent, hypersonic boundary layer.
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5.0 Results and Discussion

The results described in this chapter were obtained in either the low press-
ure running condition boundary layer with forced transition or in the high
pressure condition boundary layer with natural transition, see Table 1 for
a summary of the Gun Tunnel conditions. For brevity, these flows will be
referred to as the 'LP boundary layer' and the 'HP boundary layer' respect-
ively in the discussion contained within this chapter. The results obtained
from both the major experimental sections of the investigation, that is the
mean or time-averaged measurements with conventional instrumentation and

the fluctuating or time-resolved measurements using the electron beam probe,

are presented in this chapter.

The time-averaged data obtained from conventional instrumentation, see section
3.0, can be divided into wall and profile measurements. At the wall, distrib-
utions of static pressure, heat transfer rate and skin friction (inferred from
Preston tubes) were measured along the model centreline. Some spanwise wall
distributions of static pressure and heat transfer rate were also measured

to check the flowfield two-dimensionality and to determine the useful chord-
length for testing. Transition position was also estimated from the centreline
heat transfer and Preston tube distributions. Boundary layer profile measure-
ments of pitot pressure and total temperature were taken at three stations

in both the LP and HP boundary layers. From these, Mach number and velocity
profiles were calculated in order to test the available velocity-temperature
relationships and, after compressibility transformation, to compare with the
well known incompressible results, such as the law of the wall and wake.vThe

turbulent transport properties, such as mixing length or eddy viscosity, were

calculated from the time-averaged velocity profile data using the time-

averaged conservation equations with an assumption of similarity. The electron



95
beam fluorescence technique measurements were limited to the LP tripped
boundary layer as discussed in section 4.6. Preliminary measurements were
made of time-averaged and time-resolved density; the correlation between
two points along the beam was measured for a range of separations. A fast
Fourier transformation technique was used to obtain the coherence and the
phase angle between the points along the beam, together with the power

spectral density at each point.

The windtunnel running conditions are summarised in Table 1 and the para-
meters characterising the two boundary layers are presented in Table 2 and
Table 3 for the LP and the HP flows respectively. The viscosity variation
with temperature for the nitrogen test gas has been evaluated using the

Sutherland law.

5.1 Flowfield two-dimensionality

To estimate the validity of the present data, it is important to assess the
assumption that the boundary layer is two-dimensional at least over the

region bounding the centreline of the flat plate. Inevitably, the finite span
of the flat plate resulted in an outflow or spillage over the edges of the
plate. Previous tests by Coleman (1973) have shown that hanging sideplates
improved the flowfield two-dimensionality even though the sideplates intro-
duced additional effects due to their own boundary layers. Hanging sideplates
were used in all the present tests. Disturbances also emanated from the
leading edge tips and these disturbances propagated along Mach lines eventually
intersecting downstream on the model centreline and the flow within these Mach
cones will be three-dimensional. Of course, disturbances can propogate across
the boundary layer, either as mean variations or as turbulent disturbanc;s,

at angles greater than the Mach angle based on freestream conditions as the :

Mach number tended to zero at the bottom of the layer. However, such effects

would be restricted to very thin layers.
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5.2 Transition position

An estimate of the transition position for the HP running condition
boundary layer can be obtained from the position of the peak heating

rate or the peak surface impact pressure (Preston tube). From the
centreline heat transfer rate distribution (section 5.4) the peak
heating rate occurred at a position approximately 0.16m from the leading
edge, corresponding to a Reynolds number, Rex, of 8.82 x 106. This
position agreed with the location of the peak surface impact pressure
measurement obtained in the Preston tube-skin friction survey (section
5.5). At low speeds there is usually a strong correlation between the
free stream turbulence level and transition, but at high Mach number

one of the most significant factors influencing transition in a facility
such as the Gun Tunnel is noise emanating from the nozzle wall boundary
layer see, for example, Pate and Schueler (1969) and Wagner et al

(1969). Obviously there are many other factors that can influence
transition such as heat transfer, pressure gradient or surface roughness.
Systematic studies can be performed to assess these effects, but if
acoustic tripping is predominant as suspected at high Mach number, it can
be difficult to compare data from different windtunnels.Assuming transition
is influenced by noise, the transition position may well be sensitive to
the model location relative to the nozzle. This was confirmed from the
heat transfer tests of Coleman(1973) which showed a different transition
position to the present tests, see section 5.4. For the tests described in
in this report the model was always maintained at a strict position with
respect to the nozzle such that the leading edge was 0.15m upstream frqm

the nozzle exit plane.

For the LP condition boundary layer transition was initiated artifically

by means of a boundary layer trip positioned 10mm from the leading edge,
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see section 3.2.3., In this case, the model was positioned with the
leading edge in the nozzle exit plane to be identical with the tests

of Coleman (1973).

5.3 Surface Pressure

Surface pressure distributions were measured for both the LP and the HP
boundary layers; the distributions were measured along the centreline

with selected spanwise distributions to check flowfield two-dimensionality.
The LP tripped boundary layer showed a slight favourable pressure gradient,
see fig. 5-1, with an average variation of (1/p) dp/dx = -3% m-l. Also
shown on this figure are the static pressure values in the freestream cal-
culated from the measured stagnation and freestream pitot pressures. These
values agreed well with the measured wall values. The HP natural transition
boundary layer also showed a favourable pressure gradient, Bartlett et al
(1979a), with an average value of (1/p) dp/dx = -6% m—l, see fig. 5-2. The
calculated static pressures at the edge of the layer agreed well with the
wall values. The pressure gradient for both flows has been shown to be
close to zero and has been compared to data from zero pressure gradient
studies in later sections. The measured pressure gradient has been used

in the data reduction scheme in section 5.15 for the calculation of the

turbulent transport properties.

5.4 Heat Transfer

The heat transfer rate has been measured along the centreline for the

HP condition boundary layer, Bartlett et al (1979a), and is shown in fig.
5-3; the off centreline points shown correspond to spanwise distributions
taken at several stations to test flow two-dimensionality. The peak
heating rate is seen to occur at approximately 0.16m from the leading edge.
This position is considerably different to that measured by Coleman (1973)

in the No. 2 Gun Tunnel at almost identical flow conditions. He found
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that the peak heating position occurred at approximately 0.32m from

the leading edge; it is thought that this was due to the different
model position relative to the nozzle exit plane. In the present study
the leading edge was sited 0.15m upstream of the nozzle exit plane
while Coleman positioned his model with the leading edge in the nozzle
exit plane. If transition is triggered £y acoustical disturbances
emanating from the nozzle boundary layer it is likely that the peak

heating position will depend on model position.

In the case of the LP condition boundary layer the heat transfer distri-
bution was not measured but Coleman (1973) has reported measurements on
a similar model at identical conditions in the same facility. An
identical boundary layer trip was used in both studies (section 3.2.3)
placed 10mm from the leading edge. The problem outlined above regarding
transition dependance on the model position relative to the nozzle does
not occur in this case as transition is forced close to the leading edge.
Even so this model was maintained in a position such that the leading
edge was in the nozzle exit plane. The heat transfer distribution

measured by Coleman (1973) is shown in Fig. 5-4; this figure also includes
data obtained with off centre-line gauges to check flowfield two-dimen-

sionality.

5.5 Surface impact pressure

Surface impact pressure distributions along the model centreline were
measured with the Preston tubes described earlier in section 3.3.3.
The evaluation of skin friction from Preston tube data requires a
calibration which is often based on floating element gauges that are

questionable in both reliability and accuracy. The choice of calibration
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is difficult with all compressible flow Preston tube data especially

under cold wall conditions. Allen (1973) has made an extensive

evaluation of the existing compressible calibrations and developed a
calibration based on his results. Allen (1977) subsequently re-evaluated
his results in the light of improved floating element gauge data. Bradshaw
and Unsworth (1973) have also developed a calibration using Allen's
compilation of data but based entirely on wall variables. A full assess-
ment of the different calibrations has been made with the present data

and some of the prediction methods, such as Spalding-Chi (1964) or van

Driest(II) (1956), in Edwards and Hillier (1980b).

For the LP boundary layer, the surface impact pressure distribution is
shown in fig. 5-5 and the corresponding range of skin friction, Cf, ob-~-
tained from the various calibrations presented by Allen (1977), is shown
in fig. 5-6. The calibrations give rise to a wide range of Cf values high-
lighting the inherent uncertainty in compressible flow calibrations,
especially under cold wall conditions. Also shown in fig. 5-6 are the

Cf values calculated from the faired heat transfer distributions assuming

three values of Reynolds analogy factor, F, where:

F = == (Eq. 5.1)

The traditional value of F is 1.0 for compressible flow, although a value
of 1.16 was suggested by Chi and Spalding (1966) from a review of the
available compressible data. Coleman (1973) in the present facility found
F values of approximately 0.9, which represents the lower limit of the
commonly accepted range of F. The Cf values obtained using these threg_F

values, i.e. F = 0.9, 1.0 and 1.16, have been plotted in fig. 5-6, which

shows that the range of Cf obtained from the six Preston tube calibrations

considered herein appear to fall within these bounds with the exception
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of the Fenter-Stalmach prediction.

The surface impact pressure distribution for the H.P. boundary layer,

see Bartlett et al (1979a), is shown in fig. 5-7 where the peak pressure
occurred at approximately 0.15 to 0.18m from the leading edge which
agreed with the peak heat transfer rate (section 5.4). The range of

CI obtained from the six calibrations is shown in fig. 5-8 ; a similar
trend to the LP data was obtained with the majority of data falling

within the bounds of Cf obtained from a Reynolds analogy factor of F=0.9
to 1.16 using the faired heat transfer distributions. The Fenter-

Stalmach calibration again overpredicts the trend of C; obtained from

the other calibrations; a similar effect when using this calibration
was reported by Coleman (1973) on a cold wall study in the present

facility.

The measurement of skin friction at high Mach number with appreciable
heat transfer or pressure gradient is still an intractable problem.
There remains considerable problems with both the reliability and the
repeatability of the direct methods, in particular the floating element
balance and as shown above the most commonly used indirect method, the
Preston tube, relies on the choice from the wide range of calibrations.
The Hopkins and Keener (1966) calibration appears to give 'the most
consistent’ agreement with floating element balance measurements

made on a cold wall at high Mach number, see for example Keener and
Hopkins (1969). This calibration collapsed the present Preston tube
data from different tube diameters, e.g. Edwards and Hillier (1980b),
and has been used to deduce Cf values for further data reduction

described later in this report.
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5.6 Pitot Pressure Profiles

Pitot pressure profiles were obtained using the honed and flattened probes
described earlier in section 3.3.6.1 The boundary layer thickness, 6p' was
obtained from each profile at the point where pt/pte = 0.99. The Gp values
are presented in Tables 2 and 3 for the LP and HP condition boundary layers
respectively. The profiles presented in this section are shown normalised
against the measured freestream total pressure, po, to account for run-to

-run variations, i.e. the expected scatter in the diaphagm burst pressure.

For the LP condition tripped boundary layer, pitot profiles were measured
at three stations, i.e. x = 260, 360 and 560mm, from the leading edge. The
profiles are shown in fig. 5-9 a, b and c; the profiles appear self-consist-
ent amongst themselves and are typical of profiles obtained previously in

the Gun Tunnel facility.

In the case of the HP condition natural transition boundary layer, profiles
were measured at five stations, the first 360mm from the leading edge then
at 50mm intervals. The profiles are shown in fig. 5-~11 a to e, and in
several of these there appears to be an increase in the scatter of the
pressure points near the boundary layer edge, which made the evaluation of
Gp more difficult; the worst case observed was at the x = 460mm station with
scatter of *3.5% at y/Gp > 1. Re-evaluation of the original data traces
provided no obvious reason to discount these points. It is very unlikely
that intermittency could be responsible as the time-averaging period was
relatively long, around 2 to 3 msec., and the fluid velocity high, around
1500 m/sec; no satisfactory explanation can be presented at this time."
Another interesting effect was observed in the HP profile at x = 560mm ,

fig. 5-1le, which showed a 'pronounced kink' close to the model wall; an
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effect that has been previously reported by Allen (1972). A separation
region in front of the probe, caused by either probe and/or support inter-
ference was suspected. A series of further tests were undertaken to invest-
igate the effects of varying probe and support geometry. A new pitot rake
was constructed to form the basis of a variable geometry probe system; the
first test involved increasing the pitot tube unsupported length by almost
90%. This modification proved very successful and further tests to invest-
igate this phenomenon were not considered necessary at this time. The res-
ulting profile is shown in fig. 5-1le compared to the original data; the
new profile is very similar to those measured at upstream stations and both
probe types agreed well for all the layer except the suspect region close
to the wall. A composite profile utilising the data from both probe types

was used for all further data reduction.

5.7 Mach Number Profiles

Mach number profiles were calculated for each pitot profile using the well
known Rayleigh supersonic pitot formula, with the usual assumption of con-

stant static pressure through the boundary layer:

. 1

P (y-1) (y-1)

P 2 2

e 2yM” - (y-1)

For the test gas, nitrogen, y = 1.40 and Eq. 5.2 reduces to:

p 7/2 5/2
P _ [g Mz] [———26 ] (Eq. 5.3)
Pe ™ - 1)

Eq. 5.3 was solved for each point in the pitot profile; no displacement
correction has been applied to these profiles due to the arbitrary and .
uncertain nature of these corrections at hypersonic Mach numbers. Mach num-

.

ber profiles are presented, normalised by the Mach number at the layer edge,
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Me’ For the LP condition boundary layer the Mach number profiles are
shown in fig. 5-10 a, b and c¢, and for the HP condition layer in fig.
5-12 a to e. The profiles for both conditions appear to be tyﬁical of
a turbulent boundary layer and the scatter discussed earlier in some

of the HP profiles is much reduced by virtue of the Mach number calcu-

lation procedure.

5.8 Total temperature profiles

The total temperature profiles were measured with a rake of four vented-
shield miniature probes as described in section 3.3.6.2. An additional
probe was fixed below the flat plate to monitor the freestream total

temperature Tow' It is difficult to construct a series of probes with

identical geometric and physical characteristics hence it is desirable

to calibrate individually each probe over a range of Mach and Reynolds

number comparable to that experienced in traversing the boundary layer.
The calibration of the probes is discussed in Appendix B and in

detail by Bartlett, Edwards, Hillier (1979). To correct the measured
total temperatures an iterative scheme was devised based on the variation
of probe recovery factor (obtained from the calibration) with the local

Reynolds number in the probe Re3d each time with the new estimate of

total temperature. The profiles were normalized against the total

temperature at the boundary layer edge Toe’ and adjusted for run to run

variations of T .
oco

For the LP condition total temperature profiles were measured at the
three stations x= 260,369 and 560 mm. to be coincident with the Mach
number profiles .The measured profiles are shown in fig. 5-13 a,b and c
and the corrected profiles are shown in fig. 5-14 a,b and c .For the HP

condition boundary layer total temperatures were measured at only three
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of the five pitot pressure stations,i.e. at x= 360,460 and 560 mm. The
measured profiles are shown in fig. 5-15 a-c and the corrected profiles in

fig. 5-16 a, b and c.

In general the total temperature profiles tend to exhibit more scatter
than the corresponding pitot profiles, reflecting the inherent difficulty
in making total temperature measurements. The problem was compounded

by the use of a rake of four probes, with individual responses,

instead of a single probe traversing the layer. This is highlighted

by the LP condition profiles, fig. 5-13 in which due to breakages only
two probes were used as opposed to four for the HP condition tests,

and the scatter appears reduced in the LP profiles. It is likely that
both the pitot and total temperature measurements suffered from wall
interference effects at the points closest to the surface, for which

no adequate correction scheme exists.

5.9 Velocity profiles

Velocity profiles were calculated from the corrected total temperature
profiles and the corresponding Mach number profiles using Eq. 5.4.

In general, the y points through the boundary layer at which the

pitot pressures and total temperatures were measured, were not
coincident; it was necessary either to draw smoothed curves through

both sets of data or to use the individual readings of one parameter
with interpolated values of the other. The latter choice was made by
retaining the total temperature data and taking interpolated Mach number
values as this data required the least smoothing. The resulting velocify

profiles are shown normalized by the velocity at the boundary layer edge.
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(Eq. 5.4)

2
E -'_1’_2 [(1 + i(Y-l)Me)]
Me Toe (1 + i(y—l)Mz)

The velocity profiles for the LP tripped condition are shown in fig. 5-17
a, b and ¢ for x = 260, 360 and 560 mm from the leading edge, and for the
HP layer the velocity profiles are shown in fig. 5-18 a, b and c¢ for x =

360, 460 and 560 mm respectively. In both cases the profiles appear to be
typical of a turbulent boundary layer. The values of the exponent, N , of
the power law fit to the velocity profile were estimated, where N is

defined from:

1/N

v _ (x 8
T » where a is defined as the (Eq. 5.5)

point such that U = 0.995Ue.

It was found that the velocity profile was best scaled by Gu rather than
Gp in this case; values of N and 6u are presented in Tables 2 and 3.
Johnson and Bushnell (1970) have plotted the power law exponent variation
with Re for a large body of data, fig. 5-19. At low values of Re_ , e.g.

6 6

2000 < Ree'<5000, an overshoot region was found where N reached values of
up to 13. This region corresponds to the non-equilibrium turbulent boundary

layer in which the velocity profiles are non-similar. At higher Re_, typically

6
above 10000 the exponent N exhibits a gradual increase, approximately
scattering around the traditionally accepted value of 7. This is the region

of the so-called equilibrium turbulent boundary layer although it must be
emphasised that there is not a clear cut dividing line between non-equilibrium
and equilibrium turbulent boundary layer flow. The present data is also
plotted on the Johnson and Bushnell data, fig 5-19, together with some of the
more recent published data, e.g. Owen et al (1975), Watson (1977) and Laderman

(1978) . The LP condition data follows the low Reynolds number trend of the

Johnson and Bushnell data with N falling from 10 to 8.7 as Ree increased
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from 2800 to 5600. The HP data also shows a decrease in N with increasing
Ree although two of the points fall outside the shaded region, the present
data does appear to follow the local trend of the Johnson and Bushnell
data. It is apparent from fig. 5-19 that the exponent N is of limited
value as a parameter from which to determine whether a boundary layer
has reached equilibrium or not due to the inherent scatter of N with

upstream history effects,heat transfer or Mach number.

5,10 Velocity-Temperature Correlations.

The measured profile data have been compared with several of the common
velocity-temperature relationships,for example the non-unity Prandtl

number Crocco solution as modified by van Driest,Eq.2-5,re-expressed

here as:

7 T, (T, -T)U r(Y- 1)MZ u?
—_ = — =K - 5 (Eq. 5.6)
T T T U 2 U

e e e e e

This expression is valid for flows with zero pressure gradient, i.e.
dp/dx = 0 and isothermal wall, Tw = const. The recovery factor for

turbulent flow is usually taken as:

r = ‘; Pr = 0.89 (Eq. 5.7)

The recovery temperature is defined as:

2
T, = T (1+rx(y- 1)/2 M) (Eq. 5.8)
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Thus, Eq. 5.6 can be re-written as:

2
T0 - Tw U U
= —95 = w'ﬁ + (1 - w)-ﬁ (Eq. 5.9)
oe W e e
r Tw
where, Y = -
oe w

As shown in section 2.4.1, if Pr = 1 then Tr/Toe =1 hence ¥ =1 and Eq. 5.9

reduces to the so-called 'linear Crocco' solution, i.e.

U
= 3 (Eq. 5.10)

In the case of an adiabatic wall, i.e. no heat transfer, Y = 0 and

Eq. 5.9 reduces to:
2
U ] (Eq. 5.11)

One of the common approaches in evaluating velocity-temperature data has
been to plot the velocity data against the total temperature function Ot

where,

= C] (Eq. 5.12)

This is the traditional 'Crocco plot' in which a comparison is made with
the linear solution, Eq. 5.10, and the quadratic or Walz solution, Eq. 5.11.
The linear solution has shown good agreement with zero pressure gradient,
boundary layers under conditions of heat transfer, but the quadratic solution

has been found to give close agreement with adiabatic flows with non-
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zero pressure gradients in the stream direction and normal to the wall,
€.g. nozzle wall boundary layers, see. Beckwith et al (1971). In the
case of the present data, the LP boundary layer profiles are plotted

in fig. 5-20 a, b and ¢ and the points fall between the linear and
quadratic solutions, although the data tends to show marginally better
agreement with the linear solution. There also appears to be a Reynolds
number trend with the higher Ree profiles falling closer to the linear
solution. The HP boundary layer data shows an approximately linear
behaviour, fig. 5-21a, b and ¢ with the agreement again appearing to
improve with increasing Re , thus suggesting that the boundary layer

6
is not yet fully developed.

Better agreement has been obtained with the non-unity Prandtl number
Crocco relationship, Eq. 5,6, using a recovery factorr = 0.89. The

experimental data are replotted in fig. 5-22 a, b and ¢ and fig. 5-23

a, b and ¢ for the LP and HP data respectively. The agreement is fair
for the LP case and excellent for the HP case. This expression has
shown good agreement with high Mach number cold wall data, with zero

pressure gradient, see for example Bushnell et al (1969).

The non-unity Prandtl number Crocco relationship has not been successful
in predicting the trend observed on adiabatic or near adiabatic walls

in which case there is a pronounced overshoot in the distribution, e.g.
Laderman (1978). Recently Whitfield and High (1977) have proposed a
velocity-temperature relationship for non-unity Prandtl number by
including approximate models for the turbulent shear stress distribution.
This approach results in a 2nd order, non-linear ordinary differential

*
equation which relates the specific enthalphy ratio h to the velocity



109

*
ratio U where,

= h_ = U
h h and U = U

Zeroth- and first-order perturbation solutions were obtained in terms of the
small parameter € ,where € = 1 - Pr . The final expression for an iso-

thermal wall read:

(Eq. 5.13)
*h * _ * *H *h *U _G— * 2
() = h + (H, - w) -3 U 4
* * *
4G U . Qa1 aCH_-"h ) . »
el ey - v D) oy G- DU+
G * * * * *
STta - o+ a-Tw o) + TR - 20D

where, *
£CU) = (A/G&)| (Z - A 1n|Z-G|- (Z + A) 1n|2Z+6l
and = 2 *h *H *h 2 : G = 1)M2
A = G - + ( o Vl) ’ = (y- e
_ * * * * _ _
Z = ( H°° - hw -Gu , H°° = Hm/hw = (1 + G/2) .
Also Q@ = (5/2)N, where N is the exponent from the power law representation

of the velocity profiles, i.e.
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The Whitfield and High approach has shown good agreement over a

range of Tw/Toe values, e.g. Vhitfield (1976), Laderman (1978) and
Watson (1979), and has been evaluated for the two present cases to
assess whether this more general approach will yield better correlations

with cold wall (Tw/To;=0.3) data than Pryzl Crocco solution i.e.
Eq. 5.6. The Whitfield and High solution is also shown in fig. 5-22

for the LP boundary layer and fig. 5-23 for the HP layer. In the LP

case the theory gave slightly worse agreement than Eq. 5.6 but showed
improved agreement for the HP case. The LP boundary layer profiles

may well be suffering from the effects of transition, and/or low
Reynolds number effects at all three stations, whereas the HP is much
closer to a fully developed, equilibrium boundary layer. Although

the Pr#1 Crocco solution, Eq. 5.6, does not represent adiabatic wall
data adequately, it has shown good agreement with the present and other
cold wall data thus can be used as an accurate approximation for cold

wall data in prediction or calculation methods.

5.11 Integral quantities

The following integral quantities have been calculated from the

measured profile data:

Displacement thickness, 61 ( &6%).
Momentum thickness, 6, € 0.
Kinetic energy defect thickness, 63
Total enthalpy defect thickness, 64

The trapezium rule has been used for the evaluation of these integrals
but the reliability of these quantities must be questioned due to the

accentuation of experimental scatter in this type of computation. In
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the case of the defect integrals the measured points did not extent
close enough to the wall to detect the peak present in these quantities.
The momentum thickness Reynolds number, R%), and the Reynolds number
Re62 as recommended by Fernholz and Finley (1977) together with various
shape factors defined below have been calculated and are presented in
Tables 2 and 3 for the LP condition and HP condition boundary layers

respectively, where,

Re = pe Ue and Re = Pe Ue
§2 -—————62 [¢] 62 ,
W Ve
Hig™ 84/85 5 Hyp= 85/, 5 Hyp= 8,6, .

5.12 Compressibility Transformation.

At present there is no rigorous mathematical basis to any of the
available compressibility transformation methods as described in
section 2.4.2, but these methods remain a useful tool in the comparison
and evaluation of high speed data. The van Driest (1951) effective
velocity method, although not strictly a whole layer transformation
method, has been shown to give the best agreement with the well known
incompressible expressions over a wide range of Mach number on both

adiabatic and cooled walls, see for example Fernholz (1976).

Using the form of the van Driest transformation as given by Keener
and Hopkins (1973) and incorporating a temperature distribution based

on a recovery factor, r= 0.89. Eq. 2.11 is rewritten as:
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U* 1 -1 2A2(U/Ue) - B - B
L sin + sin | ——— (Eq. 5.15)
Up  AKC_/2)(T /T ) V(a2 T B2 V(aa? T B%
where, A2 = Ef(z:i) Mz and B = IS . A2 -1
T 2 T

€
£

Eq. 5.15 requires the skin friction coefficient at each station to be
specified, but as discussed earlier in section 5.5 the evaluation of Cf from
Preston tube measurements (in compressible flow on cold walls) presents ser-
ious difficulties due to the scatter in the various calibrations. The Hopkins
and Keener (1966) calibration appears to give the most consistent agreement
with skin friction balance measurements at high Mach number and cold wall
conditions, see for example Keener and Hopkins (1969). This calibration has
been used to determine Cf from the Preston tube data, section 5.5, and these
Cf values subsequently used in the evaluation of the generalised velocity G*
from the velocity profile data. The 'transformed' velocity profiles , ﬁ*/ qr'
have been calculated and the LP condition data are shown in fig. 5-24 and the
HP condition data in fig. 5-25, both plotted against yur/bw" These profiles

appear typical of high Mach number, cold wall boundary layers although with

a relatively short log-law region.

5.12.1 Law of the Wall

Also shown in fig. 5-24 and 5-25 is the law of the wall, i.e.

U 1 T
T - X 1n vw + C (Eq. 5.16)

Where, k = 0.40 and C = 5.10 .
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In the case of the LP condition data, there is good agreement with the

law of the wall at all three stations, hence the compressible profiles
are satisfactorily reduced to the incompressible relationship. For the
HP condition, the agreement between the transformed data and the law

of the wall is shown to be good at the two rear stations x = 460 and
560mm in Fig. 5-25, but the data falls below the incompressible
relationship at x = 360mm. This could be due to the skin friction
being overestimated at the first station or the effects of an un-

completed transition process.

In general the van Driest transformed profiles agreed well with the
law of the wall confirming the agreement found previously for zero
pressure gradient, cold wall boundary layers, e.g. Laderman (1978) and

Watson (1979).

5.13 Outer Law

Maise and McDonald (1968) have suggested an outer or velocity defect

law for compressible, turbulent boundary layers of the form:

= - +

U - U*_ _ 1 1n (3/8) 1 £(/8) (Eq. 5.17)
U X k
where £ (y/§) = 2-W

and W=1-cos (my/s§).

A value of k = 0.4 was recommended by the authors; the wake component

was taken to be equal to 0.5, a value typical of a fully developed,
incompressible boundary layer, see for example Coles (1953). Using

these values gives,



114

g = -2.5 1n (Y/GB + 1.25¢( 2 - W) (Eq. 5.18)

[ ]

Maise and McDonald achieved good agreement with adiabatic wall data

using this expression over a range of Mach number from 1.5< Me< 5.

The present data has been compared with Eq. 5-18 as shown in fig.5-26

for the LP condition boundary layer and in fig. 5-27 for the HP layer
respectively. Not suprisingly the correlation was poor; the Maise and
McDonald form of the outer law contains a fully developed wake component
term which is not the case for the present data. In addition the relation-
ship is highly dependent on the evaluation of a boundary layer thickness,
in this case Gp has been used,which as can be seen in figs. 5-9

and 5-11 is difficult due to the scatter in the pitot pressure points

at the edge of the layer.

Fernholz(1976) has criticised such relationships as Eq. 5.18 on

the basis of the evaluation of a representative boundary layer thickness

in compressible flow. For example, Laderman(1978) has found good agree-

ment with Eq. 5.18 in a Mach 3 layer over a range of heat transfer conditions
by using Gp as the reference length, although at this relatively low

Mach number Gp =6u . At higher Mach number the velocity field can

be much smaller than the pitot pressure (density) field, i.e. 6})> Gu'
Horstman and Owen(1972) found good agreement with Eq. 5.18 at Me =7

by using Gu as the reference length but 6u was found to be only 87%
of Gp . The present data at the LP running condition has been replotted

in fig. 5-26 using yyﬁu as the abcissa and re-evaluating ﬁg / ur :

the correlation is improved but, as stated earlier, Eq. 5.18 contains

a fully developed wake component term which is generally not the case

for the present data, see section 5.14. The agreement would improve with
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with a representative wake term in Eq. 5.18.

The use of 6u as a reference length has been criticised by Fernholz
(1976) who suggested that as U/Ue rapidly asymptotes to its freestream
value the evaluation of Gu is liable to 'personal touch'. To overcome
this Fernholz has produced a semi-empirical relationship for the outer
region which he states collapses high Mach number data onto Klebanoff's
velocity defect profile for incompressible, zero pressure gradient
boundary layers. This relationship is only valid for flows with isothermal
walls and zero pressure gradient. To alleviate the problem of evaluating

a representative thickness in compressible flow, a new length scale, A ¥,
was used as first suggested by Rotta(1950). Fernholz's semi-empirical

relationship read:

Ux  U*
6—

U
T

=  -4.70 1n (y/p*) - 6.74 (Eq. 5.19)

*
where A* = § — dy .

The constant terms were obtained from a correlation of exﬁerimental
data as a function of Tw/Taw and Reaz. The velocity profiles were
'transformed' using the van Driest method, as descibed in section 5.12.
The use of Eq. 5.19 for the outer law was suggested by Fernholz as a
good method for distinguishing profiles suffering from low Reynolds
number effects. Low Reynolds numSer effects occur in the region
between transition and the fully developed, equilibrium turbulent
boundary layer. Townsend (1961) defined the equilibrium turbulent

boundary layer as one in which "the turbulence production and dissapation
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terms nearly balance and similarity is maintained in the outer wake-like
portion of the velocity profile". In the region between transition and
the fully developed equilibrium layer, the flow although turbulent has
not reached equilibrium hence the outer profiles are not similar. The
turbulence quantities in this region, such as mixing length or eddy
viscosity, are functions of the local Reynolds number. This phenomenon
is well known in incompressible flows, for example see Coles(1953) ,
but at high Mach number the situation is further complicated by
increased lengths of transitional flow due to the increase of the
transition Reynolds number ReCR with Mach number. In this case it

is often difficult to isolate the effects of an uncompleted transition
process from the low Reynolds number effects. Fernholz and Finley (1979)
have suggested a criterion to distinguish between transitional and

the low Reynolds number turbulent profiles. The authors limit the
validity of the criterion to zero pressure gradient flows on adiabatic
or isothermal walls. They suggest that the compressible bouhdary

layer can only be considered as fully turbulent if the velocity profile
(transformed by the van Driest method, see section 5.12) agrees with
both the law of the wall (Eq. 5.16) and the outer law proposed by
Fernholz (Eq. 5.19). The authors have assessed many profiles using
this criterion and found that low Reynolds number profiles generally
show fair agreement with the log-law relationship, Eq. 5.16, but
transitional profiles disagree. In the case of the outer law, the low
Reynolds number profiles agree only for a short region with Eq. 5.19

while transitional profiles disagree markedly.

The investigation by Watson et al (1973) is considered to be one of

the most comprehensive by Fernholz and Finley (1979) in that it
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included transitional, low Reynolds number and turbulent profiles. The
data of Watson et al is shown in fig. 5-28 plotted in the outer law

format of Eq. 5.19 (reproduced from Fernholz and Finley (1979)). This
data exhibits the features outlined above for transitional and low
Reynolds number profiles. The present data has been compared to the
Fernholz outer law in fig. 5-29 and fig. 5-30 for the LP and the HP cond-
ition boundary layers respectively. The LP data shows the characteristics
typical of profiles suffering from low Reynolds number effects, i.e. the
same type of behaviour as the data of Watson et al. These results suggest
that the LP profiles are turbulent but not as yet fully developed into

an equilibrium turbulent boundary layer. Fernholz and Finley (1979) also
suggested that a useful parameter to assess the state of a boundary layer

at low Reynolds numbers was the kinematic shape factor, H12K’ which is

defined as:
H = .GH
12K 62K
)
where, P
61K = (1 - U/Ue) dy
o
P
and 62K = . U/Ue( 1 - U/Ue) dy ,

i.e. the ratio of the displacement to the momentum thickness assuming
that the density remains constant. A typical value of H12K for a laminar
subsonic boundary layer with zero pressure gradient is 5.20, and for a

turbulent layer H =~ 1.40. The values of H

12K 12K for the LP condition pro-

files have been calculated and are presented in Table 2; the shape factor

decreases from H12K = 1.60 at the x = 260mm station to HIZK = 1.50
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at the x = 5€60mmstation. Those values are typical of profiles suffering
from the low Reynolds number effects as described by Fernholz and

Finley (1979).

In contrast to the LP boundary layer profile data, the HP condition
profile data shows good agreement with the Fernholz form of the

outer law Eq. 5,19 as shown in fig. 5-30. Taking account of the

scatter the agreement appears good over the whole profile for all

three stations. These profiles had previously shown good agreement with
the law of the wall, see fig. 5-25, thus fulfil the requirements
suggested by Fernholz and Finley (1979) for zero pressure gradient
boundary layers with no upstream history effects, i.e. obey the law

of the wall and outer law.

5.14 Wake Component

An estimate of the wake component strength can be obtained from the
maximum 'overshoot' or difference between the transformed velocity
profile and the logarithmic inner region; the method of obtaining the
strength, A(ﬁ*/UT), is illustrated in fig. 5-31. This approach was
originated by Coles (1952) in his study of incompressible boundary
layer profiles. This method is obviously prone to 'personal inter-
pretation' and to the selection of the constant terms, k and C, in
the logarithmic la; of the wall (Eq. 5.16); the recommendation of

Fernholz and Finley (1979) is followed hence,

and C =5.10

=
i
o
'S

A comparison between the present velocity profiles transformed using

the van Driest ' effective velocity method' and the law of the wall,
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Eq. 5.6, was presented in section 5.12. Estimates of the wake
component strength were made from this comparison using the method
outlined above and are presented for the LP and HP running conditions
in Tables 2 and 3 respectively. In both cases, the profiles show

an increase of A(U*/ur) with Reynolds number Ree or Re62 which
indicates that the boundary layer is still developing. Coles
(1962) found that the strength of the wake component was zero

at Reez 500 increasing to a maximum value of 2.8 at Ree= 5000.

Fernholz and Finley (1979) have shown that A(ﬁ*/UT) is best

correlated with the subsonic data of Coles (1952) if plotted against
Re62 rather than Ree. The present data is shown in Fig. 5-32 a and b
plotted against the correlations of adiabatic and isothermal wall
data respectively obtained by Fernholz and Finley (1979) for zero
pressure gradient flows with a defined origin i.e. flat plate boundary

layers. The adiabatic data plot is included due to the paucity of

data from boundary layers with heat transfer. Also shown in both fig.

5~-32 a and b is the Coles (1962) correlation of A(U*/UT) for incompressible

flows.

The present data shows a well defined increase with Re(s2 falling below
the Coles correlation although the trend is very similar. In comparison
with the adiabatic wall data, fig. 5-32a, the present data shows

lower values of A(ﬁ*/UT) than the majority of the other data. For

the cold wall case the available data is limited, fig. 5-32b and no
trend with heat transfer can be detected, although the present data
does agree well with the data of Keener and Hopkins (1972) which was
obtained at M = 6.5 with a Tw/Toe value similar to that of the present
tests. It is apparent from these comparisons that the available data

is very scattered with apparently no systematic Mach number variation

although the overriding trend is similar to that found by Coles in
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incompressible flow with A(I-J*/UT) tending to zero at Re52= 500 and

reaching a maximum value at Re__=~ 6000. Mabey(1974,1979) has reported

62
a local maximum value of A(ﬁ*/UT)= 3.6 at Re__.~ 5000 falling back to

82
the Coles value at higher Reynolds number. He suggested that the turbulence
structure or upstream influences may be responsible,possibly due to small
local pressure gradients near the leading edge of the flat plate model.
Fernholz and Finley(1979) concluded that the wake component strength
followed the Coles correlation with a scatter of about :20% when

plotted against Re6 The present data appears to confirm this conclusion

2"
but until more data is available it is not possible to identify any trend
of A(ﬁ*/UT) with either Tw/Toe or Mach number. The conclusions regarding
the wake component strength are consistent with the findings of section
5.13 in which a comparison was made with the outer law. This comparison

showed that the LP condition profiles, in particular, were not fully

developed.

5.15 Turbulent Transport Properties

Boundary layer calculation methods almost always require accurate models
to describe the turbulent transport of energy and momentum in order

to close the controlling time-averaged equations. At high Mach number

it becomes increasingly difficult to measure the turbulence quantities
directly, for instance with either a hot wire or laser doppler aneomometer.
Consequently, this has resulted in limited data from which to assess

the structure of the turbulent motion and the effects of Mach number,
Reynolds number, heat transfer or pressure gradient on the turbulence
structure. In the absence of direct turbulence measurements, turbulencg

transport properties can be calculated from the experimental mean flow data

using the time-averaged conservation equations for a zero pressure gradient

two-dimensional boundary layer.
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To solve the time-averaged conservation equations, an assumption of local
similarity is often made, i.e. profiles of U/Ue, p/pe, p/pe and H/He are
functions of y/8 only; this assumption was first introduced by Meier and
Rotta (1970). Of course, exact similarity can only occur if the shear stress
at the wall is constant with x. The method presented herein is valid for a
two-dimensional flat plate flow with the usual assumption of constant static
pressure through the boundary layer. The final equation for the total

shear, see section 2.5.3, is:

y/8
C 2
T _ f § d_ 2 dé pU
U2 - R * UZ dx (peUe) * ax UZ d(y/8)
pe e pe e pe e (Eq. 5.20)
()
y/8
S adi|u jpU § _ydp
2 dx (peUe) *oax U d(y/9) * 2 8 dx ’
p U e p U p U
e e Jee e e
where the total shear, T , is: T = T, + T, = uou/dy - p'u’

The equations presented above are identical to those derived by Bushnell
and Morris (1971), subsequently presented by Horstman and Owen (1972) and
Laderman (1978). Evaluation of Eq. 5.20 was limited to the HP condition
profiles as the LP condition data appeared to suffer from low Reynolds num-
ber effects, and the profiles were not measured at sufficiently close inter-
vals to ensure local similarity under these circumstances. The HP data eva}-
uation was further limited to the profile at the middle station, i.e. x =
460mm, so that the x-derivatives of peUe’ peuz and p could be determined by
a simple differencing scheme from the upstream and downstream stations at

X = 360mm and x = 560mm. Also as found in section 5.13, there is a diffic-
ulty of selecting a representative boundary layer thickness in compressible
flow, in which the thicknesses derived from pitot pressure and velocity
profiles do not coincide, in general, at hypersonic Mach numbers. Thus,
there is some difficulty in knowing which is the correct one to use as 5

the similarity parameter in the evaluation of Eq. 5.20.
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However, in order to make comparisons with the majority of the other

data, the approach of Horstman and Owen (1972) was followed and Spwas
used as the similarity thickness parameter in Eq. 5-20. The gradient,
dp/dx, was found by plotting Gp as a function of x then fairing a
curve through the points; five pitot pressure profiles were available
for the evaluation, see section 5.6. The skin friction was again
derived from the Preston tube surveys using the Hopkins and Keener
calibration, section 5.5, which was found to give good agreement when

used in conjunction with the van Driest transformation for comparison

with the law of the wall.

Using the approach outlined above in conjunction with Eq. 5-20 the total
shear stress distribution at x = 460mm for the HP condition boundary
layer was calculated and is shown in fig. 5-33. The small negative

shear stress at y/6p = 1.0 could be due to either errors in determining
the position of the boundary layer edge or in deriving the streamwise
derivatives in Eq. 5-20. Similar small negative shear stresses have been
also reported by Horstman and Owen (1972) and Laderman (1978). Sandborn
(1974) has reviewed the available turbulence measurements in compressible
boundary layers up to Meﬁ 7 and derived a 'best estimate' shear stress
distribution. The present data is also shown in fig. 5-33 compared to
this 'best estimate' distribution and two of the most notable recent
investigations using the similarity approach, namely Horstman and Owen

(1972) and Laderman (1978). The present data shows good agreement with

both the Sandborn distribution and the other data. With regard to the

sensitivity of the total shear stress distribution to either Mach or

Reynolds number, Sandborn (1974) found no consistent trend in his

extensive review of the data; the limited data presented in fig. 5-33
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supports this conclusion. Both Watson (1977) and Laderman (1978)

have investigated the effects of wall cooling on the shear stress
distribution, but no detectable sensitivity to wall temperature was
found. Both Sandborn (1974) and Bradshaw (1975) have suggested that as
the boundary conditions are fixed, i.e. T/Tw = 1 at y/8§ = O and
T/Tw = 0 at y/8 =1, the shear stress distribution is a geometric
property thus large discrepancies are unlikely using the similarity
approach. In conclusion it appears that the shear stress distribution

obtained with cold wall conditions at Me = 9.26 appears to be in good

agreement with previous compressible data obtained on both cooled and

adiabatic walls.

If the total shear stress is assumed to be equal to the turbulent

shear stress, i.e. T = Tt , the mixing length and eddy viscosity

distributions can be calculated from the following:

2 |3U
Tt = pL }5;

The assumption of th T is valid as 11 is less than 2% of T at y/6=0.1.

. g 3U (Eq. 5.21)
Ay ay

Following the approach of Laderman(1978), to obtain the mixing length

Eq. 5.21 can be re-expressed as:

2
i = (1¢/pele) (Eq. 5.22)

2
Gp p/pefa(U/Ue)/a(Y/G)}

The values of a(U/Ue)/a(y/G) were determined from a faired line through
the normalised velocity distribution. The mixing length distribution
calculated from Eq. 5.22 is shown in fig. 5-34; g /8§ reaches a maximum

value of 0.08 at y/6=0.5. Maise and McDonald(1968) have calculated mixing
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length distributions based on their correlation of adiabatic wall data

up to Me = 5, over a Reynolds number range of 103< R%3< 105. Maise and
McDonald found that the effects of Mach number and Reynolds number
variations on the computed mixing length were small and within the
experimental uncertainty of %/8. They concluded that the incompressible
mixing length distribution was a satisfactory model thus confirming
Morkovin's hypothesis. The present Me=9.26 cold wall data is shown in

fig. 5.34, also shown is the Bushnell et al (1570) correlation which
Predicts a constant value of 2/8§0.07 for y/&8> 0.3. The present data falls
below the Maise and McDonald curve although showing fair agreement for y/8>

0.2; the Bushnell correlation is in closer agreement with the present data

at y/§< 0.2 than the Maise and McDonald correlation.

In fig. 5-35 the present data is compared with mixing length distributions
obtained from studies using the similarity method under conditions of
significant heat transfer. The present data, with the exception of the
point at y/§=0.2, shows good agreement with the main body of data
especially the cold wall data of Laderman (1978) at y/8§>0.2. The

Laderman data is of particular interest in that the experiment was
performed at three heat transfer conditions, i.e. Tw/Toe = 0.54, 0.71 and
0.94, for almost constant Mach and Reynolds number, Me=3 and Ree=3500.

This data appears to show a small increase of ¢/§ with decreasing Tw/Toe’
i.e. increasing heat transfer. Watson (1977) calculated mixing length
distributions for increasing Reynolds number at Me=11 with nominally
constant heat transfer conditions such that Tw/Toe varied from 0.46 to
0.51. He found significant increases in £/8 in the otitér region of the

boundary layer as Ree decreased from 18000 to 11000. These profiles were

typical of those suffering from low Reynolds number effects, see section

5.13; under low Reynolds number conditions such increases in mixing

length are to be expected in this region, see for example Bushnell, Cary
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and Holley (1975). Overall the limited data shown in fig. 5-35 shows
no discernable trend of 2/6 with Mach number, but it is apparent that
the mixing length distribution is sensitive to other parameters such

as heat transfer, Reynolds number or pressure gradient, hence it is

difficult to isolate the effects of any one parameter.

The eddy viscosity can also be obtained from Eq. 5.21 which can be

re-expressed to give:

2
R (T4/PeUe) (Eq. 5.23)
%* o *
U, () {BE/U_)/3(y/8)} (8,/6)
where,
$
5T =
. =| @ -umay (Eq. 5.24)
0

*
The eddy viscosity £ is normalised by Uesi which has been shown by

Maise and McDonald (1968) to collapse eddy viscosity distributions
obtained at different Mach numbers and Reynolds numbers. Maise and
McDonald also derived an eddy viscosity correlation from the same data
Me=5 and Ree= 104, used to obtain the mixing length distribution discussed
earlier. The present data is shown compared to the correlation in fig.
5-36, and in general the data falls below the Maise and McDonald curve
although the position of the maximum value,f =0.02 at y/6=0.35, is in
fair agreement with the correlation maximum. The Maise and McDonald
correlation has been found to overpredict the derived distributions

of g/UeGI; see for example Horstman and Owen (1972) and Sandborn
(1974). The present data have also been compared with some of the
available data. As shown in fig. 5-37 the agreement was found to be

good especially with the Laderman (1978) data, which again showed a

*
slight, but definite, trend of E/Ue5 ; increasing with T /T_ . The
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agreement with the Watson(1977) data is good although the Watson data

does exhibit higher peak values of eddy viscosity. The data of Horstman
and Owen(1972) and the data of Owen et al(1975) showed eddy viscosity
distributions significantly lower than the other data or the Maise and
McDonald correlation. These two investigations were performed on an
axisymmetric model at Me = 7 and it is possible that the difference is

due to transverse curvature effects.

The solution of the boundary layer equations in compressible flow
requires accurate models of the turbulent transport properties and

in the absence of experimental turbulence measurements at hypersonic

Mach numbers, the data obtained from the mean flow profiles using the
time-averaged conservation equations are most valuable to supplement

the direct measurements. Most compressible flow calculation methods

make the assumption that the mixing length or eddy viscosity distributions
are independant of Mach number, see for example Bradshaw(1976). If
Morkovin's hypothesis is accepted, the turbulence structure for a zero
pressure gradient boundary layer is almost the same as that in an in-

compressible flow at least for Me< 5. Sandborn(1974) concurred with this
conclusion in his extensive review of turbulence data in compressible

flow. At Me> 5 the Mach number independance of the turbulent transport
properties, such as eddy viscosity or mixing length, has yet to be

established. The present Me = 9.26 data agrees well with the Maise and
McDonald (1968) correlations for mixing length and eddy viscosity which

were based on data up to Me = 5. However, it is difficult to isolate
the effects of Mach number from the effects of Reynolds number, heat

transfer or pressure gradient on these quantities without further

systematic experiments.
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5.16 Electron beam density measurements

A major objective of the present study has been to test the feasibility

of using the electron beam fluorescence technique at high number density
in turbulent flow, n2>1018cm-1. This aspect of the feasibility study
proved successful and is discussed in detail in section 4.0. As a result
of the feasibility study some preliminary time-averaged and time-resolved
density data were obtained and are presented in this section. The reported
studies containing fluctuating data in hypersonic turbulent boundary
layers are scarce and made almost exclusively made with the hot wire
aneomometer technique, see for example the well known studies of Laderman
and Demetriades(1974) and Owen et al(1975). The present data, although
preliminary, are nevertheless valuable because of the paucity of fluctuat-
ing data which are required to develop the turbulence models for the
numerical prediction methods. The present data were obtained with a non-
intrusive technique with an inherent high frequency response and do not
suffer from probe interference effects. Techniques such as the electron
beam fluorescence technique and the laser doppler aneomometer are required

to supﬁlement the hot wire aneomometer at high Mach number in compressible

flow.

Due to time and equipment constraints, see section 4.0, the time-averaged
and time-resolved density measurements were limited to the x=560mm station
in the tripped boundary layer at the LP tunnel running condition.Conventi-
onal wall and profile measurements were also made at this station and

are presented earlier in this chapter. Freesteam properties at the x=
560mm station were Me=8.93, Te=58.9°K and pe=760 Nm-z; the Reynolds

number based on distance from the leading edge was Rex =8.40x106 and -

the momentum thickness Reynolds number, Ree =5600. Wall temperature

remained constant at Tw=293°K for the test series.
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5.16.1 Time-averaged density profile

The variation of time-averaged fluorescent light intensity, suitably
normalised by the beam current at the wall, is shown in fig. 5-38 for a
traverse through the LP boundary layer at x = 560mm. These data were corrected
for run-to-run variations using the signal from the monitor detector focused
Jjust outside.the boundary layer in the freestream; the edge of the layer was
determined from the pitot pressure survey. The fluorescent light intensity
profile appears to be reasonably smooth with an approximately linear variation
through the layer. Using the calibration equation for the traversing photo-
multiplier detector, Eq. 4.10, and incorporating the term for beam current
degradation , Eq. 4.11, the density was inferred at each point in the profile
by iteration. The measured values of k and the fitted values of Az, B, and

2

C2 were used in Eq. 4.5, see section 4.5.2. The time-averaged density, Peb’

is shown in fig. 5-39 normalised by the freestream density, P

5.16.2 Comparison with time-averaged density from conventional probes

For comparison with the electron beam data the time-averaged densit} has
been calculated from the velocity profile and Mach number profile, see
section 5.9 and 5.7 respectively, using the isentropic relationships with
the usual assumption of constant static pressure through the layer . For a

perfect gas,

u _ M[F _ M (Pe
U M |T M |p (Eq. 5.25)

The comparison is shown in fig. 5-40 and the agreement appears to be good
except in the region close to the wall. This good agreement with the results
obtained from conventional instrumentation, although limited to one bouﬂdary
layer station, validates the use of the electron beam fluorescence techniqué
in the present turbulent flow. The density ratio, pw/be , is also shown in

fig. 5-40, as calculated from the measured wall and freestream static
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temperature. Both the electron beam and the conventional probe measurement
techniques are liable to errors close to the wall. In the case of the
electron beam extraneous reflections from the semi-bright model wall could
cause anomolous results. In future the extent of wall reflections could

be estimated by measuring the fluorescent light intensity profile without
flow thus obtaining an instrument profile. The model surface could also be
blackened to minimize the possibility of such reflections. In the case of
the conventional probes, the pitot and the total temperature probes may
well give rise to wall interference effects close to the model surface.
The presence of the probe also gives rise to streamline displacement
effects, but the magnitude of displacement corrections are subject to
uncertainty at hypersonic Mach numbers hence no correction has been made
to the profiles obtained in this investigation. The static temperature
profiles obtained from both techniques are compared in fig. 5-41; the

data plotted in this way emphasise the differences close to the wall.

5.16.3 Fluctuating density

In comparison to the extensive data available at low speeds, there are
few studies of compressible turbulent boundary layers containing
turbulence measurements. Direct turbulence measurements are especially
scarce at hypersonic Mach numbers on cold walls, and of the limited data
available much has been obtained in nozzle wall boundary layers possibly
suffering from significant upstream history effects. Thus there remains
a need for fluctuating data from flows of known origin,such as a flat
Plate, at hypersonic Mach numbers in order to develop the turbulence
models essential to the calculation methods. At high supersonic Mach
numbers the fluctuations of velocity tend to decrease in importance

whereas the density and temperature fluctuations grow in significance.
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The flowfield is further complicated by the onset of pressure fluctuations
and, of course, their interactions with the other fluctuation modes. With
pressure fluctuations present the analysis of the HWA output signal, the
most common measurement technique, becomes intractable without simplifying
assumptions. It is common to assume zero or negligible pressure fluct-
uations, for example Kistler(1959) or Owen et al(1975), although Laderman
and Demetriades(1974) made more complex assumptions it was conceded that

this approach made only a small difference to the velocity fluctuation

levels.

The electron beam technique does not require the zero pressure fluctuation
level assumption but does require calibration over the density and
temperature range to be investigated. In the present study due to time
constraints the temperature dependence term in the fluorescent light -
density calibration was neglected although previous studies,see section
4,.3.2 , suggest that this would be a minor correction. This was confirmed
by the good agreement of the electron beam derived density profile with
that obtained from conventional instrumentation, fig. 5~40 . In addition

to the density fluctuations the fluorescent light signal also contained
contributions from the local static temperature fluctuations and from
variations in the beam current arising from the attentuation of the
electron beam as it passed through the test gas. The sensitivity to mean
temperature was minor hence the sensitivity to temperature fluctuations

was also liable to be small. Beam current variations were due to electron
scattering by collisions with ambient gas molecules; this was an integrated
effect depending on the instantaneous values of density along fhe beam path.
The scattering resulted in the electrons being deflected beyond the

region from which observations were made, a nett loss, or the electrons
suffered small angle deflections thus remained within the limits of the

optical observation region. Such secondary electrons that remained within
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the limits of the beam might as a consequence of their reduced velocity
have had either an enhanced cross-section, which resulted in an increase
of the fluorescent light intensity, or were too slow to cause a radiative

transition, i.e. emission of a photon.

5.16.3.1 Fluctuating Density Profile

At each point in the electron beam traverse through the boundary layer
at x = 560mm, the root mean square ( rms ) value of the fluctuating
density signal, <p'> , was calculated from the digital data file using

the relationship:

B

<p'> _ .l n

2
P nty Py -0 /o (Eq. 5.26)

where n is the number of data points.

The rms density is normalised by the local mean density in Eq. 5.26,
and the usual number of data points, mn , in a typical data file used
for this calculation was 4096. The variation of the rms density, i.e.
<p'>/p , for the traverse through the layer at the x = 560mm station
is shown in fig. 5-42. The distribution shows maximum of approximately
<p'>/p = 0.09 close to the wall at y/6 = 0.1 to 0.15, falling off to

a level of <p'>/p = 0.02 in the freestream.
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5.16.3.2 Comparison with the available fluctuating density data

The fluctuating density distributions from three hot wire aneomometer (HWA)
investigations Kistler(1959), Laderman and Demetriades(1974) and Owen et
al(1975) have been compared to the present electron beam data in fig. 5-43.
This figure shows that the maximum fluctuation level varied from <p'>/ p
= 0.09 to 0.12 falling off to 0.03 in the freestream with the present

data peaking closer to the wall than the other distributions. The Kistler
(1959) data were obtained in an adiabatic wall boundary layer whereas the
other studies were performed on a cold wall. Kistler found that both the
mass-flux and the total temperature fluctuation levels (the basic outputs
of a HWA operated at high and low overheat ratios ) increased with Mach
number over the range 1.72~<Me'<4.67, whereas both Laderman and
Demetriades and Owen et al found the mass-flux fluctuations appeared
independent of Mach number above Me= 5 and the total temperature fluct-
uation level decreased with increasing Mach number. This suggests that

the effect of wall cooling was to reduce the level of the total temperature
fluctuations. For the Kistler data the density fluctuations showed an
increase with increasing Mach number but the cold wall data of Laderman
and Demetriades, Owen et al and the present study appear to be independent

of Mach number with a peak density fluctuation level of <p~*>/p=0.10.

The longitudinal velocity fluctuation levels obtained from the three HWA
investigations show the expected trend of a decreasing level with increasing
Mach number. Owen et al(1975) plotted the longitudinal velocity fluctuations
against the density stretching co-ordinate suggested by Morkovin(1961),'and
the high Mach number data did not collapse onto the well known Klebanoff
incompressible curve whereas the Kistler(1959) data, Mg»s , agreed well

with the incompressible curve.
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The 'strong Reynolds analogy' , i.e. T'"/T = (Y—l)M2 u'/U , has been proved
valid on adiabatic walls at Me=4.7 by Kistler(1959) and at Me=7 by Laderman
(1974). On cold walls at hypersonic Mach numbers the strong Reynolds

analogy breaks down hence density and temperature fluctuations are
suppressed and the magnitude of these fluctuations is liable to be dependent
on wall temperature. Both the density and the longitudinal velocity fluct-
uations on cooled walls at hypersonic Mach numbers, Me>5 say, appear not

to follow the trend of the lower Mach number data.

A comparison has also been made with the fluctuating density data obtained
from the limited electron beam fluorescence studies in turbulent boundary
layer flow, fig. 5-44. The Wallace(1968) data wereobtained in a shock
tunnel at Me =8.5 and was one of the earliest applications of the fluor-
escence technique to turbulent flow. This data, which spanned a Reynolds
number range of 3750< R%; 9600, showed a large variation in peak
fluctuation intensity but without any systematic dependanqe on Ree . The
present data agreed well with the maximum and freestream levels of the
Wallace data but did not show the minimum at y/6p= 0.2 to 0.5 found by
Wallace in both the fluctuating density and fluctuating pitot pressure
profiles. It is possible that the Wallace data, which was obtained in a
nozzle wall boundary layer, was suffering from upstream history effects
thus was not typical of a zero pressure gradient flow. The McRonald(1975)
data was obtained at identical conditions and in the same facility as the
well known Laderman and Demetriades(1972) HWA investigation, i.e. fig.
5-43. The peak fluctuation level of the McRonald distribution, curve C

in fig. 5-44, was approximately half that of the corresponding Laderman.
and Demetriades data using the HWA technique. McRonald suggested that
this discrepancy was probably due to the assumptions required in the

analysis of the HWA signal to allow for pressure fluctuations. It is
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apparent that the HWA data of Laderman and Demetriades agreed well with
the majority of the other published data shown in fig. 5-43. McRonald was
unable to make electron beam density measurements beyond y/ép = 0.4 at the
two higher density conditions, i.e. curves B and C in fig. 5-44, due to
calibration and attenuation difficulties hence the data must be cosidered

doubtful until these problems are resolved.

From these results it is apparent that the turbulence structure at Me> 5,
say,is different from the structure at lower Mach supersonic Mach numbers,
which has been shown to be similar to that found at low speeds, see for
example Bradshaw (1976). Pressure fluctuations also begin to increase in
significance at hypersonic Mach numbers and may well interact with the other
fluctuation modes to influence the turbulence structure. At present, there
is not a satisfactory method of measuring pressure fluctuations except
perhaps at the wall with a microphone. The intensity of the density fluct-
uations obtained in the present study agree well with the limited data

available at Me:>5, under conditions of moderate to severe heat transfer.

5.16.3.3 Power spectral density

At several locations in the LP boundary layer, estimates have been made of
the power spectral density function, which describes the distribution of
power over the constituent frequencies of the density fluctuations. 1In
turbulent shear flow, the power spectra of the various fluctuation modes
have a characteristically 'broad spectrum' usually smooth without discrete
frequency peaks except perhaps in the transition region between laminar
and turbulent flow, see for example Hinze (1973). A spectral analysis
program, Powerspec (Davis (1974)), has been used to calculate the power
spectrum of a single channel of data using a discrete fast Fourier trans-

formation technique. At the electron beam station, x = 560mm, power

spectra have been measured at six locations in the layer, i.e. y/W% = 0.1,
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0.2, 0.3, 0.6, 0.8 and 1.0 as shown in fig. 5-45 a to f respectively.
The power spectral density function, P(£), is defined as:

2 2

P(f) = p'(f) / p' (Eq. 5.27)

The spectra are valid up to the Keithley amplifier 'cut-off' frequency at
100kHz, above which the noise spectrum of the amplifier becomes predominant.
In general, it is difficult to assess the accuracy of a spectral estimate
but Davis (1974) recommended at least 40,000 samples (40 x 1024 blocks)

to ensure good statistical accuracy with the Powerspec program. He esti-
mated that for turbulence spectra, which are expected to be smooth, the
standard deviation was about 6% with frequency averaging. In the present
feasibility study, the number of samples was limited by the local buffer

memory size to a maximum of 16384 which resulted in a reduction of accuracy.

Nevertheless, the present data, although preliminary, are of value due

to the scarcity of fluctuating data, especially spectra, in turbulent
boundary layers at hypersonic Mach numbers. The power spectra, fig. 5.45
a to f, appear typical of turbulent flow with the characteristic broad
spectrum, while the lack of smoothness is probably a result of the limited
sample size. The overall level of fluctuation energy increases with
distance from the wall reaching a maximum at y/6p = 0.6, levelling off at
y/ Gp = 0.8 and decreasing significantly at y/Gp = 1.0. In this case the
relevant boundary layer thickness may well be ﬁlim which case the maximum
fluctuation energy occurs at y/Qu = 0.8 to 1.0. This agrees with the
longitudinal velocity data of Horstman and Owen (1972) who found that

the maximum fluctuation energy occurred near the edge of the boundary
layer at y/dp ~ 0,75 (y/5u ~ 0.86). Also plotted on fig. 5-45 a to £

is the well known - 5/3 power law which has been shown to be valid in

the inertial subrange region of the spectrum, see for example Bradshaw

(1971). 1In this region the power spectral density is proportional to
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£ 5/3 and the transfer of energy from the 'energy-containing eddies’

is dominated by interial forces thereby almost independent of viscosity.
The lack of smoothness of the present data makes a comparison with the
line of - 5/3 slope difficult but it appears that there is a larger region
of agreement towards the edge of the layer. This tendency towards the
inertial subrange as the distance from the wall increases is due to the
consequential rise in the turbulence Reynolds number with y. Most of

the limited number of studies containing turbulence data at hypersonic
Mach numbers have used the HWA aneomometer technique, in which case it

is usual to measure the power spectrum of either the longtudinal velocity
or mass-flux fluctuations. It is often difficult to compare spectra

due to the many different ways of scaling and plotting such data. However,
Sandborn (1974) has compared a power spectrum from incompressible flow
with spectra from two of the best known investigations in compressible
flow, i.e. the longitudinal velocity spectra of Laderman and Demetriades
(1974) and the mass-flux fluctuations of Owen and Horstman (unpublished
data, private communication to Sandborn (1974)). Two examples of the
present spectra are shown in fig. 5-46 compared to the Sandborn data,
plotted in terms of the wavenumber, k, and the power spectral density

function f(k):

F(k) (U/2m) P(f) (Eq. 5.28)

where, k 2mf /U

and U is the local mean velocity (for convenience the units employed by
Sandborn are retained in this figure). The present spectra appear to follow
the trend of the data when plotted on the wavenumber basis. The rapid fall-

off of the power spectrum at high wavenumber is probably a result of the °

frequency limitation of the amplifier.
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5.16.3.4 Correlation Measurements

In addition to the power spectral density measurements, correlations have
been made between the fluctuating density signal from two points along the
electron beam. This was achieved by means of a fixed detector and one focus-
ed at several locations through the layer. Lateral space-time correlations
between two points along the beam would indicate the degree of turbulent
mixing in the lateral direction. A second spectral analysis program,
Cophase (Davis (1974)), was used to compute the cross-spectral power den-
sity function for two simultaneous .input channels, using a discrete fast
Fourier transformation technique. The main outputs of the program are the
Coherence, which describes the fraction of the total energy at frequency

f that is contained in the correlated parts of the two input fluctuating
density signals, and the Phase Angle between the correlated parts of the

two signals.

To validate the technique, both detectors were focused at the reference
point, y/Gp = 0.1, where the coherence should be unity and the phase

angle zero degrees, i.e. perfect correlation, although it was not expected
that perfect correlation would be acheived due to the limited sample size
and optical differences in the two detector systems. In practice, as shown
in fig. 5-47 a and b, the correlation showed serious departures from the
expected values, for example the correlation was always less than 0.5
except at the low frequencies, f < 5kHz, where the tunnel run time becomes
significant hence the correlation is high. The phase angle also showed
large excursions from zero degrees at the higher frequencies. From the§e

results, it was apparent that the optical alignment of the two detectors

was not as precise as hoped, i.e. the detectors were not focused on the
same optical volume of the beam. Unfortunately, the spectral analysis was

performed some time after the test series and it was not possible to repeat
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the tests with re-aligned detectors because of the inevitable time con-
straints. This misalignment throws considerable uncertainty on the corr-
elations and for that reason, and because the main aim of the study was to
test the feasibility of using the electron beam technique at high density,
it is not proposéd to discuss the present data in depth. However, for
completeness an example of the correlation between y/<Sp = 0.1 and y/6p =
0.6 is shown in fig. 5-48 a and b. This shows a significant reduction in

the coherence and a more erratic behaviour of the phase angle with the

increased lateral separation.

In conclusion, the electron beam fluorescence technique has been shown to
be viable in a turbulent compressible flow at least up to the number
density level of the LP condition boundary layer. The technique has the
advantage of being pnon-intrusive with inherent high frequency response,
and is capable of further refinement particularly in the area of spatial
resolution by means of smaller diameter electron beams. The optical align-
ment problem could be due to either mechanical vibration occuring during
the tunnel firing or due to the difficulty in aligning and focusing two
separate detectors on the same small volume in space. With the experience
of designing rigid model mountings obtained previously in the facility,
and the excellent retention of the delicate electron beam alignment with
the series of orifices in the model, it is thought that the misalignment
is not a result of vibration. Even with the considerable care exercised,
it is suspected that the detectors were not precisely focused on the same
optical volume. To overcome this problem, it is recommended that only one
lens is used to image the beam with a short focus relay lens arrangement
to direct the light from different sections of the beam into the photo-

detectors.
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6.0 Concluding Remarks

A detailed investigation of the mean and fluctuating properties of a zero
pressure gradient hypersonic turbulent boundary layer has been made in
the Imperial College No. 2 Gun Tunnel at a freestream Mach number of 9.
Accurate mean profile data are needed over a wide range of conditions,
such as Me, Ree, Tw/Toe and dp/dx, to form a reliable database for design
purposes and for the validation of the numerical prediction methods for

turbulent compressible boundary layers.

The objective of the first phase was to obtain sets of reliable mean
profiles and wall data at several streamwise locations for a turbulent flat
plate boundary layer, thereby extending the range of the existing data to
include a combination of Mach number, Reynolds number and wall temperature
ratio not covered previously, namely 8.96<Me<9.26, 2800<Ree<12000 and Tw/Toe
= 0.28. The boundary layer was studied at two wind tunnel operating points.
At the low pressure (LP) operating point, transition had to be forced and
the boundary layer was found to be typical of one exhibiting the so called
'low Reynolds number effects'. At the high pressure (HP) operating point,
transition occured naturally and the boundary layer approached a fully
developed equilibrium flow.

The objective of the second phase was toldevelop the electron beam fluor-
escence technique for use in turbulent flow at relatively high molecular
number density of the order of lolscm_a, and to use it to make preliminary
measurements of mean and fluctuating density in the Me=9 boundary layer

flow. The development of the technique is valuable as it provides an in-

dependent check on the results obtained using techniques such as the hot
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wire or laser doppler aneomometers, assessing also the calibration and
data reduction methods used with these techniques. Reliable fluctuating
data are especially important for an improved understanding of the
structure of the turbulent compressible boundary layer, particularly at

high Mach number.

In the first phase of the study, extensive mean measurements of heat trans-
fer, surface pressure, surface impact pressure and surveys of pitot press-
ure and total temperature have been made in the flat plate boundary layer
flow at two freestream unit Reynolds numbers: at the LP tunnel condition
with forced transition and at the HP condition with natural transition.

In summary, the main conclusions from the first phase were as follows:-

1. From the surface pressure measurements along the model
centreline, the longtitudinal pressure gradient was
found to be slightly favourable for both the LP and HP
condition boundary layers. In the HP natural transition
case, the position of transition (taken to be the position

of the peak heat transfer rate) was found to be around

0.15m from the leading edge, giving Rex’ $ransition as
6
8.3 x 10 .
2, The precise measurement of skin friction in a high Mach

number turbulent boundary layer with appreciable heat
transfer remains a severe experimental problem. In the
present study, the use of a Preston tube, a convenient
and commonly used indirect method of determining Cf,
relies heavily on the arbitrary choice from a wide range g

of Preston tube calibrations which have been shown by the
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present study to have a large inherent variations amongst
themselves. Development of a reliable calibration

for compressible flow requires accurate data from a
direct method, such as the floating element balance,
but there remains considerable uncertainty attached

to the reliability and repeatibility of the available
balance data especially on severely cooled walls as

in the present study. The Hopkins and Keener (1969)
calibration has been used in the present investigation.
This calibration has been found to giv; consistant
agreement with floating element balance measurements
on a cold wall at high Mach number, see for example

Keener and Hopkins (1969).

Velocity profiles have been derived from the measured
pitot pressure and total temperature profiles for both
the LP and HP condition boundary layers. Fair agree-
ment has been found for the present velocity data with
the well known linear Crocco total temperature -velocity
relationship. Much turbulent flat plate data follows the
linear relation but better agreement has been obtained

in the present case with the non-unity Prandtl number form
of the Crocco relationship, which has b;en shown to hold
for a wide range of compressible turbulent boundary layer
data on isothermal walls with moderate to severe wall
cooling by Fernholz and Finley (1969). It is concluded
from the present and other cold wall data that the non-
unity Prandtl number form of the Crocco relationship can

be used as a satisfactory approximation for the mean
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temperature profile in calculation and prediction
methods for hypersonic flows over isothermal walls

with zero pressure gradient.

After compressibility transformation by the method of
Van Driest (1951), the present velocity profiles for
both boundary layers conditions showed good agreement
with the well known incompressible logarithmic law

of the wall, thereby confirming the adequacy of the
van Driest transformation method for zero pressure
gradient flows on cooled walls (with a defined flow
origin) as previously reported by Owen and Horstman
(1972), Owen et al (1975) and by Fernholz and Finley
(1979) in their recent critical evaluation of the
data. There is still uncertainty attached to the
best choice of the constants associated with the law
of the wall. The values of k = 0.40 and C = 5.1,
recommended by Fenter and Stalmach (1957) and later by
Fernholz and Finley (1979), have been used in this

study.

Fernholz (1976) has extended the van Driest transform-
ation method to the outer boundary layer with a semi-
empirical velocity defect relationship, using an inte-
gral thickness to avoid the difficulty of evaluating

a representative boundary layer thickness in compress-
ible flow. The LP condition velocity profiles, in
which transition was forced, showed the limited agree-

ment with the Fernholz outer law typical of a flow
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suffering from low Reynolds number effects. In the early

stages of tuburlent flow, turbulent length scales are
functions of the local Reynolds number, both for incom-
pressible and compressible flow. It can be difficult to
distinguish between a transitional boundary layer and a
flow suffering from low Reynolds number effects. The
mechanism of transition in high Mach number compressible
flow is not fully understood. Both theoretical and ex-
perimental studies of transition under these conditions

are scarce and the experimental studies are also confused
by the influence on the flow of high intensity wind tunnel
noise emanating from the nozzle wall boundary layer. In
hypersonic laminar boundary layers, there appears to be

a critical layer of high fluctuation-energy concentration
situated in the outer layer which moves closer to the boundary
layer edge with increasing Mach number. Disturbances or
turbulent bursts in the laminar boundary layer originate
clése to this critical layer and spread toward the wall at
a shallow angle, taking longer to reach the inner region of
the boundary layer than at low speeds, thereby resulting in
a longer region of transitional flow at high Mach number.
Forcing of transition, as in the present study, may not
result in the same critical fluctuation level as would
occur in the natural transition case until some distance

from the transition device or trip.

If the Fernholz and Finley (1979)criterion is used

to distinguish between transitional and low Reynolds
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number profiles, i.e. the profiles agree with the law of the
wall and show limited agreement with the outer law, the present
LP profiles do not show the characteristics of a transitional
flow but appear to suffer from low Reynolds number effects.

The extent of the region of agreement with the outer law grows
with increasing Ree as the boundary layer tends toward an
equilibrium flow. In contrast, the HP condition profiles
showed the excellent agreement with the Fernholz relationship
typical of a boundary layer at or near equilibrium and free

from upstream history influences or effects.

The strength of the wake component can be used to charac-
terize the development of the boundary layer. In incom-
pressible flow, the strength of the wake components shows
a well defined dependence on Reynolds number varying

from zero at Reez 500 to a limiting value at Ree=5000

of about 2.8, typical of a fully developed layer. In
compressible flow, the trend is similar although the
data shows a better collapse onto the incompressible curve
if plotted against the momentum thickness Reynolds number,
Re52, in which the viscosity is evaluated at the wall tem-
perature. Estimates of the strength of the wake component
for the LP condition profiles show the low values typical
of a flow in the non-equilibrium flow region in which

low Reynolds number effects are expected. For the HP

condition profiles, the wake component strength did

not quite reach the values expected of a fully developed

equilibrium boundary layer. The present wake component



data, at both conditions, followed the trend of the
available data from both isothermal and adiabatic wall
studies when plotted against Reég’ although the consider-
able scatter in the available data prevents the identifi-
cation of any trend due to Reynolds number, heat transfer

rate or other effects.

Using the time-average conservation equations with an
assumption of local profile similarity, the mean flow
profile data at the HP condition were analysed to extract
the turbulent transport terms, such as the shear stress,
mixing length and eddy viscosity distributions. The
calculated shear stress distribution showed good agree-
ment with the 'best estimate' distribution compiled

by Sandborn (1974) and the limited available hypersonic
cold wall data. The geometric nature of the shear stress

profile, forced by the boundary conditions, makes unlikely

the identification of any consistent trend with either Mach

number or Reynolds number. Such effects will be small and
liable to be obscured by the uncertainties of the current
measurement techniques. The mixing 1length and eddy
viscosity distribution agreed favourably with the Maise
and McDonald (1965) correlation which was based on

data up to Me = 5. The present data agreed well with
the cold wall distributions of Laderman (1978) and
Watson (1977), but both the mixing length and ‘“eddy
viscosity distributions were significantly higher than

those of Owen and Horstman (1972) and Owen et al (1975)
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both of which may have been suffering from transverse

curvature effects.

The stated objective of the second phase of the study was to deve-

lop the electron beam system in order to test the feasibility of

using the technique in turbulent flow at high Mach number and high
molecular number density, n=1018cm_3. This aspect of the study

proved successful for the LP condition boundary layer flow, although
equipment limitations prevented testing at the HP condition. It is
concluded that the non-intrusive elctron beam fluorescence technique,
with its inherent high frequency response and good spatial resolution,
is a viable method for high Mach number turbulent flows. Further studies
are recommended involving the use of the electron beam fluorescence
technique in turbulent flow. There is considerable scope for increa;—
ing the spatial resolution and frequency response of the technique

by the use of higher accelerating voltages in the electron gun, around
50 kV, in conjunction with smaller beam diameters of around }mm to

3 mm. Studies are also required to determine the maximum level of
number density at which the technique is still viable in turbulent

flow. Detailed conclusions and recommendations regarding the equipment
and use of the technique in turbulent flow are presented in section 4.9.

In summary, the main conclusions drawn from the density measurements

obtained in the second phase of the study were as follows:

1. The boundary layer survey of mean density showed very good
agreement with the density profile inferred from the
conventional Mach number and total temperature surveys,

except close to the wall where both techniques may

have deficiences.
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The profile of the rms density fluctuations reached

a maximum of about <p'>/p = 0.90 at y/6p=0.15 and

was similar to profiles obtained from other studies using
both the electron beam and hot wire aneomometer techniques
in hypersonic cold wall boundary layers. At lower Mach
numbers, M: 5, the density fluctuations have been shown

to increase with increasingMach number, for example the
adiabatic wall data of Kistler (1959). The density
fluctuations in the boundary layer on cooled walls at
hypersonic Mach numbers, Mg 5 say, do not follow this

trend with a maximum value of <p'>/p =0.10. With wall
cooling, Morkovin's 'strong Rynolds analogy', i.e. the
assumption of negligible total temperature fluctuationms,
begins to break down resulting in a supression of the
density and temperature fluctuations. The magnitude of

the fluctuations is liable to be dependent on wall tem-
perature. At hypersonic Mach numbers with wall cooling, it
is possible that the validity of Morkovin's hypothesis, i.e.
<p'>/p is small, may extend beyond the present limit of Mézs
but further experimental evidence is required to substantiate
this. With the onset of significant pressure fluctuations,
possibly at Mach numbers of around 8, the effects of all
the fluctuation modes, i.e. temperature, density, pressure
and velocity, and their mutual interactions on the turbu-

lence structure may have to be taken into account.

The power spectra of the fluctuating density signal appear

typical of turbulent flow and follow the trend of the
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incompressible spectra and the limited spectra available
from high Mach number turbulent flows, when plotted on a

wavenumber basis.

The mean and fluctuating measurements presented herein provide a thorough
documentation of a hypersonic turbulent flat plate boundary layer under
conditions of severe heat transfer at the wall. The utility of the electron
beam fluorescence technique has been demonstrated in high Mach number
turbulent flow at high molecular number density conditions. However, the
use of the Gun Tunnel for this study with its short running time and the
effort that had to be put into the development of the electron beam
equipment imposed a serious limitation on the quantity of fluctuating
density data that could be obtained in the time available and further

work is needed to complete the study.
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APPENDIX A

Al1:0 Digital Data Acquisition System

The Gun Tunnel has a general requirement to gather data within the very
short steady run time, typically 5 msec., and a specific need to make
time-resolved measurements, with an upper frequency limit of around

1IMHz, for the electron beam fluctuating density study. To these ends, a
versatile digital data acquisition system was commissioned which enabled
direct replacement of the existing analogue equipment for the time-averaged
measurements, and also provided the opportunity of making very fast time-
resolved measurements with an upper conversion rate of 4 x 106 samples

per sec. This acquisition system was incorporated into the Hypersonics
Laboratory Data System which was designed to handle all the data acquis=-
ition, storage and routine processing from the two hypersonic wind tunnels
at Imperial College. The requirements of each wind tunnel are inherently
different but as they share major compressor and vacuum plant, thus making
it impossible for the tunnels to run simultaneously, it was possible to
envisage a common computer control system combining the data storage and
processing needs of both. This was the gpproach taken within the

Hypersonics group to link both the Gun and Nitrogen Tunnels to a time-

shared minicomputer system.

This approach has entailed the development of an extensive software package,
written by the author in conjunction with Dr. J. Davis, to serve the needs
of both facilities. This software package combined a common control program
with application tasks specific to each tunnel. Full details of the Hyper-
sonics Data System are available in Bartlett, Davis and Harvey (1979) and
Davis (1978). A description of the elements of the Hypersonics Data System

specific to the Gun Tunnel is presented herein.
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A2.0 Minicomputer System

A time-shared minicomputer system was available within the Aeronautics

Department. The system had three main functions:

a) Remote Job Entry (RJE) service to the Imperial College mainframe

computers.
b) Local copying, graphics and disk management functions.
¢) Background assembly language task processing.

The major function of the system was to provide a RJE service and this
function had the highest priority of system resources. The minicomputer
operated under a time-sharing operating system, MOS, which provided the
facilities to perform the functions listed above. At present the Hypersonics
group are the sole users of the background assembly task processing function
which had been implemented to provide an on-line data acquisition and
processing service. Minicomputer system control was by means of a console
VDU from which all the functions had to be initiated including background

task processing, although after initialisation the background users, e.g.
Hypersonics group, operated entirely remotely. All system input-output
devices and local storage devices, e.g. disk or magnetic tape, were available
to all users i.e. RJE, local copying or background. MOS did not support a
high level language compiler such as FORTRAN IV hence all background tasks
had to be written in the "Basic Data General Assembler" {Data General (1976)},
As the minicomputer and main peripherals were sited in an air—conditionedi
room some distance from the Hypersonics Laboratory, communication was by
means of twisted pair lines driven by asychronous line units at a maximum rate

of 9600 baud. System configuration is shown in fig. Al



151

A 2.1. Minicomputer

The minicomputer system was based on a 32k word Data General Nova which was
the maximum possible memory size for a 16 bit machine without a hardware
memory management unit. Local mass data and program storage devices were
disk and magnetic tape; a disk controller and two drives were interfaced

to the Nova, each drive capable of accepting a removable disk cartridge
with a capacity of 1.25 x 106 16 bit words. Four magnetic tape drives

(two seven track and two nine track) were interfaced to the system although
only two drives could be used simultaneously. The main input-output
devices were a card-reader and a line-printer respectively. Although

these devices were almost exclusively used for the RJE service they were
available to local and background users. Paper tape reader and punch were
available with the option of various tape formats; the punch was not a

MOS supported device and was run under control of the Hypersonics control
program. Incremental graph plotters were supported by the system to allow
inspection or hardcopy of local plot-files created by the remote mainframe.
The plot-files were stored on the Nova disk as part of a normal RJE output
sequence; quick visual inspection of the plot was by means of a cathode ray
tube storage oscilloscope and subsequent hardcopy by means of a revolving
drum paper plotter. To interface non-system devices and, of course, back-
ground system peripherals a 16 port asynchronous line drive unit was
incorporated and these lines were used to connect to the Hypersonics

Laboratory as shown in fig.Al.

A 2.2 MOS Operating System

Only a brief outline of the main features of the MOS operating system is
presented here but full details are available in Task Terminals (1976). The
MOS system was entirely core resident and operated in a fore/backgroﬁnd

processing configuration such that RJE processing occurred in the foreground
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with the highest priority of CPU resource allocation. User programs, i.e.
Hypersonics control program and application tasks, together with local
operations were run in the background. The MOS system resided in the

lower part of the memory approximately occupying 23 k words of the available
32 k words. A large proportion of MOS was taken up by the device driver
subroutines and their associated input-output buffers for all the system
Peripherals. In addition various mainframe RJE programs, known as emulators,
were available for communication with computers such as CDC6400, IBM360 or
CDC7600. All emulators were stored as object code disk files and copied

into a reserved system 'core slot' as required to 'talk to' a specific
mainframe. The RJE system was versatile in that various types of card

format could be used using code conversion routines; the RJE link could

also make use of magnetic tape or disk for data or program input-output.

This feature was especially useful for driving the incremental plotters in
which case a data plot file could be stored on disk as part of a normal RJE
output sequence. The plot file was later copied to the required incremental
plotter although MOS performed a considerable amount of post-processing on

a plot file in order to drive the plotters. Multiple local copying processes
and comprehensive disk maintenance/housekeeping facilities were also supported

by MOS.

Users programs were run in the remaining 9k words of memory, including two
service programs, an editor and an assembler, which were supplied with the
system to facilitate the creation of further user programs. The NOVA
architecture provided a limited number of locations, known as PAGE ZERO,

which could be directly addressed from any memory location. These locations
were available to background users to provide communication with MOS and to :
provide user access to the major MOS subroutines. MOS operated on an activity

stack or queue basis such that control was passed to the program or task at

the queue head until that program terminated or paused for input-output.
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User programs could insert or remove tasks from the queue by means of the
entry points provided in PAGE ZERO. Also other PAGE ZERO locations enabled
users to access all the system devices and peripherals but in the case of
non-system devices the user had to provide an interrupt handler subroutine

to service input data.

A3.0 Hypersonics Control Program

A core resident control program linked the peripheral devices in the
Hypersonics Laboratory to the MOS operating system described earlier., It
provided the capability ‘to access and run user tasks for the wind tunnels,
and also permitted user tasks to access MOS system hardware and software.

A brief description is given here of the Hypersonics peripherals (hardware)
and the control program (software) while application tasks specific to the
Gun Tunnel are presented in a later section; some of these application tasks

were shared with the Nitrogén tunnel.

A3.1 Hardware

Control of the Hypersonics progfams was through two console devices, a
Tektronix 4010 graphics VDU and a Texas Instruments '"Silent 700" teletype,

subsequently to be referred to as VDU and TTY.

In the VDU alphanumeric mode, command sequences were fed to the minicomputer
in the form of numeric or letter strings. Alternatively the results of
computations were displayed in a graphical form using the plot mode of the
terminal. The screen was dividedinto a grid of 1024 by 767 points and graph%-
were drawn by the generation of light or dark vectors between grid points.

Alphanumeric anotations could be generated in software or locally at the 4010
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by periodic reversion to the alphanumeric mode. A cross-wire cursor facility
was provided to enable co-ordinate information to be returned to the computer
from graphical displays. The cursor was initialised and manually set to

the point of interest on the graph, and on striking a key, the co-ordinates

of the chosen point were returned to the computer.

The Silent 700 teletype was a quite terminal running at up to 300 baud; the

full ASCII character set was available. The TTY was a useful hardcopy device

and a back-up control device if the VDU was out of service.

A 3.2 Software

The Hypersonics' control program provided the framework for the execution of
data handling programs written specifically for the wind tunnels. The loca-
tion of the main subroutines is shown in the Core Map fig. A2 . In brief,

the control program performed four main functions:

A 3.2.1 1Initialisation Functions

At the beginning of an acquisition of processing session by the Hypersonics
group, initialisation functions were performed by a series of subroutines

to enable the background user to communicate with and use the features of

MOS. Some of these initialisation subroutines operated only once and then
were overwritten to provide additional memory. As stated earlier the time-
sharing aspect of MOS was controlled by means of an activity queue into which
the initialisation subroutines placed the addresses of the major sub-progrgms
of the Hypersonics control program. These sub-programs included the interrupp
handlers for the non-system devices used in the Laboratory and a set of ‘

routines which continuously monitored the output buffers of each device for

data requiring transmission.
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A 3.2.2 Input-Output Functions

Output to the Hypersonics' peripherals and devices was controlled by two
types of subroutine, one of which was designed for message string output
(i.e. multiple character strings) and the other for single character output.
By means of device address table these two routines would store the character
or characters for transmission into the relevant output buffer, from which

it would be transferred to the device by the continuously running routines
described in section A3.2.1 above. For input under interrupt control, the
usual case, MOS transferred control to the subroutine address supplied on
initialisation provided that no interrupt of higher priority was operating.
Input characters were stored in a buffer for subsequent processing by an
application task see section 4.2.0. An exception was for a hardware
interrupt from the VDU or TTY in which case a Master Task, see section
A3.2.4 below, was inserted into the activity queue. Disk input-output used

a series of MOS supplied routines which were accessed by a set of corresponding
Hypersonics control program routines. These routines as;embled data in the
correct format then entered the MOS disk routines and when the disk operation

was completed returned control to the calling task.

A 3.2.3 Floating Point Arithmetic

As the MOS system did not provide for floating point arithmetic a version of
the Data General Floating Point Interpreter was obtained and included as a
permanent part of the Hypersonics control program. The Floating Point
Interpreter, Data General (1977), provided all the usual arithmetic, trigno-
metric and logarithmic functions in addition to comprehensive numeric input- ;

output options. Base conversion routines were incorporated by the Hypersonics

group to permit conversion between binary, octal and decimal integers.
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A 3.2.4. Master Console Tasks

Input from either TTY or VDU was monitored by two identical Master tasks
as illustrated by the flow diagram fig. A3. These tasks were responsible
for entering specific application tasks into the activity queue, loading the
task from disk into the memory slot and the eventual termination of the task

on operator request.

A 4.0 Gun Tunnel Data System

The Gun Tunnel data acquisition system performed two main functions which
were the digitising of many analogue channels at modest conversion rates,

2 x 104 to 6 x 104 samples/sec, or the acquisition of one or two channels

at high conversion rates, 1 x 106 to 4 x 106 samples/sec. A local buffer
memory was used to store the data until run completion as the high data rates
precluded direct transmission to the minicomputer for storage and processing.
A system incorporating the above requirements was successfully linked to a
minicomputer to provide an on-line data acquisition and processing service.

The description of the system will be divided into the hardware aspects and

the specific application programs or tasks of the Gun Tunnel.

A 4.1. Acquisition System

The main features of the data acquisition system are shown in fig. A4; the
system was custom made to Imperial College specification by VF Instruments
of Gloucester. Full details of the construction and design are available ‘in
the system manual, VF Instruments (1977), and only a brief description of

the system philosophy is included here.
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The design philosophy of the system was based on using four existing Ampex
RF1 corestores to provide the primary data-buffer memory, i.e. 4 x 4k bytes.
All the critical components shown in fig. A4, e.g. high speed analogue to
digital convertors (ADC), analogue multiplexers (MPX) and high speed amplifiers,
were manufactured in the USA by DDC Inc. to whom VF Instruments were the

UK Agents*. The main data acquisition sub-system accommodated inputs for

a maximum of 24 analogue inputs which were scanned by a twin level analogue
multiplexer unit. Only the number of channels pre-set on the system controls
would be scanned by this unit; the MPX output was fed, via a unity gain
buffer amplifier, to the main ADC which was capable of digitising bipolar
signals of up to * 2.5V. The maximum conversion rate was 6.4 x 106 samples/
sec to 8 bit resolution, but in order to be compatible with the Ampex primary
memory units, which have a maximum address rate of 1 x 106 samples/sec, the
ADC was limited to 4 x 106 samples/sec. Successive conversions froﬁ the ADC
were sequentially stored in the four Ampex corestores by means of an output,
digital multiplexer. Slower conversion rates were obtained by means of the
sampling interval control which was calibrated in units of 1/4 usec, i.e.

the time for one conversion. The sampling interval was variable up to a
maximum of 108 units but must always be greater than or equal to the number
of channels in use, see fig. A5. By use of this control it was possible to
achieve delays between successive channel sweeps of up to 25 sec, thus provid-

ing an extremely large range of conversion rates.

One of the major parameters of interest during a Gun Tunnel run was the tunnel
stagnation pressure, P, which was used to determine when the nozzle flow

had reached a steady condition, e.g. fig. A6 . It was usual to make

*At present DDC Ltd., 128, High Street, Hungerford, Berks, RG17 ODL
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measurements of aerodynamic parameters of interest only during the

steady run time, thus it was required to monitor the stagnation pressure,

po, for the whole Gun Tunnel run, i.e. approximately 30 msec, but only

to use the main digitising channels (described above) to gather data during
the steady run time, typically Smsec. A system requirement was therefore

to be able to trigger the main digitising unit from a set point (or pressure)
on the po channel. To accomplish this, a separa?e data acquisition sub-
system was used to digitise the po channel at a maximum rate of 104 samples/
sec to 11 bit accuracy (for bipolar signals of up to 10V). It was possible
to slow down the po conversion rate by a factor of two or four if required to
give 5 x 103 or 2.5x 103 samples/second respectively. The P, data was stored

in an internal 256 word x 11 bit semiconductor memory.

Comprehensive delay and triggering facilities were also provided to start the
storage of data in the memory. The main ADC ran continuously although the
data was only stored if the correct trigger signal had been received to
initiate storage. The trigger operated either from a digital or an analogue
signal; the analogue trigger could be derived either from the po channel

or an auxiliary input. A variable delay option with a maximum setting of

999 msec. was also available.

The run was considered complete when the main and po data memories were both
full, i.e. 16384 and 256 conversions respectively. After conversion the data
was transferred to the mincomputer in inverse offset binary code via an
asychronous line interface at 4800 band. On computer command any of the five
data memories could be transmitted in serial form to the minicomputer. Each
data word, either 8 or 11 bit, was split into two bytes for transmission in
order to allow for the inclusion of a parity check bit. The data was read
non-destructively from the memories and could be retransmitted in the event

of errors.
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A 4.2 Gun Tunnel Tasks

A series of assembly language tasks, or application programs, have been
written to store the data from the acquisition system on minicomputer disk
and to subsequently process the data for analysis and display. Those tasks
were ran as sub-programs in the Hypersonics control program described in
section A.3.2. Only a brief description is included here of the main tasks

listed below:

Task G - Calibration data update task

Task P - Tunnel run data and po examination task.
Task Q - Data transmission and disk storage task.
Task F - Plot and calculation task.

Other tasks were produced for hardware debugging, data dumps and other

development functions.

A 4.2.1 Task G

Every analogue channel in use during a Gun Tunnel run had a transducer connected
to it, for example pressure transducer, heat transfer gauge or thermocouple,

An amplifier, perhaps with some form of signal conditioning (i.e. filtering),
was also used to boost the low voltage output of the transducer to the 2

volts required for optimum digitisation accuracy. The calibration data for

each channel, i.e. gain and transducer sensitivity, were stored on a disk file
known as GUNCAL. The disk file occupied one disk section which accommodated
510 characters hence each of the maximum 25 channels had 20 characters
allocated to it. The first two characters were the channel number, e.g. Ol

to 25; the po channel was always taken to be channel 25. The next character
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was a type identifier used to indicate the physical quantity digitised e.g.
pressure = P, temperature = T and heat transfer rate = Q. The amplifier gain
was encoded by the following four characters and the remaining thirteen were
used to encode two transducer calibration congtants. On entry to the task
the current calibration file was displayed in tabular format on the control
device and if required the data could be updated channel by channel. If the
disk file, GUNCAL, did not exist perhaps due to accidental purging it was
automatically created by the task with zero data for all channels and the
current data could then be entered as normal. The form of a typical set of

channel calibration data is shown in fig. A7.

A 4.2.2 Task P

This task received and stored all the run information, e.g. number of channels
used, sampling rate etc., required in the main data processing and calculation,
see the flow diagram for the task fig. A8, The information required by

the task is shown below and the order is the same as required by the task:

a) Run number: Four digit identifier corresponding to the total
nunber of Gun Tunnel runs.

b) No. of channels: A two digit number corresponding to the number of
channels required for the main digitising unit, i.e.
01 to 24,

c) Sampling Interval: The interval between successive channel sweeps as
set on data system. Units of % usec - 3 digits.

d) Exponent of c: One digit exponent. Power of 10 to which sampling

interval setting above is multiplied.

e) P° frequency: Po channel conversion rate either 10.0, 05.0 or

02.5 K samples/sec. - 4 digits.
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All above inputs were in 'fixed format', i.e. leading and trailing zeros
were required; after this information had been correctly entered, the pO
channel was automatically unloaded to the minicomputer and plotted on the
graphics terminal. The po channel was visually inspected for irregularities
and, if satisfactory, the cross-wire cursor was used to input co-ordinates

corresponding to the steady run period.

A 4.2.3 Task Q

Task Q created a composite disk file containing the run information from Task
P, calibration data from GUNCAL, P, channel data and finally up to 24 channels
of data from the main digitising unit memory. The flow diagram of the task

is shown in fig. A9; the task unloaded each of the five memories to obtain
the data although if only four channels (say) were required it was possible

to arrange that all these channels were contained in one main memory unit.
Each ddta word, either 8 bit or 11 bit, was reassembled from the two bytes
used in transmission and converted to a four digit decimal integer. The

data diskfile created by Task Q was formatted in 80 column card image style
for subsequent input to a mainframe computer. The form of the disk file is

shown in fig. Al0.

A 4.2,4 Task F

This task accessed a chosen data disk file and plotted a channel on to the
graphics terminal ; the channel for analysis could be selected at random but
the p° channel was usually evaluated first. The steady run time as determined
in Task P was superimposed on the channel plot in the form of two vertical ]
lines. The task could calculate a mean value of the data points in the

region but quite often, due to different transducer response times that

occurred with varying instrumentation setups, the steady run period obtained
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from the po trace did not correspond to the most suitable region on any
specific data channel. In these circumstances the cross-wire cursor could

be used to input a more suitable averaging period. In simple circumstances

the transducer sensitivity and amplifier gain was used to calculate the time-
averaged value of the physical quantity in question, e.g. pressure or tempera-
ture. The flow chart of Task F is shown in fig. All. Time resolved data
analysis such as electron beam fluctuating density surveys or when considerable
calculation was required, e.g. heat transfer rates, the data file could be

transmitted via the RJE service to the mainframe computer for processing.
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APPENDIX B: TOTAL TEMPERATURE PROBE CALIBRATION

B1.0 Total Temperature Probes

In studies of hypersonic boundary layers, the accurate determination of
total temperature profiles has proved to be one of the most difficult
measurements, particularly in the short duration or intermittent facil-
ities. In the present investigation, this measurement proved difficult

due to the high freestream total temperature, Tom = 1060°K, short steady
run time, tr = 5 to 7 msec., and the reqﬁirement of high spatial resolution
in the relatively thin boundary layer, Gp =~ 10mm. The problem of total
temperature measurement under these rigorous conditions has been fully
discussed in Bartlett, Edwards and Hillier (1979), hence it is proposed

to discuss only the calibration of the boundary layer survey probes,
described in section 3.3.6.2, in this appendix. These probes were the
result of an extensive development programme by A. J. Edwards, to whom

1 am indebted for this work and the early wall distributions of heat
transfer, static pressure and surface impact pressure. The construction
of a survey total temperature probe is shown in fig. Bl. This type of
probe was used for all the boundary layer surveys reported herein, but

it was apparent during the use of these so called 'inverted V probes’

that the performance degraded with repeated testing as the thermocouple
bead migrated from the plane of the supports into the influence of the
shield boundary layer. This flexing of the sensor wire also led to

early failure at the weld between the thermocouple sensor wire and the
support prong. Therefore, the opportunity was taken to develop and assess
two further probe designs in the calibration programme for the survey
probes. The new probe designs incorporated a rigid sensor wire arrangéheht
as can be seen in fig. Bl, thereby avoiding the wire flexing problem of

the inverted V probe.
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B2.0 Probe calibration

The possibility of calculating the heat losses from the probe sensor was
investigated in Bartlett, Edwards and Hillier (1979) but after an assessment
of the available theoretical models it was found that they were too
idealised to provide a reliable correction scheme. The obvious alternative
was to calibrate the probes through a range of Mach number, Reynolds number
and total temperature similar to that experienced within the boundary layer.
Due to facility limitations and time constaints, the present calibration
was limited to Reynolds number variations only, i.e. correctly simulating
the Reynolds number behind the probe normal shock. The sensitivity to Mach
number is believed to be a second order correction as the sensor response
is primarily controlled by the subsonic flow within the flow. For Me> 4,
the subsonic Mach number behind the probe normal shock is relatively
insensitive to the upstream Mach number. Although in the present study

the Mach number fell to approximately two close to the wall, it has been

estimated that the Mach number effect remained small.

The calibration was performed at only one total temperature but radiation
losses are function of the absolute temperature hence a calibration at a
fixed total temperature of 1000°K might well overestimate the losses near
the wall where the total temperature feil to around 700°K. Estimates in
Bartlett, Edwards and Hillier (1979) have shown that the radiation

losses would be overestimated by a factor of three by a calibration at
1000°K, but as radiation losses are small compared to the conduction
losses, this would typically still only lead to an error of less than*
two per cent. Thermal conductivity is primarily a function of temperature
difference and not of absolute temperature except for second order varia-

tions of sensor material and gas properties.
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The Reynolds number variation for the calibration was achieved by using
an inclined flat plate model as either an expansion or a compression
surface, section 3.2.2. The freestream total temperature Qyo is in-
varient to these flow processes. The probes to be calibrated were
fixed parallel to the flat plate upstream of the trailing edge and the
probe position confirmed to be midway between the plate boundary layer
and the model leading edge shock at each incidence angleAby Schlieren
photography. The variation of probe Reynolds number, Re3d’ with plate
incidence is shown in fig. B2 for the two standard tunnel running
conditions, see Table 1. Re3d was based on the conditions behind the
probe normal shock, the sensor wire diameter and the gas viscosity
evaluated at stagnation conditions. The total temperature at both the
standard tunnel conditions has been estimated previously from stagnation
point heat transfer measurements, Needham et al (1970). These measure-
ments gave a freestream total temperature, T°w= 1070°K, for both condi-
tions. In the present study total temperature has been estimated from
the asymptotic behaviour of the data at high Reynolds number which re-
sulted in T;w= 1064°K for the HP condition and %«,= 998°k for the LP
condition.' The total temperature at the HP condition agreed very well
with the value inferred from stagnation point heat transfer. In the
case of the LP condition, the driver-barrel pressure ration, P41’ has
been slightly reduced since the earlier stagnation point heat transfer
measurements which accounted for a lower total temperature in the present
calibration. In the freestream where the calibration was at its most
precise it has been estimated that T;w was measured to better than 29,
In addition to the boundary layer survey probes two further types with

a more rigid sensor wire design were calibrated in the present study; the
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construction of the probes is shown in fig. B1 . The chromel-alumel
sensor wire diameter was 12.5 uym, the smallest commercially available,

and the support prong diameter equal to O.lmm for all three probe types.
As stated earlier the survey probes with the 'V' sensor wire were found

to suffer, admittedly after repeated testing, from a reduction in perform-
ance due to the thermocouple bead migrating from the plate of the supports
and perhaps entering the influence of the shield boundary layer. This
flexing of the sensor wire also led to early failure at the support prong/

sensor wire weld.

Thé three probe types exhibit a significant Reynolds dependence as shown
in fig. B3 a, b and ¢. It is difficult to draw clear conclusions from
'these results as the pairs of probes with nominally the design show
markedly different Reynolds number dependence. The 'V' survey probe

and the inclined wire probe showed a similar performance which could be
expected as the wire inclination angle and sensor wire length to diameter
ratio were similar. The normal wire probe showed a more rapid response
than the inclined wire probe which can be predicted from theory, e.g.
Bartlett, Edwards and Hillier (1979). All three probe types had a
sufficiently rapid response to reach equilibrium even at the lowest
Reynolds numbers experienced in the boundary layer flows investigated;
this was confirmed from the temperature traces obtained in the boundary
layer surveys i.e. a plateau was reached in the traces. The present results
from the calibration have been compared with a simple idealised model for
the heat losses, Equation 3(d) in Bartlett, Edwards and Hillier (1979),

which is reproduced here:

S T A A R 3 (Eq. A1) 7'
T -T
r 1

where ¥y = 1/cosh/i—
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This relationship is valid if the support temperature remains constant

throughout the process at T the initial temperature of the whole probe.

i'

Equation Bl has been rearranged to give the probe recovery factor T :

I = (T, - T/(T, - T))

A comparison with the steady state solution, Eq. Bl, is shown in fig. B3
for all three probe types; the agreement is not satisfactory with Eq. Bl
underpredicting the Reynolds number effect. This could occur if the steady
state was not reached, but from the original data traces it appeared that
the probes achieved a plateau region. It is also possible that the
evaluation of a Nusselt number behind the normal shock was not sufficiently
representative of the conditions at the sensor wire. This may be due to
the diffusing effect of the probe shield or more significantly to the
development of the shield boundary layer which will obviously be larger

at the lower Reynolds numbers, thereby reducing the sensor Reynolds number
and its effective length, hence the averaged total temperature. This is
consistent with the probe to probe variations within a probe type where
small internal geometric differences may cause more or less interaction

with the shield boundary layer.

It is possible that the design of the shield may well be improved to
overcome those effects but the use of the present shield was justified ;
as tests had proved, over a considerable range of Reynolds number, that

a much higher recovery factor was achieved with a shield as opposed to
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operation without a shield. From the calibration data shown in fig. B3
a, b and ¢, it is apparent that small geometric and physical differences,
e.g. position of sensor bead relative to the shield in nominally identical
probes or shields resulted in varying performance. As a rake of four probes
was used to measure the boundary layer profiles, section 5.8, it would have
been desirable to calibrate each probe individually to account for the
performance differences highlighted in the calibration. Due to limited
probe life and, of course, inevitable time constraints this did not prove
possible. Therefore, to correct the measured total temperature profile
data, a simple fit to the results from the calibration from the 'V' survey
probes and the similar inclined wire probe were used to determine the
Reynolds number dependence. This provided a calibration to within better
than *3% of T for most probes. The uncorrected total temperature data
was used in conjunction with the Mach number data to calculate a first
estimate of Re3d , the Reynolds number within the probe. From the calib-
ration, it was possible to correct the measured total temperature for
Reynolds number effects and then using this 'corrected' total temperature

it was possible to re-calculate a new estimate of Re_,. This process was

3d

repeated until convergence, which generally occured within three or so

iterations.
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HP RUNNING CONDITION LP RUNNING CONDITION

7 -2 7 -2
Stagnation pressure, P, 6.667 x 10 Nm 1.520 x 10 Nm
Stagnation temperature, T00° 1064 %k 997 °K
Freestream Mach number, M, 9.26 8.93

3 -2 2 -2
Freestream static pressure, P, 2.620 x 10 Nm 7.583 x 10 Nm
Freestream static temperature, T, 58.62 OK 58.85 %k

7 -1 7 -1
Freestream unit Reynolds number, Rew 5.51 x 10 m 1.53 x 10 m
TABLE 1 NO 2 GUN TUNNEL STANDARD OPERATING CONDITIONS

6LT
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x 260 360 560 10° m
Re 3.978 x 10° 5.508 x 10° 8.568 x 10°
X
Reg 2962 3494 5617
Re 702 829 1333
82
-3
sp 7.75 9.75 13.00 10 m
-3
5, 6.47 8.19 11.11 10 m
* -3
51(5 ) 3.2457 4.0316 6.0070 10 m
8,(0) 0.1936 0.2284 0.3671 1073 n
8, 0.3340 0.4041 0.5232 10°% n
54 0.1862 0.2130 0.3422 10°° =m
H 16.76 17.65 16.36
12
H 1.725 1.769 1.425
32
. 0.9618 0.9326 0.9224
H 1.60 1.58 1.52
12K
—k
U
A = 0.1 0.7 1.1
U
T
* -3
A 23.51 28.25 42.99 10 m
N
10.2 9.75 8.80
TABLE 2 LP CONDITION TRIPPED BOUNDARY LAYER PROPERTIES (T = 293°K)



- 360 460 560 x 1073
Re_ 1.984 x 10 | 2.535 x 10’ | 3.086 x 10’
Reg 9163 10220 12028
Re62 2174 2425 2854
-3
ap 7.20 8.25 9.25 x 10
8, 6.34 6.85 7.68 | x 1073
* -3
61(6 ) 2.9999 3.5687 4.5431 x 10
8,(9) 0.1663 0.1855 0.2183 x 1073
63 0.2308 0.2409 0.2608 x 1073
s, 0.1687 0.1731 0.1897 x 1072
- 18.04 19.24 20.81
12
H,, 1.388 1.299 1.195
H,, 1.008 0.9676 0.8689
B2k - - B
— 1.5 1.8 2.2
L
U
T
* -3
A 23.79 30.66 36.26 x 10
N 8.8 8.6 7.7
= 293°K)

TABLE 3 HP CONDITION BOUNDARY LAYER PROPERTIES (Tw
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FIG., 3.3: MODULAR FLAT PLATE MODEL

FIG., 3.4: PITOT TUBE RAKE
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