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EXPERIMENTAL STUDY OF A CHEMICALLY REACTING
TURBULENT BOUNDARY LAYER

by

Tsun-Ming Terry Ng

ABSTRACT

Effects of a strong stepwise temperature rise and exothermic
chemica]breaction on the turbulent boundary layer over a flat plate
were studied. The free stream velocity was fixed at 10.7 m/s and the
wall temperature was’set at about 1250°K. The Reynolds number based
on the displacement thickness at the point of therma]vdiscontinuity is
about 900. For the reacting flow, ethylene-air mixture with equivalent
ratio of 0.35 was used. High-speed Schlieren photography was used for
visualization of5the boundary layer thermal structures. Mean’and rms
density distributions were obtained from Rayleigh scattering intensity
measurements. Mean and rms velocity distribution and some important
fluctuation correlations were derived from sing]e-componént laser
Doppler velocimetry measurements.

Strong wall-heating causes the expansion of the heat-affected
region near the surface and pushes the fest of the boundary layer
upwards. The boundary layer thickness, the displacement thickness, the

momentum thickness, and the friction coefficient are increased by the

- wall-heating. The Reynolds stress is reduted due to the density

decrease. The diffusion pattern of turbulent kinetic energy near the

surface is altered, causing a partial failure of the boundary layer



assumption near the thermal leading edge. The rate of production of
turbulent kinetic energy by Reynolds stress remains almost unchanged.
For the reacting boundary layer, the Sch]iereﬁ pictures indicate
that there is significant fluid heating and surface reaction before the
formation of discrete flame structures. 'The boundary layer thickness,
the displacement thickness, the momentum thickness, and the friction
coefficient are increased. Differences in structures of the reaction
zones near_the leading edge and locations farther downstream cause
different statistical behaviors to be obsérved. The turbulent kinetic
energy'diffusion-pattern is altered significantly, causing the partial
failure of the boundary layer assumption near the leading edge. The
kinetic energy production by Reynolds stress is greatly reduced, indi-
cating that the production mechanism is disrupted by the vigorous fluid

expansion.
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1. INTRODUCTION

_The initiation and substantiation of a chemical reaction in a boundary
layer is . a fundamehta] problem in combustion. Some practical Situations
in which this problem is encountered are the auto-ignition of a combustible
mixture by a hot surface, the preignition of fuel-air mikture by hot spots
in an engine, and combustion on a catalytic surface. Works on this subject
have shown.cool flames as the first stage of a two-stage ignition prdcess.
One of the first studies of a reacting laminar boundary layer was by
Toong (1956). Recent studies have been made by Schefer et al. (1980),
Cairne et al. (1981), Chen and Faeth (1981), and Wang et al. (1981).
Studies of reacting turbulent boundary layers are rare; one is by Cheng
et al. (1980).

Statistical methods have been and still are the major means dealing
with turbulent flow problems. One drawback of the statistical approach 1is
the problem of closure of the governing equdtions because of statistical
correlations which arise in time-averaging the conservation equations.

To deal with this problem, many turbulence modelling methods have been
proposed over the years. The subject is discussed in detail by Launder and
Spalding (1972) and reviewed by Reynolds (1976). One of the first mathe-
matical models is Prandt1's mixing-length hypothesis. The success of the
hypothesis 1lies in its simplicity; however, its applicability is limited.
More complex, a]thbugh not necessarily better, computational schemes

based on the governing partial differential equations héve since been
developed. Most of these schemes are in reality semi-empirical methods

in the sense that experimental data are required in modelling various

statistical correlations in the governing equations. Although various



degrees of success have been achieved in somesspécific flow problems, no
universally app]icab]e turbulence model has yet been developed, and the
study of turbulent flows still has to‘rely very much on experimental
approaches. |

Most earlier experimental studies of the turbulent boundary layer
are limited to measurements of statistical quantities, with emphasis on
the distribution of the Reynolds stress and fhe transportation of turbu-
lent kinetic energy. Statistical measurements tend to conceal the physics.
of the process involved; unti1'recént1y, there was little knowledge about
the physical structure of a turbulent boundary layer. One of the first
observations on the turbulent boundary layer was that it can be d%vided
into different regions by considering the relative importance of viécous
and turbulent shears. This observatipn eventually led to the derivation
of the highly successful "law of the wall". More detailed information
about the turbulent boundary layer structure has been obtained in recent
years due to advances in optical techniques. The visual study of the
boundary layer over a flat plate by Kline et-al. (1967) revealed the
presence of well-organized, large-scale turbulent structures termed
"bursts". The bursting phenomenon is a localized, three-dimensional,
intermittently occurring eVeht. .Ifs origin and the detail of its internal
pattern are not yet well understood. It is generally described as a
horseshoe-shaped vortex with a complex internal velocity field. Carino
and Brodkey (1969) and Kim et al. (1971) find that bursting is responsible
for most of the turbulent kinetic energy production and a large portion
of the Reynolds stress near the wall. The turbulent boundary layer is
.now thought to have large-scale, organized structures  superimposed on

relatively random background turbulence. A review on the subject of



turbulent boundary layer structures isvgiven}by Willmarth (1975).

Although considerable understanding of the turbulent boundary layer
haé been obtained, the effect of density change and large heat release on
its strdcture»is still Targely unknown, due mainly to the lack of suitable
experimental techniques. Hot-wire anemometry, which is invaluable in
turbulent studies, is applicable only tq low or moderate-temperature flows.
Until very recently reliable data for'high-temperaturé and combusting flows
were virtua]]y unavailable. Recent developments of several advanced
optical techniques, 1ike laser Doppler velocimetry (LDV) énd Ray]eigh
scattering measurement, have greatly alleviated this problem. The non-
intrusive nature of these technfques and their fast response time make
them particularly suitable for turbulent combustion studies. To give a
few examples, LDV had been used by Rask (1979) in an.internal combustion
engine, Gouebet et al. (1979) in a high temperature plasma, Cheng et al.
(1980) in a reacting boundary layer, and Pitz (1981) in a reacting shear
layer, while Ray]eigb scattering measurements had been performed by
Rambach et al. (1979) in turbulent diffusion flames and Bill et al. (1981)
in a V-shaped flame. \ |

The primary objectives of the present work are:

(1) to study the structure of an isothermal turbulent boundary
layer flow over a flat plate;

(2) to study the effect of relatively regular and "organized" filuid
expansion caused by a large stepwise temperature rise on the turbulent
boundary layer; and |

(3) to study the effect of vigorous and relative]y‘random combustion
heat release and the resu]ting‘fluid}expansion on the flat-plate boundary

layer.



To attain these objectives, the fo]]pwing were carried out:

(1) High-speed Schlieren photography was used to visualize the over-
all structure of the heated and the reacting turbulent boundary layer.

(2) The mean and the root-mean-square (rms) fluid density distribu-
tions were deduced from Rayleigh séattering measurements. The probability
density function and the spectral distribution were also obtained.

(3) A single-component LDV was used to measure fhe mean velocity,
the rms velocity, the Reynolds stress, and several important velocity
correlations. The probability density function and the spectra] distri-

bution of the streamwise velocity were obtained.



2. THE COMBUSTOR

The combustion flow was produced by a lTow-speed wind tunnel with
square cross-section, a fuel-air supply and a hixing system as shown in
Fig. 1. Primary air was SUpplied by a constant-speed blower and was
filtered before it entered the wind tunnel. The air flow rate was regu-
1ated by a damper and metered by a calibrated square-edged brifice. In
using laser Doppler velocimetry for velocity measurements, sécondary air
was needed for the particle séeder. The secondary air was supplied by a
‘compressed-air line and was measured by a Matheson 605’rotamétek, When
using the Rayleigh scattering technique for density measurements, the
' secondary air bypassed the-partic]e generator and was.fed directly into
the main flow. The fuel (C2H4) was supplied by two high-pressure fuel
tanks and regulated by pressure regulators. Electric heating tapes were
wrapped around the regulators to warm up the fuel in order to prevent
water vapor condensation. The fuel flow rate was measured by a Fischer
and Porter 10A3500 flow meter. A manifold was used to separate the fuel
into four streams prior to entering the fué]-air‘mixing section. In the
mixing section, shown in Fig. 2, éach fuel stream was fed into a separate
fuel distributor made up of a 3/4 in. diameter tube with six evenly spaced
1/8 inf diameter outlets dikectly.counter to the main air flow. The
resulting vigorous fluid motion‘ensufed that the fﬁel and air were
thoroughly mixed before they entered the wind tunnel.

Detailed dimensions of the wind tunnel are given in Fig. 3. The gas
mixture from the flow system entered a 60 cm cubic‘stagnation chamber with
a #50-mesh wire screen partition in the middle. The chamber was connected

to a nozzle which reduced the cross-section elliptically to a 10 cm square



outlet over a distance of 100 cm. A 25 cm long sand-rough aluminum plate
was placed at the exit to ensure the transition to turbulent of the
boundary layer. The rough plate was then attached to a 25 cm long smooth
aluminum plate with internal water cooling to prevent the gas from
heating up before it reached the heating section that followed. The two
a]uminum plates were enclosed by metal walls to minimize ambient distur-
bance while the heating section was left unenclosed for easy accessibility
by various instrumentations. The exhaust gases passed directly into an-
8 in. square exhaust duct.

Thé héating section was made'up of a 25.4 cm long ceramic block,
shown in‘Fig. 4, and nine separate heating strips. The ceramic block had
a 2° peak at the middle to enable Rayleigh scattering measurement close
to the wall (the two aluminum plates upstream also had matching 2° peaks
at the center). For Rayleigh scattering measurements close to the wall,
background scattering from the heating sectionfsurfaée could have been
a severe problem. The.2° peak down the middle of the heating section
effectively shadowed the second half of the surface of the section from
the laser beam, thus greatly reducing the background scattering in this
region. Hence density measurements in this study were carried out by
moving the Rayleigh scattering measurement slightly off center into this
shadowed region. The surface of the ceramic block was separated into nine
evén]y spaced 25.4 cm sections by 2.54 mm wide, .25 mm high partitions.
Details of the heating strips' design are shown in Fig. 5. The heating
strips were made of 25.4 cm wide, .127 mm thick Kanthal A-1 alloy. A1l
the strips were heated electrically and individually to give an approxi-
mately even wall temperature. Each strip was kept in tension by springs

connected to its ends to ensure that it lay flat against the ceramic block



surface. The electric contact blocks and sections of the heating strip
outside the main gas flow were air-cooled to prevent overheating.

Figure 6 depicts the coordinate system used. The center of the
leading edge of the heating section was designated as the origin. Direc-
tion downstream was denoted as x, upward from the surface as y, and across
the surface as z, fo]]owing the right-hand rule.

The wind tunne}lwas placed on a.three-dimensional‘traversing mechanism
) driven by a computer-controlled stepping motor system. The position in
the x-direction was measured by a scale with resolution of 1 mm. Posi-
tions in the y and z directions were‘méasured by dial gauges with resolu-
tion of 0.1 mm. Computer~contr611ed traversing enabled rapid scanning

‘of the test section by various diagnostic téchniques.



3. EXPERIMENTAL TECHNIQUES

Due to the hostile nature of the combustion environment ani the
required high-frequency responsé'for_turbu1ent measuremehts, applications
of many conventional techniques, like hot-wire anemometry and thermo-
coupling, are difficult if not 1mpossib1e.‘ Recent advénces in some
optical techniques have made many conventionaT techniques obsolete.
Optical. techniques in general can offer the adyantages of high frequency
response, non-intrusion, and small sensing volume.

In this study, several optical techniqués were adopted. High-speed
Schlieren photography was used for visualization of the boundary layer
flow structures. Density distributions were méasured using Rayleigh
scattering.' Velocity distributions_and correlations were measured using

laser Dopp]ek velocimetry (LDV).

3.1 Schlieren System

The well-known Schlieren method is based on the phenomenon that light
passing through a density gradient in a fluid is deflected as if it were
passing through a prism. A detailed discussion of the basic principles
are available in Shapiro (1953).

A schematic of the experimental setup is shown in Fig.‘7. A
Spectra Physics Model 164 4-watt argon-ion 1aser_was used as the light
source (A = 488 nm). A n;utral density filter was placed in front of the
laser to reduce the Tight intensity to the desired level. An 18 mm and
a 1.0 m focal length lens were used to collimate the laser Tight into a-
field of parallel beams over the test section. A second 1.0 m focal

length lens was used to focus the image of the test section onto a



Fastax WF-17 16 mm high-speed camera capable of operating up to 8000
frames/sec. In this Study, a speed of about 3000 frames/sec was used.

A knife edge was placed at the focal point of the second 1.0 m focal
length lens to block off part of the def]ected light and to produce a
Schlieren image. No attempt was made to obtain quantitative measurement
from the picture; rather the technique was used for flow visualization

and qualitative assessment of the turbulent structure.

3.2 Rayleigh Scattering System

Rayleigh scattefing is the elastic scattering (wave]engfh of the
light remains unchanged) of light by particles whose sizes are small
compared with the ane]ength of the incident light. This technique for
density measurement has been applied by Pitz et al. (1976) in a premixed
hydrogen-air flame, Rambach et al. (1979) in turbulent diffusion flames,
Bi1l et al. (1981) in a V-shaped turbulent flame, and Cheng et al. (1980)
in a turb@]ent boundary layer. The Rayleigh séattering technique offers
the major advantages of nonintrusion, small probe volume, and high
frequency response. Compared with the widely used Raman scattering tech-
nique, Rayleigh scattering has the advantage of‘a_much higher scattering
intensity since the Rayleigh scattering cross-section is about 100 times
larger. A discussion of the signa]-to-noise ratio of Rayleigh scattering

and comparison with Raman scattering are given by Robben (1975).

3.2.1 Basic Principle

The Rayleigh scattering cross-section Opj of species i is given by

(Robben, 1975)



2 n.-1
an 2 .2
ORi = 7 ( ; ) sin‘e . (3.1)

A i

where A = wavelength of incident light
n; .= index of refraction of species i
n; = no. density of species i
8 = direction of scattering as measured from the E vector of the

incident radiation.

The total scattered signal is given by (Robben, 1975)

Ip=KIn ? M3 Ops . (3.2)
where K = constant for given optical arrangement
I = intensity of the incident 1fght
n = total no. density
ﬁ. = mole fraction of species i

i
If the Rayleigh scattering of a certain reference condition, denoted

by subscript o, is known, the ratio of the instantaneous scattering

intensity to the reference intensity is given by

T/TRo = M T Wy /Mg (T w5 opide (3.3)
By definition
n = p/w (3.4)
where p = gas density
w = mean molecular weight

Substituting Eq. 3.4 into 3.3,‘one gets

10



I
R o + :
— =g (3.5)
IRo Po :
where v
W =M ORj

5+__g1'\ _
- 3 3
‘ w (§ Hy 0R1)0
From the equation above, it is obvious that the Rayleigh scattering
intensity ratio depends on both the gas density and composition. However,
calculations by Namer et al. (1980) indicate that for many hydrocarbon

fuel-air mixtures, the value of il is close to 1 regardless of the degree

of reaction. Hence it is possible to make the following approximation:

I
R 0 (
T : 3.6)
Iro  Po '
The accuracy of this approximation is particularly good for low
equivalent ratio fuel-air mixtures since major portions of the gas

mixture are nitrogen and unreacted oxygen which do not participate

directly in the chemical process.

3.2.2 Experimental Setup

A schematic of the Rayleigh scattering system i§ shown in Fig. 8.
A Spectra Physics 164 4-watt argon-ion laser was used as the light source.
The waist diameter, defined at 1/e2 times the peak intensity, of the beam
(A = 488 nm) coming out of the laser is 1.2 mm. A 18 mm focal length
lens and a 120 mm focal length lens were combined to form a lens system

. - %
to focus the laser beam to a waist diameter of about 100 u. A 55 mm

%* - .
The theoretical value of the waist diameter is about 30 um. Aberrations
in the lenses cause the higher actual value.

11
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f1.2 lens was used to collect the scattering at 90° from the beam diréc-
tion. Two slits, one 1 mm in width and oriented at 90° to the beam, and
the other 100 um wide and parallel to the beam, were placed on top of
each other to form a rectangular window. The window was placed behind
the collecting lens such that its rectangular image was focused on the
waist region of the laser beam. This in effect confined the sensing
volume to a 1 mm long ;ection centered about the beam waist. The collected
light was filtered by a Melles Griot 03FIL005 3 nm band pass 488 nm
interferenée filter pTaced behind the slits. The filtered light then
fell onto a Hamamatsu 931A photomultiplier. The collecting optical
system was fastened to a three-dimensional translational stage to enable
easy focusing and movement.

As indicated in Fig. 9, the signal from the photomultiplier was
first amplified by a Dymec 2461A dc amplifier and then digitized by a
LPS 11 12-bit A/D converter. Measurements were made by using a PDP 11/10
computer and stored on 7-track magnetic tapes for post-processing. The

corner frequency of the overall data-collecting system was about 5 KHz.

3.2.3 Background Radiation and Noise

The measurement of Rayleigh scatteking intensity is complicated by
the presence of background radiation and photomultiplier noise. Sources
of background radiation are radiation from heated surfaces, the flame,
room light, and reflection of stray 1ight from solid surfaces. The
photomultiplier noise is due to. the statistical variations in photon
arrival rates and general instrumentation noises. In interpreting
Rayleigh scattering measurements, corrections for both have to be made.

‘The uncorrected photomultiplier signal, Ip, represents the sum of



Rayleigh scattering signal, IR’ noise signal IN’ and background radiation
sign, Ib; i.e. |
IP = IR + IN + Ib (3.7)
To correct for background radiation at a given location, intensity
measurements at distances of + .5 mm away from the center of the laser

beam were taken (see Fig. 8). By assuming a linear distribution, an

estimation of the average background, intensity, Ib’ was obtained. The

vavérage Rayleigh scattering signal was then obtained by

Since the mean, T&, of the noise signal is zero, Eq. 3.8 can be reduced to

IR = IP - Ib | | ‘ (3.9)

Average density ratio is then obtained as

o/, = Ta/Tp, (3.10)
Using the definition I =T + I', where superscript ' represents

fluctuation, Eq. 3.7 can be expanded to

+ T + I " +1I.°'+1," (3.11)

P P R b R b N

Squaring Eq. 3.11 and taking the average, and assuming that all the

fluctuations are uncorrelated with each other, one obtains

13
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_I-|2 _|2 ._'|2

R (3.12)

+1.'¢ = (Tﬁ + Tb)z +

From Eq. 3.9, sz = (Tk + TB)Z, hence Eq. 3.12 is further reduced to

12_|2 |2 |~2
I R~ I p - I N T I b

(3.13)

The mean square fluctuation of the background radiation can be calculated

from the background radiation measurements. In most cases its value is
2

small éompared with I"P and I'N2 and can be neglected.

As a result of the Poisson distribution of the photoelectrons, the
mean square fluctuation of the noise is proportional to the multiplier
signal. vFor the experiments carried out in the present study, the
conditions outside the boundary layer were chosen as fhe reference.

Since there was no density fluctuation outside thé boundary layer, the

variance of IRo was due mainly to the photomultiplier noise, i.e.,

2 2

I'Po = I'No (3.14)
An estimation of I'N2 was then given by
L 2 _ 1. 2 . e
I NS I Po IP/IPo (3.15)
Combining Eq. 3.13 and 3.5 and neglecting I'bz, one obtains
120‘: |2~ l2 H] 2__ ‘
P I R = I p - I Po Ip/I0 (3.16)
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Hence the mean squake fluctuation and mean density profiles can be

obtained readily by the Ray]eigh scattering technique.

3.3 Laser Doppler Velocimetry

Even since its first application to fluid ve]ocfty measurement in a
Taminar pipe flow by Yeh and Cummins (1964), laser Doppler velocimetry
(LDV) has been widely used in various fluid mechanics and combustion
experiments. This technique offers the advantages of non-intrusion,
rapid frequency response, small sensing volume, and direct measurement of
velocity rathe; than its inference from pressure (pitot tube) or heat-
transfer coefficient (hot-wire) (Doebelin, 1975). In addition, LDV has
the distinct advantage of being able to operate in hostile enVironments
where conventional methods fail, making f%'particularlyvsuitable for
combustion studies.

LDV measurements in combustion environments have been performed by
Rambach et al. (1979) in turbulent diffusion flames, Bi1l et al. (1981)
and Cheng and Ng (1981) in V-shapedvpremiXed turbulent flames, Cheng et
al. (1980) in a_réacting turbulent boundary layer, and Pitz (1981) in a
combusting free shear layer. Despite many experimental difficulties, the

results were satisfactory.

3.3.1 Operating Principles

LDV is based on the phenomena of Doppler shifting and 1ight inter-
ference. When light from a monochrpmatic source is scattered by a
particle moving relative to a fixed detector, the frequency of the

scattered 1ight received by the detector is Doppler-shifted by an amount
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proportional to the partic]é velocity. Under normal circumstances, the
shift is eXtreme]y small compared with the original Tight frequency and
is difficult to measure directly. However, the Doppler shift can be
measured if the scattered light is mixed with a coherent light of slightly
different frequency. The two waves interfere and a beam of frequency
equal to the difference between the two 1ight frequencies can be observed.
Details of the basic principles of LDV are available in Mayo (1969),
Drain (1980), Durst et al. (1976), Durrani (1977), and Stevenson (1977).

Basic LDV systems operate using one of the fo]]bwing configurations
(Stevenson, 1977): (1) interference between scattered 1ight from one
laser beam with unscattered light from another beam (reference-beam LDV);
(2) interference between scattered light from two laser beams (differential -
LDV); and (3) interference between scattered light from a single beam ih
two different directions (single-beam LDV). Drain (1972) has shown that
for gas flow measurements, the differential LDV system tends to have a
better signal-to-noise ratio (SNR) than the reference-beam system. Hence
the dual-beam, real fringe, differential LDV system was chosen for this
study. |

In a typiéa] dual-beam differential LDV (Fig. 10), a laser beam is
split into two parallel beams by a beam spl{tter. The two beams are
focused by a lens to intersect and form the LDV probe volume. Seeding
the fluid with particles is usually required to provide sufficient
~ scattered particles for satisfactory measurement. To provide a conceptual
basis for both qualitative and quantitative analysis of LDV, Rudd (1969)
proposed an interference fringe model (Fig. 11). When two coherent beams
havfng plane wavefronts intersect at an angle 6, a pattern of planar

fringes is formed by interference; The fringe spacing, df,’is determined



by the wavelength, X, and the intersecting angle, 6, as follows:
df = A/2 sin (8/2) o (3.17)

As a particle moves through the fringes, the scattered 1ight will also
show a similar intensity fluctuation. By measuring the frequency, v, of
the fluctuation, the particle velocity component (Up) normal to the

fringes is given by
UP SV df | : (3.18)
A more complete picture of the LDV system is obtained when the real

fringe characterization is combined with the Gaussian radial intensity

distribution of the interfering beams. The effective probe volume,

defined at 1/e2 of the peak intensity, is found to be e]Jipsoidal in shape.

The probe volume dimensions (Fig. 11) are given by Stevenson, (1977)

dX = d/v/Z cos (6/2)
d, = d/V2 (3.19)
d, = d/vZ sin (8/2)

where dZ is the dimension of the major axis, dx is the dimension of the
minor axis in the’ihtersection plane, and dy is the dimension-bf the
minor axis normal to the intersecting plane. The waist diameter, d, is

given by

d = 4rf/mD (3.20)

17
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where D is the original laser beam waist diameter defined at 1/e2 of the
peak intensity.

Although the fringe model does not give a complete explanation of
the physical processes involved in LDV, it gives an easily visualized

picture of the system.

3.3.2 Experimental Setup

A schematic of the LDV system is shown in Fig. 10. The argon-ion

laser operating at.k = 514.5 nm was used as the light source. The beam
_passed through a polarization rotator and a beam splitter to form two
parallel beams 51 mm apart. The polarization rotator was adjusted to
ensure that the split beams were of equal intensity. The beam splitter
was fastened to a rotary stage for changing the orientation of the beam-
intersecting plane. A 600 mm focal length lens focused the two parallel
beams to form the LDV probe volume. Some important paramefers of the LDV
system are given in Tablé 1.

A 55 mm focal length, f1.2 lens was used to collect the forward-
scattered light. A 514 nm interference filter with a 10 nm band pass
was used to filter the collected 1ight. The 1light then fell on a
Hamamatsu 931A photomultiplier. |

A cyclone particle producer, similar to the one developed by Glass
and Kennedy (1977), was used as a particle seeder. Aluminum oxide
polishing powder of .30'ﬂm nominal diameter was used for seed particles.

As indicated in Fig. 9, signals from the photomultiplier were first
amplified by a HP8477 AC amplifier with range from .1 to 400 MHz. The
amplified signals then passed through a TSI 1984 input conditioner and

a TSI 1990 frequency counter. The analog output of the frequency counter,



which is inversely proportional to the frequency of the detected bursts,
were digitized and recorded by the LPS 11 laboratory peripheral system
and PDP 11/10 computer. The raw data were stored on 7-track magnetic

tapes for post-processing.

3.3.3 Velocity Biasing and Correction

In most LDV measurements, the Doppler frequency of every validated

particle crossing the fringe pattern is recorded. The mean, u, and mean

square fluctuation ve]ocity, u'2, are computed by ensemble averaging, i.e;,

N
u==2In/N
(3.21a)
— N5
u'“ =2 (u-u)</ N

where N is the total number of samples taken. In turbulent combustion
experiments, these averages are subject to biasing. The biasing can come
from two sources:

1. The higher probability that high velocity particles have of
crossing the probe volume than lower velocity ones results in biasing.

2. When an originally uniformly seeded fuel-air mixture is ignited,
"patches" of low and high density fluid will appear in the flow. The
lower density patches will have fewer particles per unit volume than the
higher density ones. The lower probability of getting a validated sample
from a lower density patch results in biasing.

Dimotakis (1976) suggested that in high data rate regimes, the

biasing error could be corrected by time averaging the data, i.e.,
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<l
I

J u(t)dt/At
(3.21b)

=
1]

f (u-T) 2dt/at

where t = time and At = total sampling time. This requires the simul-
taneous recording of frequency data and time lapsed between consecutive
validated §amp]es. |

Another method of correéting the biasing error, which has been used
by Bill (1981), Cheng (1980), and Cheng and Ng (1981), is to treat the
LDV data as continuous signals. This is permissible if the data valida-
tion rate is sufficiently high for the turbulence level of the flow. A
discrete time sekies of the velocity is obtained by sampling the LDV
signal at a fixed, high sampling rate. Since the sampling period, &t,
is small, the discrete time series can be integrated numerically to gfve

good approximations of various time-averaged values:

N N

us = Zoug(t)/N = zuy(t) t/Nt
= J u(t)dt/at - (3.22a)
N N
u'i2 =z (ui-ﬁ})z/N =1 (ui-U})zdt/N 8t
S f (ui-Ui)zdt/At | : (3.22b)
N N
w3 = (T3 2w (uy-a) e st

R

J (ui-Ui)"’dt/At (3.22c)



[ =
[}

z (ui-ﬁ})4/N = 2 (u,

— 4
S-U;) /N st

[

To obtain high data validation rates, the flow has to be heavily seeded.

This sampling method was adopted in this study.

3.3.4 E&hpnA

In addition to ve]ocify biasing, there are other errors in LDV
measurements. The most commonly mentioned ones are:

1. Transit time broadening
Optical errors

Fringe gradient broadening

W™

Velocity-gradient broadening due to the existence of velocity.
gradient in the probe volume
5. Movement of probe volume due to presence of a refractive index
gradient in the flow.
‘More detailed discussions of LDV measurement errors are available in
Pitz (1981) and Buchhane et al. (1978). Most LDV errors and their correc-
tions are still subjects of research. 1In this study, the errors which

could be estimated were usually small and could be neglected.

3.3.5 Measurements of Velocity Fluctuation Correlations

If both velocity components, u, in the x-direction and v, in the
y-direction, are measured instantaneously, all the correlations invoiving

the velocity fluctuations, u' and v', can be evaluated. It requires a

J (ui-ﬁg)4st/At | (3.22d)
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two-component optical system and two frequency measurement units to record
two frequency readings simultaneously. The procedures and apparatus

involved are more complicated than single-component measurements. However,
by relatively simple methods, some important velocity f]uctuafion correla-

tions can be derived from single-component LDV measurements.

- — 2 2 S
a. Measurements of u, v, u'", v'", and u'v'

The procedure to measure u'v' using a single component LDV system is
described by Durrani and Greated (1977). This technique has been used by
Durst et al. (1980), Moreau and Boutier (1976), and Cheng and Ng (1981).

The velocity component u and two other components, Uy and Uys at
angles of + 6 relative Fo the x-axis are measured separately (see Fig. 12).

It can be shown easily fhat

Uy = U Ccost + v sin® (3.23)

Uy = u cosd® - v sind (3.24)

Using the definition u; = G} + us's where superscript ' denotes fluctua-

tion and denotes the mean, the following equations can be derived:

Up = U cos® + v sing (3.25)
GE'= U cos® - v sind (3.26)
u]' = y' cos® + v' sind - (3.27)
uz' = u' cos® - v' sind (3.28)

By evaluating (3.27)? - (3.28)2, one gets

il



u]'2 - u2i2 =4 u'v' cosb sind
T ' 2 ' 2 .
or u'v' = (u] - U )/4 cos8 sind (3.29)
Subtracting Eq. 3.26 from 3.25, one obtains
E;'- GE'= 2 v sind
or ' -y = (UT - UE)/Z sin6 . (3.30)

By evaluating (3.27)2 + (3.28)2, the fo]]owing'is obtained

u1'2 + u2'2.= 2(u'2 cosze + v'2 sinze)

or vi% = '+ u,'9)/2 - u'® cosPel/sin%e (3.31)

The values of u and u'z, U;'and u]'z,vand EE'and u2'2 can be calcu-

lated from the corresponding LDV measurements (Eqs. 3.22a and 3.22b).

With Egs. 3.29, 3.30, and 3.31, U, V, u'2

R vl2 and u'v' can be obtained
readily.

b. Measurements of u'v'2 and v'k]

For convenience of discussion, define

(3.32)

By evaluating (3.27)3 and (3.28)3, these equations are obtained:
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u]'3 = ;T? cos6 + 3 u'v'2 cos@ sinze + 3 u'2v' cosze sing

+ v sin’s (3.33)
u2'3 = u'3 cos3e +3 u'vl2 c0sb sinze -3 u'2v' c0526 sind

- v'3 sinds | (3.34)

Adding Eq. (3.33) and (3.34),

2 u'® cose + 6 u'v'? cose sin’

o
—
-+
[t
n
1]

3, 7.3

or u'v'c = (u] uy'” - 2 u'3 cos36)/6 cos8 sinze (3.35)

Subtracting Eq. (3.34) from (3.33),

uT'3 - u2'3 2 v'3 sin36 + 6 v'u'2 cosze sind

If 6 is chosen to be 60°, it can be shown that

VKT = (u]'3 g u2'3)/(3/§/4)  (6=60°) (3.36)

Since u'3, u1'3

3

, and uz' can be evaluated directly from LDV measure-

ments (Eq. 3.22c), u'vl2 and v'k' can be calculated easily from Egs. 3.35

and 3.36 respectively.

c. Measurements of u'v‘lk]i and v‘2k

1

By evaluating (3.27)4 and (3.28)4, the following are obtained:



a —7 7

u]'4 =u'" cos4e + 4 u'v'3 cos6 sin3e + 6 u'2v' cosze sinze

+ 4 u'jv' cos3e sind +-;TI sin4e ' (3.37)
uz'4 = u'4 cos4e -4 u'v'3 cos8 sin3e + 6 u'2v'2 cosze sinze‘

-4 u'3y' cos3e sind + v'4 sin4e (3.38)

Subtracting Eq. 3.38 from 3.37, one gets
) ' 3
u]" - u2'4 = 8(u'v'3 cosf sin3e+ u'tv' cos3e sine)

If 6 is chosen to be 45°, j.e., cos® = sind - vY2/2, it can be shown that

1

Adding Eqs. 3.37 and 3.38, one obtains

u.l'4 + u2'4 =2 u'4 cos4e 12 g'zy'z c0526 sinze + Z'CTI sin46 (3.40
If 9 is chosen to be 67.79°, i.e., tanze = 6, then
Vi3 = (u uy' ¥ 2 F/49')/(7_2/49)\ (3.41)
I & V2

can be calculated directly from LDV

measurements. Hence both u'v'k] and v'zk] can be obtained readily from

Values of u'’, Uy and Uy

Egs. 3.40 and 3.41.

TV = (u]'4 - uz'z)/Z (3.39)
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4. RESULTS AND DISCUSSIONS

Density and velocity measurements were performed for three different
cases: 1) boundary layer flow with no wall-heating; 2) boundary Tayer
flow with severe wall-heating; and 3) reacting boundary layer flow. High-
speed Schlieren motion pictures were taken for the latter two cases. The
free stream velocity for all three casés was fixed at about 10.7 m/s.

For cases 2 and 3, the wall temperature, Tw’ was set at about 1250°K.
For case 3, the equivalence fatio, ¢, was 0.35. Reaction was initiated
and sustained by continuous heating of the surface. |

Data were taken at predétermined positions above the surface at
several streamwise‘locations. In scanning the test section, the position
of the measuring instrument (LDV or Rayleigh scattering system) was fixed

while the combustor was moved by the computer-controlled three-dimensional

traversing mechanism. The Rayleigh scattering instrument noise was about

10%. The background radiation level ranged from 2 to 7% fof case 2 and
from 10 to 20% for case 3. The sampling rate was 2500 samples/sec and

8192 samples were taken at each location.

4.1 The Structure of the Turbulent Boundary Layer

Turbulent flows have long been regarded as chaotic and disorganized.
Recent studies, however, have demonstrated the existence of large-scale,
organized structures, superimposed on background turbulence, in turbulent
shear flows. In free shear flow and the wake flow behind a_cyTihder, the
large structures are essentially two-dimensional and relatively easy to
identify (Roshko, 1976). In turbulent boundary layer flow, the large-

scale structures. are three-dimensianal and more difficult to identify.

26



F10w-visua1izatioh experiments by Kline et al. (1967), Corino énd
Brodkey (1969), and Kim et al. (1971) have developed a rather complex
description of an intermittent phenomenon 1in turbﬁ]ent boundary layers.
Termed "bursting", this phenomenon has been shown by Willmarth and Lu
(1972) to be an important contributor to the production of turbulent

kinetic energy and Reynolds stress. However, to develop a clear picture

of  three-dimensional structures from either direct measurements or flow-

visua]ization techniques is very difficult, and Understanding of the

large-scale structure in a turbulent boundary layer is still Timited.
In this study, Schlieren pictures were used only to révea] some of

the overall features of the turbu]ént structure in the boundary layer.

No attempt was made to eXtractvquantitative data from these pictures.

4.1.1 The Heated-Wall Boundary Layer

Schlieren pictures of the heated-wall boundary 1ayer.are shown.in
Figs. 13a and 14a. Existence of identifiable large-scale structures,
indicated by dark arrows on the picture, are‘ndt apparent until the
thermal boundary layer attains sufficient thickness at about 25 mm down-
stream from the heating section leading edge. A sequence of events can
be observed to take place: i) low speed, low density fluid moves upward
from the surface; ii) high speed, high density fluid mixes with the
upward-moving hot fluid, indicated by the slow disappearance of density
gradients near'the boundary of the structure; iii) the large-scale
structure is carried downstream~by the main flow. The overall shape of
the turbulent structure is similar to that commonly observed in a turbu-
lent boundary layer. Since the structure-is three-dimensional, it is
impossible to-obtain information about its internal details from two-

dimensional Schlieren pictures.
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4.1.2 The Reacting Boundary Layen

Schlieren pictures of the reacting boundary layer are shown in
Figs. 13b and 14b. Pictures of the leading edge in Fig. 13b indicate
that considerable surface heating and surface reaction take place before
any detached-flame structure starts to form. No well-defined continuous
flame sheet is observed. Rather, individual flame structures are
initiated at the heated surface and are swept downstream by the‘main flow.
The flame structure, though larger in scale, has an overall structure
quite similar to that of the turbulent structure in the heated boundary

layer. Again no detail about the internal structure can be obtained.

4.2 Statistical Quantities

Although some understanding of turbulent structures in turbulent
shear flows has been obtained in recent years due to advances in optical
| techniques and modern instrumentations, time-averaged properties of turbu-
lence are still used in most theoretical and experimental turbulence
studies. In ut11izing the statistical approach through the basic conserva-
tion equations, a fundamental problem arises. In time—averaging, statis-
tical correlations involving Ve]ocity, density, pressure, and temperature
fluctuation appear in the governing equations. This results in more
unknowns than equations; the problem of closure. One way to deal with
this is by turbulent modelling, in which effects of the correlations are
approximated in terms of other quantities in the governing equations.
Proper ways of modelling these correlations are not obvious in most cases
and better understanding of their basic properties and physical meanings

is essential.



4.2.1 Conservation Equations

29

Governing equations for variable-density turbulent boundary layer

flows are given in Nicholl (1970) and White (1974). The basic mean

equations for conservation of mass, momentum, and enthalpy for a flat plate

boundary layer are, respectively,
3 (Gi) + 2 (5 + V) = 0
X ay ,
== _8_ (= O _ =t
pu——+(pv+ ) -—D—'DUV)

AT R A B L

where T =1 3y " ou'v
= 3_1-_ - Th1
q=k 3y pv'h

and p = viscosity
k = thermal conductivity
h = entha]py
h_ = reference enthalpy of formation
T = temperature.
T_ = reference temperature

C_ = specific heat

(4.1)

(4.2)

(4.3)
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Another important relation which governs the transportation of

turbulent kinetic energy, k, is given by Nicholl (1970):

355 (Bik + 5 UK + G 57K) + 5 3 (39K + 5 VK + 7 5'K)
+ (5 u|2 + a plul + plulz) §§_+ (5 u'v' + plvl G + plulvl) %%

TR - =7 VYRV ég_ - —T?- - TToT ) ,2 él
tlouvi +up'vi +puvh) o+ (pv'T 4+ v o'V + o'y )By
+ 5TV . _ 2. -
PTVT gt Uy 5o - Uy Vou, = 0 (4.4)
i _
where k = u'2 + v'2 + w'2. This relation is simplified by Sommer (1979)
for f]ét-p]ate boundary-layer flow to:
== —— 9k - T .QE _ d —r L. =TT
,(outptut) o+ (pv + p™VT) 5p = - 55 (VP + o VTK)
(1) (2)
- ou. ' - V.
- llili_- 1 2_0 ak 2
-puy y U Z'(axj ) e {3y }
(3) (4)
Convection flux (1) = diffusion (2) + production (3)
- dissipation (4) _ (4.5)

The validity of some of the simplifications in the above equation is
questionable and one has to be careful in applying it to turbulent flow
problems.

Inspection of the conservation equations reveals the existence of

several unknown fluctuation correlations which have to be dealt with in



some way. It is theoretically possible to derive differential equations
for all these correlations; however, each new equation would contain
.additional unknown correlations. Hence eventually some sort of approxi-
mation or modelling would have to be used to "close" the system of
’_equatidns; Guides as to how to model these correlations can be provided:
by experimenta]»measurements. Furthermore, physical interpretations of_
these measurements can give additional insights into the structure of a

turbulent boundary layer.

4.2.2 Mean Velocity and Denéiig

Two-dimensionality of.the f]ow in the test section, indicated in
Fig. 15 by the uniformity of the velocity profile in the z-direction,'is
reasonably good. |

The deve]opmeht of the mean velocity profiles fok the isothermal
boundary layer are shown in Figs. 16a and 17a. The scattering in v is
considerably larger than in U. This is because v was determined from
G] and 62 (Eq. 3.30) whose values are an order of magnitude larger. Thus
small errors in G] and Gz will result in large errors in v. The boundahy
layer thickness, &8, the displacement thickness, 6], and the momentum thick—
ness, 62, are plotted in Figs. 18, 19 and 20 respecfive]y, as functions
,of Xx. The boundary layer thickness is defined at 99.5% of the free-stream

velocity, Go. 8 and 8, are defined by (White, 1974)

poo - -

6, = | (1-8=)dy | (4.6)
o} pOUO

55 | e (1 -%L)dy | (4.7)
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where»p0 is the free-stream fluid density. The disp]acement'thickness
ranges from 1.28 mm at x = 14 mm to 1.77 mm at x = 150 mm.. The corres-
ponding Reynolds number, Resl, ranges from 901 to 1247. The momentum
thickness ranges from .653 to 1.023vmm, and Res2 from 460 to 721. The

- friction coefficient, Cf, is determined by

Ce =2 ddiz y szz (4.8)

Polo

and is plotted in Fig. 21. When scaled by the local value of &, the
mean velocity profile is found to be self-similar (Fig. 22) and dependent
on y1/7, as it is for the typical flat plate boundary layer.

" The mean velocity pkofi]es, u and v, for the heated-wall boundary
layer are shown in Figs. 16b and 17b, and the mean density profile, p,
in Fig. 23a. The thermal boundary layer thickness (defined at 99.5% of
(po‘- pw), difference between densities at the free stream and the sur-
face), ST’ is plotted in Fig. 24. 5T is found to increase as x'45. This
growth rate of dT is smaller than that reported by Johnson and Whippany
(1957) and Antonia et al. (1977) for the turbulent boundary layer with a
small stepwise discontinuity in the wall temperature. This is probably
a result of the significant density changé near fhe wall. The enthalpy

thickness, GT*’ defined by
1

_ = (T-T)) @pu(p/0-1)
(ST = _ (T -T ) d.Y - - (4-9)
1 P, W PoUs(Py/0,~1)
is plotted in Fig. 25. The Stanton number, St, is evaluated from
d$§
I W
St = Ix — | (4.10)



and is shown in Fig. 26. The Stanton number starts with a value of about
3.75x10"3 and decreases rapidly to an almost constant value of about
2.9x10'3. The behavior and magnitude of St are quite similar to those
reportéd by Antonia et al. (1977), although their experimental conditions
were significant]y different from the ones in this sfudy. The velocity
boundary layer thickness, plotted in Fig. 18, is increased by severe wall-
heatings. The'meén velocity and density profiles, as indicated in

Figs. 27 and 28, show no overall similarity, although the velocity boundary
layer 1ooké approximately se]f—simi]ar. However, they relax towards a

| self-similar stage about 100 mm downstream from the leading edge. There.
is no similarity between the ve]ocity_and the density profiles. The
velocity profile of the cold- and heated-wall boundary layers are plotted
in Fig. 29,'with the origin of the latter being shifted in the y-direction
by an amount equal to the difference in fhe corresponding boundary layer
thicknesses. It can be seen that parts of the profiles so plotted are
identical at.a certain distance from the wall. This suggests that the
effect of wall-heating is limited to the region near the wall. The heat-
affected region expands and "pushes” the rest of the boundary layer upwards
without alteration to its structure. The study by Nicholl (1970) indicates
the existence of a local wall-jet when a turbulent boundary layer is
subjected to a severe stepwise temperature rise. This is probably because
Nicholl's experiment was carried out in a developing channel flow. The
additional upper-wall restriction and the local fluid expansion cause the
fluid to accelerate in the streamwise direction rather than expand in the
y-direction. The displacement and momentum thicknesses are plotted in
Figs. 19 and 20. Severe wall-heating has increased 6] significantly and

increased 62 to a small degree. The value of the friction coefficient,
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indicated in Fig. 22, is also increased by wall-heating, contrary to the
results of Rotta (1974). This contradiction can be explained by considering
the effect of severe heating on the viscosity, u, and the velocity
gradient, %g'w’ near the wall. The viscosity of the fiuid near the_wa]]A
increased with temperature. The velocity gradient, on the other hand,

is decreased by the expansion of the heat-affected regiqn. In the case

of moderate temperature rise, as in Rotta (1974) where maximum Tw/To =1.78,
the 1atter'effect dominates and the value of Cf decreases.  In the case

of large temperature rise, as in the present study where Tw/T0 = 4.2, the
increase in p dominates and results in a higher value of Cf.

The development of the mean velocity and density profiles in the
reacting boundary layer is shown in Figs. 16c, 17c and 23b. The mean
density profile indicates the existence of a local minimum fluid density

away from the wall. The density gradient, or temperature gradient, néar
.the wall is small, thus heat transfer from the wall can be neglected in
comparison with the heat generation from chemical reaction. The value
of v in the free-stream increases significant]y; indicating a large
streamline deflection away from the surface. The thermal boundary layer
thickness (defined at .955 (po-Bb), where Bb is the minimum density), 815
is plotted in Fig. 24 and is found to be approximately proportional to
x‘6. The velocity boundary layer thickness, the displacement thickness,
and the momentum thickness all increase due to fluid expansion. The
friction coefficient, shown in Fig. 21, also increases. No overall
similarity is observed for either the density or the ve1ocity profiles
(Figs. 30 and 31). However, the stage of self-similarity seems to be

reached about 100 mm downstream from the leading edge, much as in the

stepwise heating boundary layer. The ve]ocfty profiles of the isothermal
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and the reacting boundary layer are plotted together in Fig. 32 in the
same way as in Fig. 29. Sections of the profiles away from the surface

are observed to be similar to the heated-wall case.

4.2.3 Density and Velocity Fluctuations

Turbulent flows are characterized by rapid fluctuations in their
velocity components and passive sca]ar'quantities. The root-mean-square
(rms), G and 3, of the velocity fluctuations for the three different
experimental cases are plotted in Figs. 33 ahd 34, and the rms density
fluctuations are shown in Fig. 36. The free-stream turbulence is about
1%. The magnitudes of the free stream {i and ¢ are about the same, an
indicatioh,that the turbulence is isotropic.. )

Rms velocity fluctuations of'the isothermal boundary layer show
slightly higher values in the wall region near the heating-section
leading edge. This indicates that the flow may be tripped as it crosses
from the smooth aluminum surface to the heating-section. A similar trend
is observed for other fluctuation correlations measured. The rms profiles
are compared with those of Corrsin and Kistler (from Hinze,‘1975) for a
rough surface in Fig. 35. It can be seen that the agreement between the
profi1e§ is fairly good; the deviation is due mainly to the difference
in the free-stream turbﬁ]ence.

Severe wall-heating does not seem to have a significant effect on
the velocity fluctuation. The value of U near the surface is raised by
about 2%, while vV remains essentially unchanged. ‘The density fluctuation
reaches a peak of about 19% at y/8 = .2 and then drops off near the sur-
face. This 1is quite differenf from the results of Johnson (1959) and

Sreenivasan and Antonia (1977) for a small stepwise temperature rise.
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In Johnson's result, the temperature fluctuation reéches a peak value at
y/8 = .05. Sreenivasan and Antonia's result does not show any drop-off
in rms temperature down to y/§ = .1. The density and velocity fluctua-
tion profiles are plotted against y/cST and y/§ ih Figs. 37 and 38. As is
expected, no overall similarity is observed for either profile. However,
both do seem to relax towards a self-similar stage starting at x = 100 mm.
The presence of combustion in tﬁe boundary layer induces local peaks
in both the U and V profiles. Near the leading edge, the peaks are more
distinct aﬁd less "spread-out” than farther downstream. As can be seen
in the Schlieren pictures in Section 4.1.2, combustion near the leading
edge is confined to a smaller region than farther downstream, hence the
combustion-induced peaks in U and v are also narrower and more distinct.
Near the wall, the value of vV decreases while U remains almost unchanged
from the isothermal case. The density fluctuation also shows a distinct
peak at a location approximately corresponding to the. rms velocity peaks.
The peak value of o reaches 46% near the leading edge and about 37%
further downstream; The difference in peak values of b can also be
explained the same way as the difference in combustion-induced peak rms
velocity. Since no distinct continuous flame sheet exists in the flow
(Section 4.1.2), the location of the rms peaks should be interpreted as
the locations where reaction is most probable to occur rather than as the
mean flame positions. As indicated in Figs. 39 and 40, approximate self-

similarity for B and U is reached at about 100 mm downstream.

4.2.4 Reynolds Stress

In the process of averaging the momentum equation, a triple corre-

lation, p u'v', arises. This quantity is interpreted physically as the



contribution to the stress by the turbulent fluid motion and is termed

the Reynolds stress. .Considerable effort has been directed towards under-

standing of the behavior of the Reynolds stress under different flow
situations. Recent studfes have indicated that large-scale turbulent

structure is one of the main cbntributors to the Reyho]ds stress near the

wall region of a turbulent boundary layer.

The Reynolds stress can be decomposed into two parts:

puvi =puvi +0uv' ' (4;11)

The second term on the right-hand side is small in low Mach-number
compressible flow and is usually neglected. A number of investigators
have extended this result to general variab1e-density flows. However,
the validity of this extension is not clear for cases 1ike combustion
where the density variation arises from local heat release. Measurement
of the trip]e.corre1ation is difficult and no conclusions has yet been
reached about its relative importance.

The non-dimensionalized Reynolds stress,.rt (=-2p GTVTYGOZ), is

plotted in Fig. 4la. The value of T, increases from zero at the free-

t
stream to about .004 near the wall. The maximum value of Ty is larger
than the typical value of about .003 reported in.most studies over smooth
surfaces. This is probably because the test section in this study is
actually a surface with uniform roughnesé elements.

.In the case of severé wall-heating, the value of T, near the wa]l_is
reduced. This is due to the reduction in fluid density without the

proportional increase in the value of u'v'. The correlation coefficient

between u' and v', defined by
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R =uv/uv, (4.12)

is plotted in Figs. 42 and 43. The value of Ruv is essentially unaffected
by the severe wall-heating, although the scatter may'be too Targe to allow
a definite conclusion to be drawn. This suggests that the turbulent
structures responsible for the correlation between u' and v' are not
aitered significantly by the relatively regular fluid expanéion resulting
from wall-heating. |

The value of Tt\is greatly reduced by the presence of combustion in
the boundary layer. This reduction is due both to the decrease in density
and u'v'. The value of'Ruv is also reduced by combustion (Figs. 42 and
43). This indicates that the turbulent structure responsible for the
correlation between u' and v' is altered by the vigorous and relatively
random fluid expansion resulting from combustion.

A length scale for the flows can be obtained by Prandt]fs mixing

length theory. The theory states that

- i|_" 22_! 3U
‘QUV“ponla‘ley-

T,
or T 1/2 (2.13)
|‘3U/8)'lw ‘

where Qm is the mixing length. Some typical results of zm are shown in
Fig. 44. The resuTts for the isothermal and the heated-wall boundary
layers compare reasonably well with the Escudier formula (Launder and
Spalding, 1972). The agreement is not as good in the case of the reacting

boundary layer, a1though the Escudier formula is claimed td be valid for



uniform-density flow as well as variable-density ones. It may be because

the presence of combustion has altered the basic turbulent siructure

responsible for the Reynolds stress' in a boundary 1ayer;

4.2.5 Tunbulent Kinetic Energy Thansportation

Many studies of turbulent flows have bexn concerned with the trans-
portation of the turbulent kinetic energy; k. Although averaging tends .
to conceal‘the physics of the transport process, physical interpretation
of various averaged kinetic energy transport correlations do provide
some valuable insights into the behaviof of turbulent flows.

The average turbulznt kinetic energy transport equation (Eq. 4.4)
is rather complex. Basically, it can. be divided into four-parts: (1)
convection, (2) diffusion, (3) production, and'(4) dissipation, as in
the simplified form (Eq. 4.5).. |

The velocity component, w, in the z-direction was not measured in

this study due to experimental difficulties. The quantity k] (Eq. 3.32)

was used in place of k. Most previous studies have indicated that
contributions of w' to k and its transport quahtities ére similar to and
of the same ordef of magnitude as those of u' and v'. Hence it is
reasonable to assume turbulent transportation of k] will be similar to

that of k.

4.2.5.1 Tunbulent Kinetic Enengy Distribution

The non-dimensionalized turbulent kinetic energy distribution are
plotted in Fig. 45. The profile of the isothermal flow is typical of a

flat-plate boundary layer.
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Wall-heating does not seem to have signiffcant effect én the kinetic
energy distribution. The value of E1 increases slightly near the wall
due to the increase in u'.

The kinetic energy profiles for the reacting bouhdary layer indicate
the existence of a local peak value away from the surface. The presence
of combustion thus would seem to produce additiqnal turbulence in part

of the boundary layer.

4.2.5.2 Streamwise Turbulent Kinetic Energy Diffusion
The developments of ETF;'prpfi]es are shown in Fig. 46. ETF;'is
interpreted as the transport, or diffusion, in the streamwise different
of k1 by ‘turbulent actions. This term is usually neglected in studying
boundary layer flows. However, the situation is less clear when a step-
wise discontinuity, like the stepwise temperature rise or combustion in
this study, is present in the flow. It is quite conceivable that, at
least near the leading edge of the discontinuity, the boundary layer
assumption may no longer be valid if the discontinuity has any signifi-
cant effect on the turbu]eni structure of the flow.

The value of'UTE] in the'isothermal boundary ]ayer:is.negatiye,
indicating that the fluid associated with negative u' is more energetic.
The slow change in the GTFT'profile supports the boundary layer assump-
tions'that streamwise diffusion»of k] is not important.

Severe wa]]—heating reduces the value of ETﬁT near the wall signifi-
cantly. The change in the ETFT nrofile is rather rapid near the leading

edge and is a lot more gradual further downstream. This indicates that

the stepwise temperature rise induces significant net streamwise turbulent



kinetic energy diffusion near the leading edge of the heating section.
In other words, the sudden fluid expansion causes the failure of the
boundary 1ayér assdmption in the wall region near the temperature
discontinuity.

In the reacting boundary layer, the value of GTFT is positive near
the surface. Aisecond negative peak is induced in the reaction zone
near the wall. Expansion ofvthe reactionvzohe eventually "swallows" the
original negative peak, causing the prbfi]e to look more like that of a
turbulent boundary layer. The locations of the negative peaks are shifted
upwards in accordance with the divergency of the steamlines. The magnif
tude of the combustion-induced negative peak ihcreases as the flow
progresses, indicating positive turbulent energy transport aloné the

streamlines by streamwise turbulence.

4.2.5.3 Cross-strneam Turbulent Kinetic Energy Difgusion

The results of v'k] are shown in Fig. 47. v'k] can be interpreted
physically as the difquion of k] by the fluctuation in the .v-component.
The slope, BVTF}/By, indicates the loss (positive slope) or gain (negative
slope) ‘of kinetic energy at a given location due to cross-stream diffusion.

The result of the isothermal flow is typical of a turbulent boundary

layer. The values of v'k] are all positive, mganing that the fluid associ-
ated with positive v' is more energetic. The profile has a.peak near

the middle of the boundary 1ayer, The location of the peak, where the
slope is zero, is the switch-over point from the kinetic energy.1oss to

the kinetic energy gain region.

In the case of severe wall-heating, a second v'k] peak appears near
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the wall region. The slope of v'k1 now changes sign over three locations
instead of one; and an additional kinetic energy gain and kinetic energy
Toss region are induced in the boundary layer.

v?k] is reduced to below zero with

In the reacting boundary layer,
a negative peak near the wall by combustion. The negative value of VTET
implies the fluid associated withvnegativé v' is more energetic. A
kinetic energy gain, or negativé aVTE}/ay, region now exists near the

surface.

4.2.5.4 Production of Turbulent Kinetic Enengy

The production of turbulent kinetic energy by turbulent stress,

- p u'v' 3u/dy, is plotted in non-dimensional form in Fig. 48. The profile
for the isothermal flow is typical of a turbulent boundary layer. Severe
wall-heating only causes a modest reduction in the production rate near
the surface. This indicates that the production mechanism is not signi-
ficantly affected. The situation, however, is quite different for the
reacting boundary layer. The kinetic energy production rate is greatly
reduced by the presence of combustion. This suggests that the turbulent
structure or mechanism responsible for the turbulent stress and its sub-
sequent kinetic energy production is altered by the vigorous fluid
expansion resulting from chemical reaction. The fact that the kinetic
energy per unit mass does not decrease, but actually increases in some
regions either means that contributions from other production terms in
the kinetic energy equation are significant, or the dissipation has to
decrease, or both. Hence it may be hypothesized that combustion can

disrupt the turbulent kinetic energy production mechanism in a turbulent



flow and cause the reduction of kinetic erergy; it also can produce
turbulence by mechanisms 1like density fluctuation-velocity fluctuation
interactions. Depending on which is dominant, the result can either be
a deérease or an increase in turbulent kinetic energy. The disruption
of large-scale turbulent structures by combustion was also observed by
Pitz (1981) in a reacting shear layer where the eddy coalescence process

is reduced. .

4.2.6 Distrnibution of u'v'ET

The distribution of u'v'ky (Fig. 49) indicates a correlation between
velocity fluctuations and kinetic energy. The physfcal meaning of_this
correlation is not clear. It increases from zero outside the boundary
layer to a maximum value near the wall. Its distribution is not affected
by severe wall-heating. The presence of combustion, on the other hand,
significantly reduéesvthe value of the correlation. This suggests that
the turbu]ent.structure is 1es$ organized in the reacting boundary layer

than in the isothermal and heated layers.

4.3 Probability Density Functions (PDF's)

Some results of the density and velocity probability density functions

are presented in this section, along with the skewness and flatness

factor. The skewness factor,_SC, for quantity ¢ is defined by

s = ¢3¢ | | (4.14)

c'
c
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and the flatness factor, Fc’ by

Fo = c'(c'?)’? (4.15)

where c is either the density or the velocity. The skewness factor indi-
cates distributions in the wings. A Gaussian distribution has a skewness
factor of zero and a flatness factor of 3. The probability, P, of the
observed value of a quantity ¢ Ties in between C and Cy is givén by

integrating the PDF over the range (c],cz):

c
P(c] <¢c< c2) = f ? PDF(é)dc | (4.16)
“
From a given set of experimental data, the number (Ni) of samples falling
within discrete (c],cz) ranges were counted. The PDF's wére then obtained
by

N,

. i
= (tz‘c]) I, (4.17)

PDF(c1 < c< cz)

4.3.1 PDF of Density

The skewness factor and flatness factor of the density measuréments
are given in Figs. 50 and 51 respectively; and some typical pdf's are |
shown in Figs. 52, 53 and 54. The free-stream fluctuations, which are
due to the presence of noise in the signal, are almost Gaussian as indi-

cated by Sp and Fp .



In the stepwise wall-heating boundary layer, the distribution of
-Sp and Fp;at large distance downstream are similar to those measured
by Subramanian and Antonia (1978) for the temperature in a slightly
heated boundary layer. Near the heatihg section leading edge, the
situation is somewhat different. Sp décreases to a negative peak
before it reaches a positiVe maximum near the wall while Fp shows two
peak values. This is probably because the velocity and the thermal
boundary layer are not developed simu]taneously; resulting in only part
of the boundary layer being affected by the wall-heating. Hence, near
the leading edge, the thermal boundary layer is governed primarily by
fluid mechanical structures near the suhfacé rather than the over all

structures in the boundary layer. Both Sp and Fp relax towards distri-
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butions more typical of a turbulent boundary layer as the flow progresses

and the thermal and velocity boundary layers begin to merge.

Sp for the reacting boundary layer shows a positive peak near the

wall and a negative one further away, while Fp shows two distinct posi- |

tive peaks. The profiles do not change significantly as the flow pro-
gresses, indicating that the temperature field is governed by similar
fluid structures quite early. The distribution is almost Gaussian near
the wall. Since the fluctation near the surface is small, the PDF
represents primarily the distribution of the noise. The PDF's in figs.
53 and 54 show that the distribution is bimodal near the center of the
reaction zone.. This bimodal distribution ié.considerab1y less distinct
than that observed.by Bill et al. (1981) in a V-shaped flame. Bill at-

tribute the distribution to the movement of the flame sheet about the
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probe vo]umé, with the two peaks representing the burnt and unburnt
fluid. As indicated in Section 4.1, combustion in the boundary layer
occurs as a collection of flame structures rather than as a continuous

- flame sheet; thus there is more miXing action between the burnt and the
unburnt fluid, resulting in a significant amount of fluid being in the
intermediate states. The point at which the bimodal distribution is
symmetrical (Sp = 0) represents the location where the presence.of burnt
and unburnt fluid is-equa11y probable. Above this point, the peak of the
PDF centers about the unburnt fluid density. The occasional passage
of flame structures contributes to the distributidn in the low density
wing, resuTting in a negative Sp. Below the bimodal point, the PDF peak
centers about the burnt fluid density, indicatihg that the majority of
the fluid in this region is burnt. The "tail" in the high density wing
shows the existence of unburnt reactant which causes the skewness factor

to become positive.

4.3.2 POF of Velocity

Skewness and flatness factors of the streamwise velocity fluctuation,
u'; are plotted in Figs. 55 and 56 respectively. Typical PDF's are
given in Figs. 57 to 61. The skewness factor, Su, of the isothermal
flow is negative with a minimum near. the middle of the boundary 1ayer.v
The negative value of Su indicates the turbulence associated with negative
u' is more intense. The value of the flatness factor, Fu, is larger
than 3 and has a positive peak at the location coinciding with the negative
peak in Su‘ The distribution of Su and Fu are in close agreement with

those of Retchert and Azad (1979). The free-stream turbulence and the



turbulence near the surface afe almost Gaussian as indicated by their
respective Su and Fu.

Severe wall-heating induces a small Tocal negative peak in Su and
a small positive peak in Fu near the surface. The distribution is there-
fore deviated further from Gaussian by wall-heating. The deviation,
however, is small and does not represent a significant change in the
basic flow structure.’

In the'reacting boundary layer, Su and Fu deviate from the iso-
thermal flow in ways similar to the heated-wall case, except that the
changes are more profoundf The negative peak in Su and the positive
“peak in Fu near the surface are much mofe distinct, suggesting a signi-
ficant change in the basic flow structures. The value of Su very close
to the surface is positive, indicating the velocity fluctuation associ-
ated with positive u' is now more intense. The PDF's do not show any
distinct bimodal distribution as in the V-shaped flame studied by Bill
(1981). This agaih is due to the occurrence of combustion as discrete} |
flame structures extended over the entfre boundary layer insteéd of as
a continuous flame sheet confined to a sma]f region, thus resulting in

more gradual changes in the velocity.

4.4 Spectral Analysis

A detailed description of the physical interpretation of spectra
is given in Tennekes and Lumley (1972). Spectra are decompositions of
the measured function into waves of different frequencies or wavelengths.

- The spectrum enables one to get a picture of how the fluctuation "energy"
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is transferred between eddies of different sizes.

4.4.1 Streamuwise Velocity Spectrum

Velocity spectra represent the distribution of mean turbulent kinetfc
energy in frequency space. The 1drge-sca]e (low frequency) or "energy-
containing" eddies are the ones primarily responsible for obtaining
kinetic energy from the mean flow. The energy is then cascaded from
large to small eddies through the prdcess of vortex stretching, and is

~eventually dissipated near the Kolmagorov microscale through viscous
effects. The range of frequencies at which no energy is added by the
mean flow and no energy is dissipated by viscous action is termed the
inertial subrange. The energy flux across each frequenéy in this range
is constant. Dimensiona] analysis reveals that the spectral energy,

E( ), in the inertial subr&nge is proportiona] to '5/3.

Typical one-dimensional spectra of the streamwise velocity are shown
in Figs. 62, 63 and 74. The inertia subrange is indicated on the graph
by the - 5/3 slope. Values of the spectrum at all frequencies increase
as the turbulent level increases with decreasing y. It is evident that
the sampling rate is too slow for obtaining dissipation spectra at high
frequencies. |

Severe wall-heating seems to expand the energy-containing frequehcy
range and cause the inertia subrange to start at a higher frequency.

Combustion, on the other hands, causes. the energy-containing frequency-
range to contract and the inertia subrange to start at a lower frequency.
These changes are less evident near the leading edge where the reaction:

is confined mainly to regions very close to the wall. Spectral energy



levels at Tow frequencies are now higher, thus the value of u near the

wall remains almost unchanged.

4.4.2 Density Spectrum

Typical spectra of the density measurement -are given in Figs. 65
and 66. It is a common belief and observation (Hinze, 1975, and
Tennekes and Lumley, 1972) that the cascade in the spectrum of a passive
scalar quéntity is similar to that in fhe velocity spectrum. However,
no - 5/3 slope is observed in any range of the density spectrum. A
range with s]bpe of -1 is found to exist instead. The spectrum of the
free-stream signal, which is dominated_by the inStrument noise, is uni-

form over the entire frequency range. In the reacting boundary layer,

the spectrum near the surface is also fairly uniform due to the dominance

of the noise. Both the density and the velocity spectra indicate that

the fluctuation energy is concentrated at frequencies less than 1000 Hz.
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5. SUMMARY AND CONCLUSIONS . .

The laser-Doppler-velocimetry and the Rayleigh-scattering systems
have been proven to be effective in studying high temperature and com-
busting flows. The feasibility of using the single-component LDV_to-
measure second and higher order velocity correlations has also been
demonstrated. Some conclusions and a summary of the results of this

investigation are presented in this section.

Isothermal Boundary Layer

Results of the isothermal boundary layer compare well with those -
typical of a turbulent boundary layer. The boundary layer is found to

be slightly tripped as the flow enters the heating section.

Effects of Stepwise Heating

Effects of the severe stepwise temperature rise onbthe boundary

~ layer are summarized below:

1) As revealed by the Schlieren pictures, the overall turbulent strué—
ture in the heated boundary layer is similar to that in an isothermal
boundary layer. |

2) Wall-heating causes the expansion of the heat-affected Fegioh near
the surface and pushes the rest of boundary layer upwards. Significant
structural changes of the boundary layer are found to occur only in the
heat-affected region. |

3) The boundary layer thickness, the disp]acemenf thickness, and the

momentum thickness are increased by the wall-heating. The thermal
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boundary layer thickness increases as x' '~ rather than the often

feported value of X'g;

4) The'friction coefficient increases because of the increase in visco-
sity near the surface. .

5) The level of U near the wall increases slightly by the fluid expan-
sion while v remains essentially unchanged. The maXimum fluctuation in
the density occurs at y/§ = .2. This is much further from the surface
than the 16cation of maXimum temperature'f1UCtuation observed in most
slightly heated boundary layers.

6) The Reynolds stress ﬁear the wall is reduced due to the denSity drop
while the correlation coefficient between u'v' femains essentially
unchanged.

~7) The value of UTE;'near the surface is reduced quite rapidly near the
1eading edge. This means that the streamwise turbulent diffusion of
kinetic energy is significant, thus the boundary layer assumption is no
Tonger valid. A local peak is induced in the VTFT profile near the wall
region, indicating a change in the crosé-stream diffusion pattern.

8) The productionvrate of turbulent kinetic energy by Reynolds stress
remains almost unchanged. This suggests that the turbulent structure
responsible for the kinetic energy production is not altered by severe
heating.

9) Densify PDF's near the leading edge behave differently from those
further downstréam; This is because the temperature field near the
leading edge is confro]]ed mainly by fluid structures near the surface
instead of the overall structures in the entife boundary 1ayer. The

effect of density change on the velocity PDF is. relatively small.
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10) Both the density and velocity spectra indicate that the turbulent

energy is concentrated at frequencies less than 1000 Hz.

Effects of Combustion

Effects of combustion on the boundary layer are summarized here:
1) The Schlieren pictures indicate that there is significant fluid
heating and surface reaction near the leading edgé. At 1o¢ations further
downstream, discrete flame structures are initiated at the hot surface
and are swept downstream by the main flow. |
2) The boundary layer thickhess, the displacement thickness, and the
momentum thickness are increased by.combustion. The value of Cf is
increased due to increase in the viscosity of the fluid.
3) Local peaks in the u and v profiles are induced by combustion.‘ The
value of méximum B,is higher near the leading edge than furfher down-
stream because the reaction zone is narrower and more confined near the
leading edge.
4) The Reynolds stress and the correlation coefficient between u' and
v' are reduced. This suggests thaf the turbulent structure responsible
for the correlation between the vé]ocity fluctuations is affected by
the vigorous fluid expansion.
5) Significant changes in both the ETF;'and the VTFT profiles a}e
observed. This indicates that the kinetic energy diffusion pattern is
altered by the presence of combustion. The large streamwise gradient
of ETF;

layer assumption.

near the leading edge also implies the failure of the boundary

6) The kinetic energy production by Reynolds stress is greatly reduced,



indicating that the production mechanism is disrupted by the vigorous

~ fluid expansion. The fact that there is no reduction in the kinetic
energy suggests that contributions from other production mechanisms
must be fmportant.

7) The value of ETVTFT is greatly reduced,»impTying that the turbulent
structure is less organized.

8) "Bimodal density PDF's are observed in the middle of the reactfon
zone. The passage of flame StPUCtdYES'CaUSES non-Gaussian behavior in
the density PDF's.

9) Significant changes in velocity PDF's are observed. Uniike_the
case of a sheet flame, no bimodal ve]ocity_PDF js found. This is because
_the combustion zone is spread over fhe entire boundary layer, resulting
in more gradual and continuous velocity changes. |

10) .The density and velocity spectra indicate that f1uctuat16n energy

is concentrated in eddies with frequencies less than 1000 Hz.
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