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EXPERIMENTAL STUDY OF A CHEI"lICALL Y REACTING 

TURBULENT BOUNDARY LAYER 

by 

Tsun-Ming Terry Ng 

ABSTRACT 

Effects of a strong stepwise temperature rise and exothermic 

chemical reaction 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 l250o K. The Reynolds number based 

a 

on the displacement thickness at the point of thermal discontinuity 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 of the boundary layer thermal s .. tructures. r,1ean and rms 

density distributions were obtained from Rayleigh scattering intensity 

measurements. Mean and rms velocity distribution and some important 

fluctuation correlations were derived from single-component laser 

Doppler velocimetry measurements. 

Strong wall-heating causes the expansion of the heat-affected 

region near the surface and pushes the rest 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 reduced 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 



b 

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 t the Schlieren pictures indicate 

that there is significant fluid heating and surface reaction before the 

formation of discrete flame structures. The boundary layer thickness t 

the displacement thickness t the momentum thickness, and the friction 

coefficient are increased. Differences in structures of the reaction 

zones ne~r the leading edge and locations farther downstream cause 

different statistical behaviors to be observed. 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. 

Chairperson, Thesis Committee 

September 1981 
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1. INTRODUCTION 

The initiation and substantiation of a chemical reaction in a boundary 

layer is a fundamental 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 mixture by hotspots 

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 process. 

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 is 

the problem of closure of the governing equations 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 Prandtl IS mixing-length hypothesis. The success of the 

hypothesis .lies in its simplicity; however, its applicability is limited. 

More complex, although not necessarily better, computational schemes 

based on the governing partial differential equations have 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 

1 



degrees of success have been achieved in some specific floll' problems, no 

universally applicable 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 the transportation of turbu

lent kinetic energy. Statistical measurements tend to conceal the physics 

of the process involved; until recently, 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 divided 

into different regions by considering the relative importance of viscous 

and turbulent shears. This observation eventually led to the derivation 

of the highly successful IIl aw of the wall II. 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 

IIbursts". The bursting phenomenon is a localized, three-dimensional, 

intermittently occurring event. Its 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 
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turbulent boundary layer structures is given by t~i11marth (1975). 

Although considerable understanding of the turbulent boundary layer 

has been obtained, the effect of density change and large heat release on 

its structure is still largely unknown, due mainly to the lack of suitable 

experimental techniques. Hot-wire anemometry, which is invaluable in 

turbulent studies, is applicable only to low or moderate-temperature flows. 

Until very recently reliable data for high-temperature and combusting flows 

were virtually unavailable. Recent developments of several advanced 

optical techniques, like laser Doppler velocimetry (LDV) and Rayleigh 

scatteri ng measurement, have greatly alleviated thi s probl em. The non

intrusive nature of these techniques 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 Rayleigh 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" fluid 

expansion caused by a large stepwise temperature rise on the turbulent 

boundary layer; and 

(3) to study the effect of vigorous and relatively random combustion 

heat release and the resulting fluid expansion on the flat-plate boundary 

layer. 
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To attain these objectives, the following 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 scattering measurements. The probability 

density function and the spectral distribution were also obtained. 

(3) A single-component LDV was used to measure the mean velocity, 

the rms velocity, the Reynolds stress, and several important velocity 

correlations. The probability density function and the spectral distri

bution of the streamwise velocity were obtained. 

4 



2. THE COMBUSTOR 

The combustion flow was produced by a low-speed wind tunnel with 

square cross-section, a fuel-air supply and a mixing 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

lated by a damper and metered by a calibrated square-edged orifice. In 

using laser Doppler velocimetry for velocity measurements, secondary air 

was needed for the particle seeder. The secondary air was supplied by a 

compressed-air line and was measured by a Matheson 605 rotameter. When 

using the Rayleigh scattering technique for density measurements, the 

secondary air bypassed the particle 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 fuel-air mixing section. In the 

mixing section, shown in Fig. 2, each fuel stream was fed into a separate 

fuel distributor made up of a 3/4 in. diameter tube with six evenly spaced 

1/8 in. diameter outlets directly counter to the main air flow. The 

resulting vigorous fluid motion ensured that the fuel 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 wtre screen partition in the middle. The chamber was connected 

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

aluminum plates wer~ 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. 

The heating 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 section surface 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 

evenly spaced 25.4 cm sections by 2.54 mm wide, .25mm 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-l alloy. All 

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 
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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, following the right-hand rule. 

The wind tunnel was 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 ~nd z directions were measured by dial gauges with resolu

tion of 0.1 rom. Computer~controlled traversing enabled rapid scanning 

of the test section by various diagnostic techniques. 
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3. EXPERIMENTAL TECHNIQUES 

Due to the hostile nature of the combustion environment anj the 

required high-frequency response for turbulent measurements, applications 

of many conventional techniques, like hot-wire anemometry and thermo

coupling, are difficult if not impossible. Recent advances in some 

optical techniques have made many conventional techniques obsolete. 

Optical techniques in general can offer the advantages of high frequency 

response, non-intrusion, and small sensing volume. 

In this study, several optical techniques were adopted. High-speed 

Schlieren photography was used for visualization of the boundary layer 

flow structures. Density distributions were measured using Rayleigh 

scattering. Velocity distributions and correlations were measured using 

laser Doppler ve10cimetry (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 laser was used as the light 
f 

source (A = 488 nm). A neutral density filter was placed in front of the 

laser to reduce the light intensity to the desired level. An 18 mm and 

a 1 .0 I'll focal 1 ength 1 ens were used to co 11 i rna te the 1 aser 1 ; ght ; nto 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 
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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 deflected 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 scattering is the elastic scattering (wavelength of the 

light remains unchanged) of light by particles whose sizes are small 

compared with the wavelength of the i nci dent 1 i ght. Thi s techni que for 

density measurement has been applied by Pitz et a1. (1976) in a .premixed 

hydrogen-air flame, Rambach et a1. (1979) in turbulent diffusion flames, 

Bill et al. (1981) in a V-shaped turbulent flame, and Cheng et al. (1980) 

in a turbulent boundary layer. The Rayleigh scattering 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 signal-to-noise ratio of Rayleigh scattering 

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

3.2.1 B~~c P4ln~p!e 

The Rayleigh scattering cross-section 0Ri of species i is given by 

(Robben, 1975) 
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4II2 ni-l 2 
(JR,' = -4 (--) 

A ni 

. 28 S1 n 

where A = wavelength of incident light 

ni:= index of refraction of species i 

n. = no. density of species i , 

(3.1) 

8 = direction of scattering as measured from the E vector of the 

incident radiation. 

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

where K = constant for given optical arrangement 

I = intensity of the incident light 

n = total no. density 

~. = mole fraction of species i , 

(3.2) 

If the Rayleigh scattering of a certain reference condition, denoted 

by subscript 0, is known, the ratio of the instantaneous scattering 

intensity to the reference intensity is given by 

By definition 

where p = gas density 

n ~ ~. . , , 

n = p/w 

w = mean molecular weight 

Substituting Eq. 3.4 into 3.3, one gets 

(3.3) 

(3.4) 
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(3.5) 

where 

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 a1. (1980) indicate that for many hydrocarbon 

fuel-air mixtures, the value of 0+ is close to 1 regardless of the degree 

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

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 ExpeJUme.Y/.ta..t Se.;tup 

(3.6) 

A schematic of the Rayleigh scattering system is 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~. A 55 mm 

* The theoretical value of the waist diameter is about 30 ~m. Aberrations 
in the lenses cause the higher actual value. 
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fl.2 lens was used to collect the scattering at 90° from the beam direc

tion. Two slits, one 1 mm in width and oriented at 90° to the beam, and 

the other 100 ~m 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 

vo 1 ume to a 1 rrm long sect i on centered about the beam wa i st. The collected 

light was filtered by a Melles Griot 03FIL005 3 nm band pass 488 nm 

interference filter placed 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 Baekg~ound Radiation and No~e 

The measurement of Rayleigh scattering 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 light from solid surfaces. The 

photomultiplier noise is due to the statistic~l 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 
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Rayleigh scattering signal, IR, noise signal IN' and background radiation 

sign, Ib; i.e. 

(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, I b, was obtained. The 

average Rayleigh scattering signal was then obtained by 

(3.8) 

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

Average density ratio is then obtained as 

Using the definition I = T + II, where superscript I represents 

fluctuation, Eq. 3.7 can be expanded to 

-I + I I = TR + Tb + I I + I I + I I 
P P R b N 

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

fluctuatinns are uncorrelated with each other, one obtains 

(3.9) 

(3.10) 

(3.11) 
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(3.12) 

- 2 - - 2 From Eq. 3.9, Ip = (I R + Ib) , hence Eq. 3.12 is further reduced to 

? 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 

small compared with IIp2 and IIN2 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. For the experiments carried out in the present study, the 

conditions outside the boundary layer were chosen as the reference. 

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

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

112 =1 12 
Po No 

An estimation of IIN 2 was then given by 

Combining Eq. 3.13 and 3.5 and neglecting Ilb2, one obtains 

--;2 :-:--21 I ~:-:--2I I I I 2 -I /-1 
P oc R - P - Po P 0 

(3.14) 

(3.15) 

(3.16) 
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Hence the mean square fluctuation and mean density profiles can be 

obtained readily by the Rayleigh scattering technique. 

3.3 Laser Doppler Ve10cimetry 

Even since its first application to fluid velocity measurement in a 

laminar 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 rather 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 fi: particularly suitable for 

combustion studies. 

LDV measurements in combustion environments have been performed by 

Rambach et a1~ (1979) in turbulent diffusion flames, Bill et a1. (1981) 

and Cheng and Ng (1981) in V-shaped premixed turbulent flames, Cheng et 

a1. (1980) in a reacting turbulent boundary layer, and Pitz (1981) in a 

combusting free shear layer. Despite many experimental difficulties, the 

results were satisfactory. 

3 .3. 1 OpeJl.wng PJUnupieA 

LDV is based on the phenomena of Doppler ~hifting and light inter

ference. When light from a monochromatic source is scattered by a 

particle moving relative to a fixed detector, the frequency of the 

scattered light received by the detector is Doppler-shifted by an amount 
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proportional to the particle velocity. Under normal circumstances, the 

shift is extremely small compared with the original light 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 light frequencies can be observed. 

Oetails of the basic principles of LDY are available in Mayo (1969), 

Orain (1980), Ourst et al. (1976), Ourrani (1977), and Stevenson (1977). 

Basic LOY systems operate using one of the following configurations 

(Stevenson, 1977): (1) interference between scattered 1 i ght from one 

laser beam with unscattered light from another beam (reference-beam LOY); 

(2) interference between scattered light from two laser beams (differential 

LOY); and (3) interference between scattered light from a single beam in 

two different directions (single-beam LOY). Orain (1972) has shown that 

for gas flow measurements, the differential LOY system tends to have a 

better signal-to-noise ratio (SNR) than the reference-beam system. Hence 

the dual-beam, real fringe, differential LOY system was chosen for this 

study. 

In a typical dual-beam differential LDY (Fig. 10), a laser beam is 

split into two parallel beams by a beam splitter. The two beams are 

focused by a lens to intersect and form the LOV 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 LOY, Rudd (1969) 

proposed an interference fringe model (Fig. 11). Hhen two coherent beams 

having plane wavefronts intersect at an angle e, a pattern of planar 

fringes is formed by interference. The fringe spacing, df,is determined 
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by the wavelength, :\, and the intersecting angle, 8, as follows: 

df = :\/2 sin (8/2) (3.17) 

As a particle moves through the fringes, the scattered light 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 

(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 ellipsoidal in shape. 

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

dx = d/12 cos ( 8/2) 

dy = d/I'Z (3.19) 

dz = d/I'Z sin (8/2) 

where dz is the dimension of the major axis, dx is the dimension of the 

minor axis in the, intersection plane, and dy is the dimension of the 

minor axis normal to the intersecting plane. The waist diameter, d, is 

given by 

d = 4:\f/rrD (3.20 ) 
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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 Exp~entat Setup 

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

laser operating at A = 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 b/oparallel 

beams to form the LDV probe volume. Some important parameters of the LDV 

system are given in Table 1. 

A 55 mm focal length, fl.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 light. The light 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 ~m 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, 
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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 cpmputer. The raw data were stored on 7-track magnetic 

tapes for post-processing. 

3.3.3 Ve1.owy Bicu,.,[n.g a.n.d COJUtemon. 

In most LDV measurements, the Doppler frequency of every validated 

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

square fluctuation velocity, U
,2 , are computed by ensemble averaging, i.e., 

N -u = 1: n/N 

(3.21a) 

U
,2 __ ~ -2 

t.. (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 unifonn1y 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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u = I u(t)dt/~t 
(3.21b) 

where t = time and ~t = total sampling time. This requires the simul

taneous recording of frequency data and time lapsed between consecutive 

validated samples. 

Another method of correcting 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 series of the velocity is obtained by sampling the LDV 

signal at a fixed, high sampling rate. Since the sampling period, ot, 

is small, the discrete time series can be integrated numerically to give 

good approximations of various time-averaged values: 

N N 
ui = r ui(t)/N = r ui(t) tiN t 

~ I u(t)dt/~t (3.22a) 

-u •. 2 = ~ - 2 N - )2 ~ (u.-u.) IN = r (u,.-u,. ot/N ~t , , . , 
(3.22b) 

--3 N _ 3 N - )3 
u' i = r (ui-u i ) IN = r (ui-ui ot/N ot 

~ I (Ui-Ui)3dt/~t (3.22c) 
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-4 -)4 - 4 u l

i = r (ui-u i IN = r (ui-u i ) 8t/N 8t 

~ f (Ui-Ui)48t/~t (3.22d) 

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

This sampling method was adopted in this study. 

3.3.4 EJUtaM 

In addition to velocity biasing, there are other error.s in LDV 

measurements. The most commonly mentioned ones are: 

1. Transit time broadening 

2. Optical errors 

3. Fringe gradient broadening 

4. Velocity-gradient broadening due to the existence of velocity. 

gradient in the probe volume 

5. r~ovement 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 a1. (1978). Most LDV errors and their correc-

tions are still subjects of research. In this study, the errors which 

could be estimated were usually small and could be neglected. 

3 • 3 • 5 M eM uJLem en-t.6 a 6 V do Uty F fuct:ua.tia n. C aJUtel.a,t.[a 11-6 

If both velocity components, u, in the x-direction and v, in the 

y-direction, are measured instantaneously, all the correlations involving 

the velocity fluctuations, u l and VI, can be evaluated. It requires a 
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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 fluctuation correla

tions can be derived from single-component LDV measurements. 

a. 
---2-2 --

Measurements of u, v, u' , v' , and u'v' 

The procedure to measure UTV' 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, ul and u2, at 

angles of + e relative to the x-axis are measured separately (see Fig. 12). 

It can be shown easily that 

ul = u cose + v sine (3.23) 

u2 = u cose - v sine (3.24) 

Using the definition u,. = u. + u.', where superscript' denotes fluctua, , 
t i on and denotes the mean, the fo llowi ng equati ons ca n be deri ved: 

- = U case + v sine (3.25) u1 

u2 = U cose - v sine (3.26) 

u1 
I = u' cose + VI sine (3.27} 

u2 
I = u l cose - VI sine (3.28) 

By evaluating (3.27)2 - (3.28)2, one gets 
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ul ,2 - U2,2 = 4 UTV' cose sine 

or UTVT = (u l ,2 - u
2

,2)/4 cose sine (3.29) 

Subtracting Eq. 3.26 from 3.25, one obtains 

ul - u2 = 2 v sine 

or v = (U- - U-)/2 sine 1 2 (3.30) 

By evaluating (3.27)2 + (3.28)2, the following is obtained 

~ + ~ = 2(u,2 cos 2e + v,2 sin2e) 1 . 2 

or v,2 = [(ul ,2 + u2,2)/2 - u,2 cos 2eJ/sin2e (3.31) 

- -2- --2 - 2 
The values of u and u' , ul and ul ' , and u2 and u2' can be calcu-

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

With Eqs. 3.29, 3.30, and 3.31, U, V, u,2, v,2 and lJiV' can be obtained 

readi ly. 

2 --b. Measurements of u'v' 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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-1-3 
ul = "? cose + 3 U' V,2 cose sin2e + 3 U

,2V' cos 2e sine 

-;3 . 3 
+ v Sln e (3.33) 

-1-3 
u2 = U

,3 cos3e + 3 U' V,2 cose sin2e -3 u,2V' cos 2e sine 

_ Vl3 sin3e (3.34) 

Adding Eq. (3.33) and (3.34), 

~ + ~ = 2 U
,3 cos 3e + 6 U' v

,2 cose sin2e 1 2 

or u' v,2 = (u l 13 + u2
13 - 2 U

,3 cos3e)/6 cose sin2e (3.35) 

Subtracting Eq. (3.34) from (3.33), 

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

vrF = ( u 1 1 3 - u 2 1 3 ) / ( 313/4 ) (3.36) 

Since U
,3 , u~, and u2

13 can be evaluated directly from LDV measure

ments (Eq. 3.22c), u' v,2 and yrj(T can be calculated easily from Eqs.3.35 

and 3.36 respectively. 

c. Measurements of u'vi(k
1

) and v,2k
1 

By evaluating (3.27)4 and (3.28)4, the following are obtained: 
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--4 ---r 4 3 3 222 2 u 1 I = U I • cos e + 4 u I V I cos e sin e + 6 u I V I cos e sin e 

+ 4 U
,3

V' cos3e sine + ~ sin4e (3.37) 

.- (3.38) 

Subtracting Eq. 3.38 from 3.37, one gets 

If e is chosen to be 45°, i.e., case = sine = 1'l/2, it can be shown that 

u'v'kl = (~ - ~)/2 1 2 (3.39) 

Adding. Eqs. 3.37 and 3.38, one obtains 

If e is chosen to be 67.79°, i.e., tan2e = 6, then 

2 ~/49)/ (72/49) (3.41) 

Values of U
,4 , ~ and ~ can be calculated directly from LDV 1 2 

measurements. Hence both u'v'kl and v,2kl can be obtained readily from 

Eqs. 3.40 and 3.41. 



4. RESULTS AND DISCUSSIONS 

Density and velocity measurements were performed for three different 

cases: 1) boundary layer flow with no wall-heating; 2) boundary layer 

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 cases was fixed at about 10.7 m/s. 

For cases 2 and 3, the wall temperature, Tw' was set at about 1250o K. 

For case 3, the equivalence ratio, ¢, was 0.35. Reaction was initiated 

and sustained by continuous heating of the surface. 

Data were taken at predetermined 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% for 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 cylinder, the 

large structures are essentially two-dimensional and relatively easy to 

identify (Roshko, 1976). In turbulent boundary layer flm'l, the large

scale structures are three-dimensional and more difficult to identify. 
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Flow-visualization experiments by Kline et al. (1967), Corino and 

Brodkey (1969), and Kim et al. (1971) have developed a rather complex 

description of an intermittent phenomenon in turbulent boundary layers. 

Termed IIburstingll, this phenomenon has been shown by Hillmarth 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

visualization techniques is very difficult, and understanding of the 

large-scale structure in a turbulent boundary layer is still limited. 

In this study, Schlieren pictures were used only to reveal some of 

the overall features of the turbulent structure in the boundary layer. 

No attempt was made to extract quantitative data from these pictures. 

4.1.1 The Heated-Wall Bound~y Lay0t 

Schlieren pictures of the heated-viall boundary layer are shown in 

Figs. 13a and 14a. Existence of identifiable large-scale structures, 

indicated by dark arrows on the picture, are not 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 carri ed downstream by the main flow. The overa 11 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 Bound~y Lay~ 

Schlieren pictures of the reacting boundary layer are shown in 

Figs. 13b and 14b. Pictures of the leading edge in Fig. l3b 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 utilizing the statistical approach through the basic conserva

tion equations, a fundamental problem arises. In time-averaging, statis

tical correlations involving velocity, 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. 
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4.2.1 COn6eJl.vctUon. EquctUon6 

Governing equations for variable-density turbulent boundary layer 

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

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

boundary layer are, respectively, 

where 

and 11 

k 

h 

ho 

T 

To 

Cp 

.L (pu) + .L (pv + prvr) = 0 ax ay . 

-- au (-- -:-r::n ali a (- au ) ·pu ax + pv + P V J ay = ay p ay - pu'v'. 

= 

= 

= 

= 

= 

= 

= 

PU ~ + (pv' + prv') ah = ~ + ali ax ay ax T ay 

viscosity 

.:; au 
T = 11 - - pu' V • ay 

-
q = k aT - pv' h • ay 

thermal conductivity 

enthalpy 

reference enthalpy of formation 

temperature. 

reference temperature 

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): 

1 a (--I': - -r-k - -1-) 1 a (--I': - - --) 2 ax PUK + P U + U P k + 2 ay PVK + P v'k + v p'k 

+ (p urvr + U plV I + p'UIVI) av + (p V,2 + v ~ + p'V,2) av 
ax ay 

ani 2 
+ ~ g + u ~ ~ u V u. = 0 i ax. - i 1 

1 

(4.4) 

where k = U,2 + V,2 + W
,2 . This relation is simplified by Sommer (1979) 

for flat-plate boundary-layer flow to: 

(pu + prur-) ~ + (pv + ~) ~ = _.L (vrpr + P V I k) ax ay I I_-.;a:,.,oy'--__ -,--__ _ 
I I 

(1) (2) 

- _ au i ' 2 akl / 2 2 
p lJiV' 21! - ~ L (~) - 2~ {ay } 

ay I I J 
---~I--- I 

(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 
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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 Ic1ose" the system of 

equations. Guides as to how to model these correlations can be provided 

by experimental measurements. Furthermore, physical interpretations of 

these measurements can give additional insights into the structure of a 

turbulent boundary layer. 

4.2.2 Mean Vei.oWIj a.nd Vel16liy 

Two-dimensionality of the flow in the test section, indicated in 

Fig. 15 by the uniformity of the velocity profile in the z-direction, is 

reasonably good. 

The development of the mean velocity profiles for the isothermal. 

boundary layer are shown in Figs. l6a and l7a. The scattering in v is 

considerably larger than in U. This is because v was determined from 

~ ul and u2 (Eq. 3.30) whose values are an order of magnitude larger. Thus 

small errors in ul and u2 will result in large errors in v. The boundary 

layer thickness, 0, the displacement thickness, 01' and the momentum thick

ness, 02' are plotted in Figs. 18, 19 and 20 respectively, as functions 

of x. The boundary layer thickness is defined at 99.5% of the free-stream 

velocity, uo' 01 and 02 are defined by (White, 1974) 

{4.6} 

{4.7} 
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where Po is the free-stream fluid density. The displacement thickness 

ranges from 1.28 mm at x = 14 mm to 1.77 mm at x = 150 mm. The corres

ponding Reynolds number, Re ol ' ranges from 901 to 1247. The momentum 

thickness ranges from .653 to 1.023 mm, and Re 02 from 460 to 721. The 

friction coefficient, Cf , is determined by 

(4.8) 

and is plotted in Fig. 21. When scaled by the local value of 0, 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 profiles, 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), 0T' is plotted in Fig. 24. 0T is found to increase as x· 45 . This 

growth rate of 0T is smaller than that reported by Johnson and Whippany 

(1957) and Antonia et a1. (1977} for the turbulent boundary layer with a 

small stepwise discontinuity in the wall temperature. This is probably 

a result of the significant density change near the wall. The enthalpy 

thickness, 0T" defined by 
1 

is plotted in Fig. 25. The Stanton number, St, is evaluated from 

(4.9) 

(4.10) 
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and is shown in Fig. 26. The Stanton number starts with a value of about 

3.75xlO-3 and decreases rapidly to an almost constant value of about 

2.9xlO-3. The behavior and magnitude of St are quite similar to those 

reported by Antonia et al. (1977), although their experimental conditions 

were significantly different from the ones in this study. The velocity 

boundary layer thickness, plotted in Fig. 18, is increased by severe wall

heatings. The mean velocity and density profiles, as indicated in 

Figs. 27 and 28, show no overall similarity, although the velocity boundary 

layer looks approximately self-similar. However, they relax towards a 

self-similar stage about 100 mm downstream from the leading edge. There 

is no similarity between the velocity 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 the 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 IIpushes ll 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 01 significantly and 

increased 02 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, ~, and the velocity 

gradient, ~~Iw' near the wall. The viscosity of the fluid near the wall 

increased with temperature. The velocity gradient, on the other hand, 

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

of moderate temperature rise, as in Rotta (1974) where maximum TwlTo = 1.78, 

the latter effect dominates and the value of Cf decreases. In the case 

of large temperature rise, as in the present study where TwlTo = 4.2, the 

increase in ~ dominates and results in a higher value of Cr 
The development of the mean velocity and density profiles ;n the 

reacting boundary layer is shown in Figs. l6c, l7c 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, near 

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 significantly, indicating a large 

streamline deflection. away from the surface. The thermal boundary layer 

thickness (defined at .955 (Po-Pb)' where Pb is the minimum density), aT' 

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 thi ckness a 11 increase due to fl ui d expans ion. The 

friction coefficient, shown in Fig. 21, also increases. No overall 

similarity ;s observed for either the density or the velocity 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 velocity 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 a\vay from the surface 

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

4.2.3 VeYL6a!:! and Ve1.oc.U!:! Ffuc;t~YL6 

Turbulent flows are characterized by rapid fluctuations in their 

velocity components and passive scalar quantities. The root-mean-square 

(rms), ~ and ~, of the velocity fluctuations for the three different 

experimental cases are plotted in Figs. 33 and 34, and the rms density 

fluctuations are shown in Fig. 36. The free-stream turbulence is about 

1%. The magnitudes of the free stream Q and v are about the same, an 

indication 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 

profiles is fairly good; the deviation is due mainly to the difference 

in the free-stream turbulence. 

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 
A 

about 2%, while v remains essentially unchanged. The density fluctuation 

reaches a peak of about 19% at y/6 ~ .2 and then drops off near the sur

face. This is quite different from the results of Johnson (1959) and 

Sreenivasan and Antonia (1977) for a small stepwise temperature rise. 

35 



In Johnson's result, the temperature fluctuation reaches a peak value at 

y/o ~ .05. Sreenivasan and Antonia's result does not show any drop-off 

in rms temperature down to y/o ~ .1. The density and velocity fluctua

tion profiles are plotted against y/oT and y/o in 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 the boundary layer induces local peaks 

in both the u and v profiles. Near the leading edge, the peaks are more 

distinct and 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 
A A 

combustion-induced peaks in u and v are also narrower and more distinct. 

Near the wall, the value of v 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. 
A 

The peak value of preaches 46% near the leading edge and about 37% 
A 

further downstream. The difference in peak values of p 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-
A A 

similarity for p and u is reached at about 100 mm downstream. 

4.2.4 Reynold6 S~e6~ 

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

lation, p u'v', arises. This quantity is interpreted physically as the 
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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 studies have indicated that large-scale turbulent 

structure is one of the main contributors to the Reynolds stress near the 

wall region of a turbulent boundary layer. 

The Reynolds stress can be decomposed into two parts: 

(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 variable-density flows. However, 

the validity of this extension is not clear for cases like combustion 

where the density variation arises from local heat release. Measurement 

of the triple correlation is difficult and no conclusions has yet been 

reached about its relative importance. 

The non-dimensionalized Reynolds stress, Tt (= - 2 P UTVT/u
0
2), is 

plotted in Fig. 4la. The value of Tt increases from zero at the free

stream to about .004 near the wall. The maximum value of T t 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 roughness elements. 

In the case of severe wall-heating, the value of Tt near the wall is 

reduced. This is due to the reduction in fluid density without the 

proportional increase in the value of UTV'. The correlation coefficient 

between u l and Vi, defined by 
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R = iJiV'T/ U V 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 large to allow 

a definite conclusion to be drawn. This suggests that the turbulent 

structures responsible for the correlation between u l and Vi are not 

altered significantly by the relatively regular fluid expansion resulting 

from wall-heating. 

The value of It, is greatly reduced by the presence of combustion in 

the boundary layer. This reduction is due both to the decrease in density 

and UTVT. 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 l and Vi is altered by the vigorous and relatively 

random fluid expansion resulting from combustion. 

A length scale for the flows can be obtained by Prandt1 IS mixing 

length theory. The theory states that 

or £ = [ -~ J 1/2 
m lau/dylE.!!. ay 

(4.13) 

where £ is the mixing length. Some typical results of ~m are shown in m . 
Fig. 44. The results 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, although the Escudier formula is claimed to be valid for 
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uniform-density flow as well as variable-density ones. It may be because 

the pres~nce of combustion has altered the basic turbulent structure 

responsible for the Reynolds stress in a boundary layer . 

4.2.5 TWLbulent lanetic. EneJLgy TJta.n6poJt:tati.on 

Many studies of turbul ent flows have be~-::n 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 behavior of turbulent flows. 

The average turbulent 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 kl (Eq. 3.32) 

was used in place of k. Most previous studies have indicated that 

contributions of Wi to k and its transport quantities are similar to and 

of the same order of magnitude as those of u l and Vi. Hence it is 

reasonable to assume turbulent transportation of kl will be similar to 

that of k. 

4.2.5. 1 TWLbulent lanetic. EneJLg y V.iAbUbution 

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 significant effect on the kinetic 

energy distribution. The value of kl increases slightly near the wall 

due to the increase in u'. 

The kinetic energy profiles for the reacting boundary layer indicate 

the existence of a local peak value away from the surface. The presence 

of combustion thus would seem to produce additional turbulence in part 

of the boundary layer. 

4.2.5.2 Sbr.eam~e Twz.bu1.ent tG<.neU.c. EnVLgY V,[66U6,[on 

The developments of U'l(.] profiles are shown in Fig. 46. U'l(.] is 

interpreted as the transport, or diffusion, in the streamwise different 

of kl 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 turbulent structure of the flow. 

The value of Tkl in the-isothermal boundary layer is negati.~, 

indicating that the fluid associated with negative u' is more energetic. 

The slow change in the U'l(.] profile supports the boundary layer assump

tions that streamwise diffusion of kl is not important. 
, . 

Severe wall-heating reduces the value of u'kl near the wall signifi

cantly. The change in the u'kl rrofile 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 
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kinetic energy diffusion near the leading edge of the heating section. 

In other words, the sudden fluid expansion causes the failure of the 

boundary layer assumption in the wall region near the temperature 

discontinuity. 

In the reacting boundary layer, the value of u'k l is positive near 

the surface. A second negative peak is induced in the reaction zone 

near the wall. Expansion of the reaction zone eventually "swallows" the 

original negative peak, causing the profile 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 magni

tude of the combustion-induced negative peak increases as the flow 

progresses, indicating positive turbulent energy transport along the 

streamlines by streamwise turbulence. 

The results of v'kl are shown in Fig. 47. v'kl can be interpreted 

physically as the diffusion of kl by the fluctuation in the v-component. 

The slope, dv'kl/dy, 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 l are all positive, meaning that the fluid associ

ated with positive v' is more energetic. The profile has a peak near 

the middle of the boundary layer. The location of the peak, where the 

slope is zero, is the switch-over point from the kinetic energy loss to 

the kinetic energy gain region. 

In the case of severe wall-heating, a second v'k l peak appears near 
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the wall region. The slope of vlkl now changes sign over three locations 

instead of one; and an additional kinetic energy gain and kinetic energy 

loss region are induced in the boundary layer. 

In the reacting boundary layer, vrkl is reduced to below zero with 

a negative peak near the wall by combustion. The negative value of vrkl 
, 

implies the fluid associated with"negative Vi is more energetic. A 

kinetic energy gain, or negative avlkl/ay, region now exists near the 

surface. 

4. 2 • 5 • 4 PJtodumo n 06 T uJtbu1.e.nt Kinetic. EneJr.g Y 

The production of turbulent kinetic energy by turbulent stress, 

- p UTV' au/ay, 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 do.es 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 
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flow and cause the reduction of kinetic energy; it also can produce 

turbulence by mechanisms like density fluctuation-velocity fluctuation 

interactions. Depending on which is dominant, the result can either be 

a decrease or an increase in turbulent kinetic energy. The disruption 

of large-scale turbulent structures by combustion was also observed by 

Pitz (1981) in a reactinq shear layer where the pddy coalescence process 

is reduced. 

The distribution of u'v'k1 (Fig. 49) indicates a correlation between 

velocity fluctuations and kinetic energy. The physical meaning of this 

correlation is not clear. It increases from zero outside the boundary 

layer to a maximum value near the \'Ja11. Its distribution is not affected 

by severe wall-heating. The presence of combustion, on the other hand, 

significantly reduces the value of the correlation. This suggests that 

the turbulent structure is less 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 c is defined by 

(4.14) 
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and the flatness factor, Fc ' by 

(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 va rue of a quantity c 1 ies in between cl and c2 is given by 

integrating the PDF over the range (c l 'c2): 

c2 
P{cl < c < c2) = J PDF(c)dc 

cl 

(4.16) 

From a given set of experimental data, the number (N i ) of samples falling 

within discrete (c l 'c2) ranges were counted. The PDF's were then obtained 

by 

(4.17) 

4.3.1 PVF On VeYL6,uy 

The skewness factor and flatness factor of the density measurements 

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 Sand F . p p 
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In the stepwise wall-heating boundary layer, the distribution of 

Sp and Fpat large distance downstream are similar to those measured 

by Subramanian and Antonia (1978) for the temperature in a slightly 

heated boundary layer. Near the heating section leading edge, the 

situation is somewhat different. Sp decreases 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 simultaneously, 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 surfac~ rather than the over all 

structures in the boundary layer. Both Sand F relax towards distri-p p , 

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.c This bimodal distribution is considerably less distinct 

than that observed by Bill et ale (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 volume, 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 {S = O} represents the location where the presence of burnt 
p 

and unburnt fluid is equally probable. Above this point, the peak of the 

PDF centers about the unburnt fluid density. The occasional passage 

of flame structures contributes to the distribution in the low density 

wing, resulting in a negative Sp. Below the bimodal point, the PDF peak 

centers about the burnt fluid density, indicating 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 PVF 06 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, S , of the isothermal u . 

flow is negative with a minimum near the middle of the boundary layer. 

The negative value of S indicates the turbulence associated with negative 
u 

u' is more intense. The value of the flatness factor, F , is larger u 

than 3 and has a positive peak at the location COinciding with the negative 

peak in Suo The distribution of Su and Fu are in close agreement with 

those of Retchert and Azad {1979}. The free-stream turbulence and the 
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turbulence near the surface are almost Gaussian as indicated by their 

respective Su and Fu· 

Severe wall-heating induces a small local negative peak in Sand 
u 

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, Sand F deviate from the iso-
u u 

thermal flow in ways similar to the heated-wall case, except that the 

changes are more profound. The negative peak in Su and the positive 

peak in Fu ne~r the surface are much more 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 again is due to the occurrence of combustion as discrete 

flame structures extended over the entire boundary layer instead of as 

a continuous flame sheet confined to a small 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 hO\'/ the fluctuation "energy" 
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is transferred between eddies of different sizes. 

4.4.1 S.tJte.amw.i6 e. Velocity Spe.Wuun 

Velocity spectra represent the distribution of mean turbulent kinetic 

energy infrequency space. The 1 arge-sca 1 e (J ow 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 process of vortex stretching, and is 

eventually dissipated near the Kolmagorov microscale through viscous 

~ffects. 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 frequency in this range 

is constant. Dimensional analysis reveals that the spectral energy, 

E( ), in the inertial subrange is proportional 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 frequency 

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

wall remains almost unchanged. 

4.4. 2 Ve.YL6Uy Spe.ctJwm 

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 quantity is similar to that in the velocity spectrum. However, 

no - 5/3 slope is observed in any range of the density spectrum. A 

range with slope 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 Bbundary 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 on the boundary 

layer are summarized below: 

1) As revealed by the Schlieren pictures, the overall turbulent struc

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 region 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 displacement thickness, and the 

momentum thickness are increased by the wall-heating. The thermal 
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boundary layer thickness increases as x· 45 rather than the often 

reported value of x· 8. 

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-
A 

sion while v remains essentially unchanged. The maximum fluctuation in 

the density occurs at y/8 ~ .2. This is much further from the surface 

than the location of maximum temperature fluctuation observed in most 

slightly heated boundary layers. 

6) The Reynolds stress near the wall is reduced due to the density drop 

while the correlation coefficient between u'v' remains essentially 

unchanged. 

7) -The value of u'kl near the surface is reduced quite rapidly near the 

leading edge. This means that the streamwise turbulent diffusion of 

kinetic energy is significant, thus the boundary layer assumption is no 

longer valid. A local peak is induced in the v'kl profile near the wall 

region, indicating a change in the cross-stream diffusion pattern. 

8) The production rate 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) Density PDF's hear the leading edge behave differently from those 

further downstream. This is because the temperature field near the 

leading edge is controlled mainly by fluid structures near the surface 

instead of the overall structures in the entire boundary layer. 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 sijnificant fluid 

heating and surface reaction near the leading edge. At locations further 

downstream, discrete flame structures are initiated at the hot surface 

and are swept downstream by the main flow. 

2) The boundary layer thickness, 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 maximum p .is higher near the leading edge than further 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 l and 

Vi are reduced. This suggests that the turbulent structure responsible 

for the correlation between the velocity fluctuations is affected by 

the vigorous fluid expansion. 

5) Significant changes in both the urkl and the v' k1 profiles are 

observed. This indicates that the kinetic energy diffusion pattern is 

altered by the presence of combustion. The large streamwise gradient 

of u'kl near the leading edge also implies the failure of the boundary 

layer assumption. 

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

7} The value of u'v'k1 is greatly reduced, implying that the turbulent 

structure is less organized. 

8} Bimodal density PDF's are observed in the middle of the reaction 

zone. The passage of flame structures causes non-Gaussian behavior in 

the density PDF's. 

9} Significant changes in velocity PDF's are observed. Unlike the 

case of a sheet flame, no bimodal velocity PDF is found. This is because 

the combustion zone is spread over the entire boundary layer, resulting 

in more gradual and continuous velocity changes. 

10} .The density and velocity spectra indicate that fluctuation energy 

is concentrated in eddies with frequencies less than 1000 Hz. 
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