
Turbulence Statistics and Eddy Convection in Heated
Supersonic Jets

Tobias Ecker

Dissertation submitted to the faculty of the

Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

in

Aerospace Engineering

K. Todd Lowe, Chair

William J. Devenport

Lin Ma

Wing F. Ng

Joseph A. Schetz

March 20th, 2015

Blacksburg, Virginia

Keywords: Doppler global velocimetry, supersonic jets, jet noise, compressible shear layers, eddy convective

velocity, radiation efficiency



Turbulence Statistics and Eddy Convection in Heated Supersonic Jets

Tobias Ecker

(ABSTRACT)

Supersonic hot jet noise causes significant hearing impairment to the military workforce and results in substantial

cost for medical care and treatment. Detailed insight into the turbulence structure of high-speed jets is central to

understanding and controlling jet noise. For this purpose a new instrument based on the Doppler global velocimetry

technique has been developed. This instrument is capable of measuring three-component velocity vectors over ex-

tended periods of time at mean data-rates of 100 kHz. As a demonstration of the applicability of the time-resolved

Doppler global velocimetry (TR-DGV) measurement technique, statistics of three-component velocity measurements,

full Reynolds stress tensors and spectra along the stream-wise direction in a cold, supersonic jet at exit Mach number

M j = 1.4 (design Mach number Md = 1.65) are presented. In pursuance of extending the instrument to planar op-

eration, a rapid response photomultiplier tube, 64-channel camera is developed. Integrating field programmable gate

array-based data acquisition with two-stage amplifiers enables high-speed flow velocimetry at up to 10 MHz. Incor-

porating this camera technology into the TR-DGV instrument, an investigation of the perfectly expanded supersonic

jet at two total temperature ratios (T T R = 1.6 and T T R = 2.0) was conducted. Fourth-order correlations — which

have direct impact on the intensity of the acoustic far-field noise — as well as convective velocities on the lip line at

several stream-wise locations were obtained. Comprehensive maps of the convective velocity and the acoustic Mach

number were determined. The spatial and frequency scaling of the eddy convective velocities within the developing

shear layer were also investigated. It was found that differences in the radial diffusion of the mean velocity field and

the integral eddy convective velocity creates regions of locally high convective Mach numbers after the potential core.

This, according to acoustic analogies, leads to high noise radiation efficiency. The spectral scaling of the eddy convec-

tive velocity indicates intermittent presence of large-scale turbulence structures, which, coupled with the emergence

of Mach wave radiation, may be one of the main driving factors of noise emission observed in heated supersonic jets.

(337 words)
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Part I.

Introduction

Supersonic jet noise — its effect on health and the physics involved in its generation — has been a subject of inves-

tigation almost as long as the study of the jet engine technologies that produces it. While from a biomedical point of

view the detrimental effects of jet noise on human hearing are of utmost interest (NARC, 2009), the understanding of

the multi-faceted physics involved in the noise generation are directly applicable to the development of noise reduction

strategies.

On aircraft carriers the noise on the flight deck exceeds safe sound pressure levels by a large degree and reaches

peak levels as high as 155 dB. As a result, the U.S. Department of Veterans Affairs (VA) spends almost a billion dollars

a year on veteran disability benefits for veterans with hearing loss as the primary disability (NARC, 2009). The Office

of Naval Research (ONR) has recently introduced the Noise-Induced Hearing Loss (NIHL) program which aims at

optimizing aircraft performance while minimizing noise-induced hearing loss. As part of the NIHL program a Basic

Research Challenge (BRC), which included an advanced instrumentation development component, was introduced.

Within this framework, this dissertation shows the development of new advanced laser diagnostics for time-resolved

velocimetry and new fluid dynamics insights from measurements in supersonic heated jets.

Non-intrusive optical investigation of compressible flows originated in the late 19th century, when Schlieren pho-

tography enabled the first qualitative flow field studies (Mach and Salcher, 1890). The introduction of laser technology

in the 1970s has provided many new experimental techniques and a corresponding breakthrough in the fundamental

understanding of many aspects of flow physics. Experimental techniques like laser Doppler velocimetry (LDV) and

particle image velocimetry (PIV) have previously been used to obtain time-resolved and whole flow field data, respec-

tively. The technique used in this dissertation is called Doppler global velocimetry (DGV) and is based on the Doppler

effect. When this technique was patented in 1990, its main intent was to provide a whole flow field alternative to PIV,

particularly well suited for high-speed flow applications. In this work the first three-component time-resolved imple-

mentation of this technique, and its application to supersonic cold and heated jets at conditions relevant to military

aircraft jet exit plumes, is presented.

1. Structure and contents

This dissertation is divided into several self-contained parts:

Part I provides prefatory information to the main topics of this dissertation.
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Part II contains a brief literature review with a focus on the the aspects not covered in the main manuscript chapters.

Part III is the first research study published as “Development and application of a point Doppler velocimeter fea-

turing two-beam multiplexing for time-resolved measurements of high speed flow” in Experiments in Fluids

(2014) (55:1819, DOI 10.1007/s00348-014-1819-0). This paper contains an in-depth study on uncertainties of

the time-resolved DGV (TR-DGV) technique, as well as the application of a new point Doppler velocimeter

(pDV) to a cold, screeching, supersonic jet. Mean flow velocities and full Reynolds stress tensors along the

streamwise direction near the jet centerline are presented. The capability to record time-resolved, long duration,

three-component velocity data is leveraged by determining the spatial development of velocity auto- and cross-

correlations, as well as auto and cross-spectra. From cross-correlations, the screech tone feedback mechanism

is revealed as a phase-coordinated shock motion, having direct impact onto the radial/azimuthal shear stress

production.

Part IV is a technical design study, “A rapid response 64-Channel photomultiplier tube camera for high-speed flow

velocimetry” published in Meas. Sci. Technol. 26 (2015) 027001 (6pp) (DOI 10.1088/0957-0233/26/2/027001).

This brief technical communication contains the technical details on the development of a new, rapid response

photomultiplier camera system which enables optical flow observations at 64 points in a plane at up to 10 MHz.

This camera system is an enabling technology and the basis for the instrumentation described and applied in the

chapters to follow.

Part V is the second research study, “Eddy Convection and Statistical Correlations in the Developing Shear Layers of

Heated Supersonic Jets”. In this study TR-DGV is extended onto a plane with 32 measurement points, recording

data in a supersonic, perfectly expanded and heated jet at two total temperature ratios. Limited data exist on the

behavior of eddy convection in high Reynolds number, supersonic plumes, particularly for heated jets. From

the experimental data, second and fourth order space-time correlations, integral time-scales and convection

velocities on the lip line, at different streamwise locations, are found. LDV data were used to elaborate the

importance of the fourth order correlation in the region of immediate interface between the potential core and

the shear layer. Maps of the integral convective velocity and acoustic Mach number were generated, indicating

significant changes in jet spreading similar to heated subsonic jets for density ratios below unity.

Part VI contains a study on the distribution and scaling of convective wave speeds in the shear layers of heated,

supersonic jets. The convective wave speeds, and their scaling with density ratios at conditions similar to

operating conditions of tactical aircraft jet plumes, are of special interest as they hold direct impact on the peak

radiation of the noise emission. The results are analyzed for cases of varying total temperature ratio to establish
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stream-wise scaling and development of the eddy convective speeds and their spectral behavior. The presented

data at several locations in the shear layer and near the centerline indicate the presence of high momentum, high

velocity, large-scale eddies in regions of locally reduced mean velocities. The difference in the radial diffusion

of the mean velocity field and the integral eddy convective velocity along the streamwise coordinate creates

regions of locally high convective Mach numbers leading to high convective amplification factors. Based on the

presented data it is hypothesized that the intermittent presence of large-scale turbulent structures in regions after

and surrounding the potential core leads to an increase in radiation efficiency, which coupled with the emergence

of Mach wave radiation is one of the key drivers of noise emission observed in heated supersonic jets.

Part VII contains a summary of the conclusions of this dissertation and additionally brief outlook identifies future

work to be done.

Formatting of each chapter contents and citations style may deviate due to the different publication guidelines of the

journal in which they are intended to be published.

2. Achievements

Some primary accomplishments of this work include:

• A new time-resolved DGV variant has been established and supported by substantial analysis on uncertainty

and dynamic range. Application to a cold, supersonic and screeching jet has proven its real-world applicability

and indicated new information about the radial/azimuthal shear stress generation due to the acoustic feedback

mechanism.

• The point technique was advanced to a planar variant using a newly developed photomultiplier camera with

32/64 points. Experimental time-resolved velocimetry data at 250 kHz have been successfully demonstrated.

• Experiments in a perfectly expanded supersonic jet at total temperature ratios of 1.6 and 2.0 have been per-

formed. The data were used to obtain integral time-scales, second- and fourth-order correlation coefficients and

space-time peak correlations maps. Further, the data were analyzed for the spatial distribution of integral eddy

convective velocities and acoustic Mach numbers.

• The spectral scaling of the eddy convective velocity is used to develop a conceptual mechanism explaining the

dominant drivers in hot supersonic jet noise.
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Part II.

Literature survey

1. The supersonic jet

Figure 1.1: Schlieren photographs recorded by Mach and Salcher (1890)

Supersonic jets are present in many technical and natural processes, ranging from military supersonic aircraft, to

supersonic coating nozzles, and to volcano eruptions. Research on the supersonic jet first started at the end of the 19th

century when Austrian scientists Mach and Salcher (Mach and Salcher, 1890) described for the first time the structure

of a sonic jet flow in their 1890 paper on optical measurements in jets, a work following on their work on ballistic

projectiles (Mach and Salcher, 1889a,b). Part of the Schlieren photographs published by Mach and Salcher (1890) are

shown in figure 1.1; the shock cell structure of the sonic jet is clearly visible. Supersonic jets are very different from

their subsonic counterparts. They exhibit a distinct cell shock structure with a complex flow geometry of compression

and expansion waves. Apart from the perfectly expanded situation (pe = pa), the cases of the over-expanded (pe < pa)

and under-expanded (pe > pa) jet exist.

A special technical occurrence of supersonic jets is at the nozzle exit of supersonic tactical aircraft. Very rarely

is a supersonic jet expanded perfectly — while a jet engine exhaust nozzle at sea level usually is over-expanded, at

high altitudes it often is operated at under-expanded conditions (Ennix et al., 2012; Holzman et al., 1996). In order to

reduce off-design operation, variable geometry nozzles are used in this type of aircraft (Gamble, 2004).
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NPR = 3.2, T T R = 1

NPR = 3.2, T T R = 2

NPR = 3.2, T T R = 3

Figure 1.2: Schlieren photographs of an over-expanded supersonic jet at different T T R conditions in the VT hot jet
facility

For F-16XL (Holzman et al., 1996) and F-18 (Ennix et al., 2012) tactical aircraft, detailed studies on operating

conditions of the GE F110 at sea-level/flight deck and the GE F404 engine at various altitudes have been published.

On the ground deck the F-16XL was operated at total temperature ratios (T T R) between 1.65 and 2.75 at nozzle

pressure ratios (NPR) between 1.02 and 2.57. At 3800 ft T T Rs up to 3.3 andNPRs up to 5 were reached when

operating at intermediate power.
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Schlieren photographs of an over-expanded supersonic jet at various T T R conditions are shown in figure 1.2. At

over-expanded conditions the pressure at the exhaust plane is lower than the ambient pressure; this causes an oblique

shock wave as well as a normal shock disc in the center to form. After this, the shock wave reflects of the free jet

boundary and a series of expansion fans follow. If it were not for viscous and instability effects this structure would be

repeated indefinitely. The stresses on the interface between the jet and its surrounding eventually lead to a breakdown

of the nominally irrotational region called the potential core. More details on the development of the mean velocity

and the normal and shear stresses in the cold, screeching jet can be found in part III. Increasing the T T R leads to

significantly increased shear layer growth and supersonically convecting eddies.

1.1. Compressible mixing and shear layers

shear layer

potential core

Mach wave radiation

Figure 1.3: Composite Shadowgraph/Schlieren of the shear layer development in a heated supersonic jet

Mixing and shear layers are generated at the interface between two fluids moving at different velocities. They are

generally defined by the difference in velocity, density and molecular composition. A composite image of several

Shadowgraph/Schlieren images along the shear layer of a supersonic heated jet is shown in figure 1.3. It can be seen

clearly that the growth of the shear layer coincides with the development of large scale turbulent structures, entraining

and mixing fluid from the colder fluid at rest.

A study on the influence of density and compressibility onto the large structures in turbulent mixing layers was

presented by Brown and Roshko (1974b). One of the fundamental insights of this study was the indication that

compressibility effects seem to be dominant over density effects in the growth of turbulent shear layers at very high

density ratios. Their analysis showed that at low Mach numbers turbulent mixing is incompressible, independent of

different densities between the two mixing streams. At higher Mach numbers, however, the mixing is influenced by

compressibility effects, introducing Mach number dependent terms into the Reynolds transport equations - specifically

in the pressure-velocity correlation and (possibly) the pressure gradient. Using the shear layer growth as a metric,

7
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Brown and Roshko found that the shear layer growth was reduced for increasing density ratios for both incompressible

and compressible shear layers. The convective Mach number, which is the Mach number with respect to a frame of

reference traveling with the average large scale structure of the flow (Samimy and Elliott, 1990) is defined as:

Mc1 =
U1−uc

a1
and Mc2 =

uc−U2

a2
(1.1)

where a is the speed of sound, U the mean velocity and uc is the eddy convective velocity. Subscripts (1) and (2) stand

for the jet core and the co-annular flow. At high convective Mach numbers shear layer growth is strongly reduced

compared to the incompressible case, asymptotically reaching about 20% of the incompressible value at high density

ratios (Gutmark et al., 1995).

The symmetric value of the convective Mach number is a measure of the overall compressibility of a shear flow:

Mcsym =
U1−U2

a1 +a2
(1.2)

For the case of a single air jet into air, the symmetric convective Mach number becomes Mcsym = M1
1+a2/a1

and is only

a function of the exit Mach number, the total temperature and ambient temperature.

In order to determine the development of flow structures and associated length scales, Brown and Roshko (1974b)

recorded high-speed video in their subsonic testing facility and analyzed the development of discernible structures. As

their experiment is based on similarity assumptions, a general increase in length scale (mean size of eddy and mean

spacing between eddies) with distance was expected. As each eddy travels at a constant convection speed, this would

require a decreasing frequency of occurrence at any given station. From this apparent conflict and their statistical

observations, the authors determined the process of vortex pairing, which was first described by Winant and Browand

(1974) as the likely phenomenon.

The effect of the convective Mach number — as a measure of the compressibility on the growth and entrainment of

compressible shear layers was investigated by Samimy and Elliott (1990). The authors found the scaling factors

suitable to collapse both their data and literature values using the shear layer growth rate as well as momentum

thickness, both heavily dependent on compressibility effects. Additionally, they noted a decrease in stream-wise

and lateral turbulence fluctuations, and a decrease in lateral transport of kinetic energy with increasing convective

Mach numbers, suggesting a concurrent decrease in small and large-scale mixing (Samimy and Elliott, 1990). Goebel

et al. (1990) applied a laser Doppler velocimeter to a supersonic shear flow in order to measure mean flow properties

and turbulence statistics. As the convective Mach numbers in this study were between 0.2 (s = 1.41) and 0.45 (s =

0.64), the compressibility effects observed were only moderate. The authors reported increased shear layer growth of

8
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the high density ratio case, however, based on Brown and Roshko’s analysis (1974b), density ratio and compressibility

effects likely contributed to these results at similar orders of magnitude.

A very comprehensive review on mixing enhancement in supersonic free shear flows, including a comparison be-

tween subsonic and supersonic shear layers, is given by Gutmark et al. (1995). In subsonic shear layers, the fluid

entrained by the vortices in the shear layer stays unmixed until vortex pairing. Span-wise instability generates stream-

wise vorticies leading to enhancement of the mixing process. This interaction increases the three-dimensionality of the

flow (Dimotakis and Brown, 1976), similar to what can be seen in figure 1.3, near the end of the potential core. Simi-

larly, increasing convective Mach numbers leads to increasing 3-dimensionality. Further, supersonic jets often exhibit

Mach wave radiation (Ffowcs Williams, 1963) generated from eddies moving at supersonic phase speeds compared to

ambient conditions.

1.2. Fundamentals of jet noise and the application of the acoustic analogy

1.2.1. Jet noise

Supersonic jet noise may be composed of several major acoustic phenomena: (1) the screech tone phenomena, (2)

broadband shock associated noise and (3) turbulent mixing noise. While the screech tone can be predicted relatively

well, difficulties arise on the understanding of the turbulence in the supersonic jet (Tam and Auriault, 1999). The

magnitudes of these acoustic phenomena vary strongly with direction.

Screech is primarily present in supersonic cold jets operated at over-expanded conditions. This narrow band noise

phenomenon is created by a self-sustaining feedback mechanism within the jet shock train (Camussi, 2013). The

screech tone propagates mainly in the upstream direction and has higher harmonics present orthogonal to the stream-

wise direction(Tam, 1995). Its intensity decreases with increasing jet temperature (Tam, 1995) and is therefore less of

an issue for aircraft noise.

Broadband shock associated noise is jet noise associated with the presence of shocks due to either off-design opera-

tion or to nozzle imperfections. It has discrete tones and a broadband component and is strongly directional (Camussi,

2013).

In the current work, the large scale turbulent mixing noise is of primary interest. A large portion of this noise

component stems from a phenomenon called Mach wave radiation, which is caused by supersonically convecting

eddies. Previous works (Tam and Morris, 1980) have demonstrated that the large scale structures, which may be

explained by instability waves from a wavy wall analogy (Tam et al., 1992), radiate directly to the far field.

9
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1.2.2. Acoustic analogy for jet noise prediction

Acoustic analogies for noise prediction have been used since the early 1950’s when Lighthill (1952) presented his

theory on aerodynamically generated sound. Morris and Farassat (2002) give an excellent definition of the meaning

of the acoustic analogy:

“The definition of an acoustic analogy [...] is an aerodynamic noise theory in which the equations of mo-

tion for a compressible fluid are rearranged in a way that separates linear acoustic propagation effects. By

definition, this rearrangement results in a set of equivalent sources that are assumed to be non-negligible

in a limited region of space”.

It is to be noted that these equivalent sources are fictitious and of a mathematical nature (Farassat et al., 2004), which

means that they are not based on any physical assumptions but rather stem from the rearrangement of the Navier-Stokes

equations. Many models have been developed based on the acoustic analogy as proposed by Lighthill, they deviate

mainly by the way how the acoustic sources and the propagation are decomposed. Ffowcs Williams (1963) pioneered

the acoustic analogy for jet noise prediction by taking into account the relative movement of the noise sources to the

observer (Karabasov, 2010). Many acoustic analogies based on Lighthill and extending the work done by Ffowcs

Williams can be found in the literature. Bailly et al. (1997) give an excellent overview of some of the models used for

jet noise prediction.

A widely used analogy has been proposed by Ffowcs Williams (1963) and was refined by Ribner (1969), which is

described here in brief based on the nomenclature presented by Bailly et al. (1997).

ρ ′(x, t)ρ ′(x, t + τ)

ρa−3
0

= Ra(x,τ) (1.3)

Ra(x,τ) =
1

16π2a5
0x2

∂ 4

∂τ4

∫∫∫
V

Di jklRi jkl (y,η , t)δ

(
t− τ− x �η

xa0

)
dydη dt (1.4)

where Di jkl = rir jrkrl/r4 and Ri jkl

(
y,η ,τ + x�η

xa0

)
≈ Ti j[y, t]Tkl [y+η , t + τ] and Ti j is the Lighthill stress tensor.

Ti j = ρuiu j +(p−a2
0ρ)δi j− τi j

In the convective frame this correlation function can be expressed as
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Ra(x,τ) =
1

16π2a5
0x2

1
C5

∫∫∫
V

Di jkl
∂ 4

∂ t4 Ri jkl (y,ξ , t)δ

(
t− τ

C

)
dydξ dt (1.5)

where C =
[(

1−Ma cos θ̂
)2

+α2M2
a

]1/2∗and Ri jkl in the convective reference frame is

Ri jkl (y,η ,τ) = Ri jkl (y,η ,τ−ucty,τ) = Ri jkl (y,ξ , t) . The noise intensity I(x) can be found by evaluating the cor-

relation function Ra(x,τ) at τ = 0.

The aim of this section was not to give an extensive overview of the theoretical approaches in the literature, but rather

to indicate how the fluid mechanics influences the acoustics. The application of most, if not all, acoustic analogies

to jet flows leads to the following ramifications with regards to how the properties of the turbulent flow relate to the

observed noise intensity:

• The efficiency and directionality of the noise radiation is directly affected by the convective speed of the corre-

lated turbulent structures.

• The intensity of the density fluctuations is proportional to the volumetric integral of the delay time fourth-order

correlations Ri jkl .

• The turbulence level feeds into the equivalent source field as part of the Lighthill stress tensor Ti j. Similarly

the spatial correlation of turbulence influences the power spectral density (which is the Fourier transform of the

correlation function) of noise.

∗for the purpose of this analogy the acoustic Mach number is defined as Ma =
uc
a0

. The acoustic Mach number is also known as convective Mach
number, but exact definition may change from author to author.

11



T.ECKER 2015 Part II: Literature survey

2. Velocimetry for compressible flows

Various techniques have been developed to experimentally determine velocities and related turbulence statistics in

a flow. Generally, most techniques were first proven in the application to subsonic and incompressible flows and

then extended to compressible flows. Commonly, the available velocimetry techniques can be divided into intrusive

and non-intrusive techniques. A non exhaustive qualitative hierarchy of commonly used techniques for compressible

turbulent flows is shown in figure 2.1 . The overview given here focuses on high temperature flow applications.

Velocimetry

Intrusive Non-Intrusive

Thermal 
anemometry

Pressure-based 
techniques

Particle-based 
techniques

Molecular 
techniques

Figure 2.1: Measurement techniques for compressible flows

2.1. Pressure-based techniques

The very first pressure based instruments capable of measuring fluid velocities were developed by French engineer

Henri di Pitot around 1732, and systematically refined by Henry Darcy in 1856 (Brown, 2001). This instrument as it

was developed is still used today in a large variety of flow applications. Today modern multi-hole probes capable of

measuring velocity vectors exist. Due to the intrusive nature of the technique, supersonic flow causes a bow shock

around the tip of the probe , which results in sensing the flow properties downstream of the shock instead of the

freestream. Similarly, the integral measure of the pressure over the spatial extent of the probe hole may cause non-

linear readings with exaggerated velocity magnitudes in flows with large shear gradients (Tropea et al., 2007). An

overview of pressure-based aerodynamic probes for time-resolved applications in turbomachinery has been given by

Kupferschmied et al. (2000). Current fast-response aerodynamic probes have typical frequency responses up to 50

kHz and find application in moderately hot (Tmax = 200 ◦C ) flows. Recent developments have shown special high-

temperature probes with application to flows up to 533 K (Lenherr et al., 2011). Applications of pressure-based

techniques for velocimetry in supersonic jet flows, with emphasis on turbulence or eddy convective velocities, are not

known to this author.
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2.2. Thermal anemometry (“Hot-wire” anemometry)

Hot-wire anemometry, a subset of thermal anemometry, has been used for many flow experiments, especially when

frequency response and time series data is of interest, and it is still considered a standard for velocimetry (Bowersox,

1996; Johnson and Rose, 1975). Introduced in the early 19th century, hot-wires are capable of measuring mean and

fluctuating flow variables (velocity, temperature, mass flux) at a point in up to three dimensions. The key element

of the hot-wire instrument is the thin conductive wire held by a system of prongs in the flow under observation. An

electric current is applied to the wire element and modified by the flow-induced heat transfer. Three types of hot-wire

techniques exist: the constant-temperature anemometer (CTA), constant-voltage anemometer (CVA) and the constant-

current anemometer (CCA). Hot-wires have successfully been used in all kinds of flows ranging from subsonic low-

speed flows (Vagt, 1979), supersonic boundary layers (Bowersox, 1996), supersonic shear layers (Martens et al., 1996)

to hypersonic flows (Maddalon et al., 1970; Spina and McGinley, 1994).

The wire element has a diameter between 0.5− 5µm and a length between 0.1 and 2 mm (Lomas, 2011; Tropea

et al., 2007). The wire is heated by an electric current to a temperature above the static temperature of the fluid.

Hot-wires are typically heated to up to about 300 ◦C, and limitations arise due to increasing non-linearity in the heat

transfer coefficient with temperature loading (e.g. compare Kovasznay, 1950). The ratio of the hot-wire temperature

to the static temperature of the flow is called overheat ratio. Materials used for the wire element include tungsten,

platinum, platinum-iridium, platinum-rhodium or even carbon filaments. Material selection is based on mechanical

strength (velocity induced shear), maximum temperature (oxidation), as well as sensitivity.

Johnson and Rose (1975) as well as Bowersox (1996) compared the use of a laser velocimeter and a CTA in a

supersonic boundary layer and found good agreement between both techniques. Smits et al. (1983) reviewed the

practice of hot-wire anemometry in supersonic flow and found the following issues: (1) formation of a detached

shock from the prong tips leads to a complicated flow field, and (2) attenuation of small scale contributions due to

the length of the hot wire filaments being much larger than the typical Kolgmorov length scales in a supersonic shear

layer - therefore leading to a distortion of the high frequency end of the spectrum. In compressible flows, the probe

sensitivities due to density, pressure and stagnation temperature are difficult to separate (Smits et al., 1983; Walker

et al., 1989). Walker et al. (1989) compared two constant temperature hot-wire probes in supersonic flow for mass flux

and temperature measurements. They used a single hot-wire with rapid overheat scanning and a two wire probe with

different overheat ratios, and found the two-wire technique prone to error.

In heated flows, additional limitations due to the material of the hot-wire arise. Oxidation of the probe wire might

significantly alter the heat transfer properties and lead to incorrect readings. Bare tungsten wire will begin to oxidize

above temperatures of 600 K (Smits et al., 1983). Platinum wires wires have a threshold of about 1373 K before
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oxidation occurs. Platinum-iridium and platinum-rhodium alloy probes have a lower oxidation temperature of about

1073 K (Lomas, 2011). An overview of some of the typical hot-wire material properties from the literature is given

in table 2.1. Previous work (Maddalon et al., 1970) has shown problems with wire failure due to unequal temperature

distribution caused by temperature fluctuations on the hot-wire. As Troutt and McLaughlin (1982b) write, “The most

reliable turbulence instrument, the hot-wire anemometer, cannot be used in conventional high-speed air jets because

the dynamic pressures are too great for the fragile probes.“ Today almost all features of the hot-wire instrument can

be covered by non-intrusive optical instruments, further described in the next sections, as well as in chapter V of this

dissertation.

Table 2.1: Hot-wire material properties
Material Oxidation temperature Reference
Tungsten 600 K Smits et al. (1983)

Platinum plated tungsten ∼600 K Vagt (1979)
Platinum-iridium 1073 K Lomas (2011)
Platinum-rhodium 1073 K Lomas (2011)

Platinum 1373 K Lomas (2011)

2.3. Particle-based techniques

Particle-based techniques measure the velocity of very small tracer particles assumed to follow the local flow. The

most commonly encountered techniques are laser Doppler velocimetry (LDV), particle image velocimetry (PIV) and

Doppler global velocimetry (DGV). While both LDV and DGV are based on the optical Doppler effect, PIV extracts

velocity from the correlation between two consecutive images.

In 1964 the first LDV† systems were introduced as a technique for experimental fluid mechanics. Due to its non-

intrusive nature LDV quickly became a standard for velocimetry and is still widely used today. Most modern systems

are based on the dual beam configuration, which is also known as the fringe technique. The working principle is as

follows: Two coherent laser beams are crossed and define a measurement volume. A particle passing through this

volume scatters the light, wich is recorded by a sensor. The optical Doppler effect describes the change in the apparent

frequency of the light due to a moving emitting source. From the recoded light signal the differential Doppler frequency

can be detected. Using the measurement geometry, the particle velocity can be estimated at low uncertainties. using

several beam pairs two and three-component velocity measurements are possible. The fundamentals of LDV are

described in detail in Tropea et al. (2007); Albrecht et al. (2002). LDV has extensively been used for measurements

in cold and hot subsonic and supersonic jets in the past (Lau et al., 1979; Lau, 1980, 1981; Kerhervé et al., 2004a,b,

†The LDV technique is also known as laser Doppler anemometry (LDA).
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2006; Brooks and Lowe, 2014; Brooks et al., 2014).

DGV is an optical, non-intrusive, particle-scattering-based velocimetry technique which like LDV is based on the

Doppler effect. To determine the Doppler shift it uses the absorption characteristics of molecular gas cells. It was first

developed in 1990 by Komine (1990) and further refined by Komine et al. (1991); Meyers and Komine (1991); Meyers

(1992); Meyers et al. (2001a). DGV is a planar alternative to particle image velocimetry (PIV) and is particularly

well suited for high-speed flows due to its absolute uncertainties. As multiple particles may contribute to the Doppler

signal, sufficiently high concentrations of very small particles may produce continuous data sets with minimal particle

lag. Using multiple cameras and lasersheets enables two and three-component measurements. DGV has been applied

to supersonic jets for mean velocity (Cadel et al., 2014a) and instantaneous velocity fields (Smith, 1998), spectra and

turbulence statistics (Ecker et al., 2014a) as well as convective velocity measurements (Ecker et al., 2014b; Lowe

et al., 2012a; Ecker et al., 2014a; Thurow, 2005; Thurow et al., 2008; Ecker et al., 2014c). Some of these results

are contained within this dissertation and can be found in parts III, V and VI. An exhaustive review of the current

state-of-the-art of the DGV technique can be found in part III.

Particle image velocimetry (PIV)‡ was introduced in the 1980s and evolved as a very successful measurement

technology, especially after the introduction of digital cameras and new computational processing techniques (Willert

and Gharib, 1991). PIV compares two recorded camera frames via a windowed cross-correlation technique in order

to determine the frame displacement. From this, the velocity within the interrogation windows can be determined.

Commonly PIV is used for two (planar PIV) and three-component (stereoscopic PIV) velocity measurements in a

plane, but also small volumetric measurements using holographic and tomographic techniques have been demonstrated

(Elsinga et al., 2006; Sheng et al., 2006; Fahringer and Thurow, 2012). While the original digital PIV systems only

allowed a datarate (based on camera frame rate) of 30 Hz or lower, new systems known as time-resolved PIV (TR-PIV)

allow data rates up to 50 kHz (Wernet, 2007b). An overview of PIV specifically in supersonic flows, including the

implications of flow seeding, is given by Scarano (2008a). In previous studies PIV and TR-PIV were applied to cold

and hot subsonic, as well as supersonic jets and used to determine turbulence statistics and time correlations (Fleury

et al., 2008; André et al., 2014, 2013; Bridges and Wernet, 2011b; Bridges et al., 2011; Pokora and McGuirk, 2012;

Alkislar et al., 2000).

The application of optical techniques in supersonic jets is further surveyed in part V. All these techniques rely on

particles introduced into the flow, therefore particle lag and frequency response need to be considered. Ultimately the

amount of particles seeded into the flow also determines the possible data rates. Seeding for high pressure facilities is

never trivial and it accounts largely for the success of an experiment. Each facility and instrumentation has different

‡The digital variant of PIV was termed DPIV, but the original term PIV has continued to be used.
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requirements; Ecker (2011) gives an overview of current seeding mechanism and discusses in detail the implications

of particle lag. Further general information on seeding may be found in Crosswy (1985); DeLapp and Reeder (2006);

Kähler et al. (2002); Lepicovsky and Bruckner (1996); Melling (1997); Meyers (1991); Sabroske (1993); Seegmiller

(1985). Hot flows have additional requirements that may prevent certain seeding materials from being used. Com-

monly used polystyrene latex spheres have a melting point of about 80◦C (SPF, 1995) . Similarly, many oil based

seeding methods cannot be used due to danger of combustion and smoking, therefore metallic or ceramic powders are

often used in hot and combusting flows. Wernet et al. (1995) demonstrated a stabilized alumina/ethanol technique that

prevents conglomeration when seeding high temperature flows.

2.4. Molecular techniques

Molecular based techniques, unlike particle based techniques do not require flow seeding. Instead they rely on photonic

excitation (usually by a laser) of the fluid molecules in the flow. Molecular tagging velocimetry and Rayleigh scattering

are some of the measurement techniques in this category. Some of these techniques are more suitable to obtain other

flow properties, or in some cases velocimetry only in combination with other measurements. A very brief overview is

given here.

Rayleigh scattering originates from the oscillation of electrons in the fluid molecule, caused by an electromagnetic

field. The Rayleigh scattering is coherent and sensitive to density fluctuations within the flow. More information on

Rayleigh scattering can be found in Miles et al. (2001). This technique has been used extensively for determining

density fluctuations in supersonic flows (Miles et al., 1992; Smith et al., 1989; Panda and Seasholtz, 2002b; Panda,

2006). Previous works (Stockhausen et al., 2010; Most and Leipertz, 2001) have also demonstrated the combination

of DGV or PIV with Rayleigh scattering to obtain planar velocity and temperature maps.

Molecular tagging velocimetry (MTV) works by exciting the molecules in the flow using fluorescence or phospho-

rescence (Hsu et al., 2009). Using laser grids, one- and two-component measurements can be made by calculating

the displacement from camera frames. Seeded and unseeded approaches are used to enable fluorescence. With seeded

flows, gaseous additives (e.g. acetone) allow the tagging via certain laser wavelengths. Unseeded flows use the natu-

ral capability of the investigated gases to exhibit fluorescence. Time-resolved velocity measurements with molecular

techniques are currently still limited to very low velocities (Maynes and Webb, 2002). As the intensity of the scattering

used for MTV techniques is much smaller than the Mie-scattering from particles, good measurement signal to noise

ratios are challenging to achieve. The main advantage for high-speed flows is that the molecules follow the flow per-

fectly, avoiding the problem of particle lag near strong velocity gradients alltogether. More information on the various

different MTV techniques can be found in Tropea et al. (2007).
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2.5. Summary

From this brief overview it may been seen that many ways exist to successfully measure velocities in compressible

heated flows. Hot wire anemometry and pressure probes have had many applications in compressible flows, but their

intrusive nature and limitations with regards to high temperature flows restrict their use for supersonic hot jet research.

While molecular based methods are non-intrusive and offer advantages in flows with shocks, no notable time-resolved

technique for high speed flows exists. For the purpose of time-resolved and non-intrusive measurements, particle based

methods are the still the best choice. Depending on the application DGV offers some advantages to be exploited:

• The direct measurement of the Doppler effect allows each sensor point to represent one data point (unlike PIV

where the cross-correlation processing uses windows)

• The flexibility in seeding requirements allows DGV to have theoretically higher data rates than PIV or LDV.

The data rate for LDV is limited by a dead time,which means that only one particle at a time is permitted to be

present in the measurement volume. Similarly the particle density for PIV is limited by the spatial resolution

and cross-correlation processing. Because DGV directly measures the Doppler effect, there is no limitation on

how much seeding may be present within the measurement plane.

• Further, high amounts of seed may be used to improve signal to noise ratios, compensating for lower light

collection efficiency in mid- and large-scale facilities.

Nomenclature
θ̂ angle between the local source position y and the observer position x

ρ density

τi j viscous stress tensor

Di jkl directivity tensor

a speed of sound

a0 speed of sound in the ambient medium at rest

M Mach number

Ma acoustic Mach number

Mc convective Mach number

NPR nozzle pressure ratio - ratio between total pressure p0 and ambient pressure pa

p pressure
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pa ambient pressure

pe exit pressure

r distance between observer and source position

Ra pressure auto-correlation function

s density ratio - the ratio between the density of the core stream ρ1, and the density of the co-flow ρ2

T0 total temperature

Ta ambient temperature

TTR total temperature ratio - ratio between total temperature T0 and ambient temperature Ta

U velocity

uc convective eddy velocity

x observer position

y local source position
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Abstract A novel point Doppler velocimeter (pDV)

based upon the Doppler global velocimetry principle is

presented, which is capable of three-component velocity

vector measurements at 100 kHz mean rates over extended

time periods. In this implementation, two laser beams are

multiplexed to illuminate the flow over alternating time

windows, providing for a reduction in the number of sen-

sors required. The implications of this multiplexing para-

digm coupled with the fundamental limits set by the optical

absorption filter are examined in detail, and uncertainties

are predicted via instrumentation modeling and represen-

tative synthetic flow data. The results indicate that the

multiplexing pDV instrument provides the required tem-

poral and velocity resolution for turbulent shear flows at

velocities of nominally 500 m/s. As a demonstration and

validation of this time-resolved technique, statistics of

three-velocity component measurements in a cold, super-

sonic, over-expanded jet at jet exit Mach number Mj = 1.4

(design Mach number Md = 1.65) are presented. Time

resolution up to 250 kHz and instantaneous velocity

uncertainties between 6.6 and 11.1 m/s were obtained.

Comparisons of mean pDV data with laser Doppler ve-

locimetry data are consistent with uncertainty predictions

for the technique. The ultimate value of the instrument is

exhibited in the analysis of Reynolds stress spectra in the

screeching jet, exposing the spatial development of

motions at the harmonics of the screech tone, variable

phase-coordinated shock motions, and growth of turbulent

fluctuations in the developing shear layer of the jet. From

the data presented, the screech tone phenomenon is sus-

pected to be linked to the production of radial–azimuthal

shear stresses in extended regions beyond the potential

core.

1 Introduction

Particle-based velocimetry techniques have been devel-

oped toward time-resolved capabilities over the last dec-

ade, shedding insight into the complex physics of unsteady

fluid dynamics and turbulent phenomena and their associ-

ated timescales.

Doppler global velocimetry (DGV) is an optical, non-

intrusive, particle-scattering-based velocimetry technique

utilizing the absorption characteristics of molecular gas

cells. In its essence, it was developed in 1990 by Komine

(1990) and matured by Komine et al. (1991) as well as

Meyers and Komine (1991) as a planar alternative to par-

ticle image velocimetry (PIV) particularly well suited for

high-speed flows due to its absolute uncertainties. Com-

pared to laser Doppler velocimetry (LDV), DGV has the

potential of a higher temporal response, as it does not

require resolution of signals from single particles. As

multiple particles may contribute to the Doppler signal,

sufficiently high concentrations of very small particles may

produce continuous datasets with minimal particle lag.

In this study, we describe the development of a point

Doppler velocimeter (pDV) based on the DGV principle

and capable of time-resolved measurement in high-speed

flows. A distinctive feature of this development aside from

the high data rate is the use of a time-shift multiplexing

technique to generate time-resolved three-component
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velocity vectors with a reduced number of required sensors.

Detailed studies on the errors due to the time-shift multi-

plexing and its data processing technique are presented

along with a study on systematic and random uncertainties.

Additionally, the influence of the absorption line width on

velocity statistics is used to determine instrument capa-

bilities and limitations. At the end of this study, the real-

world applicability of the pDV sensor is demonstrated with

measurements in a cold supersonic jet generated by a bi-

conic nozzle with design Mach number (Md) of 1.65. The

acousto-optic beam multiplexing technique enables mea-

surements of velocity vectors at 100 kHz mean rates over

extended time windows. Validation measurements per-

formed at different nozzle-pressure ratios (NPR) are com-

pared with measurements from a LDV probe.

Measurements in a supersonic jet operated at over-expan-

ded and screeching condition (total temperature ratio,

TTR = T0/Ta = 1; T0, total temperature; Ta, ambient

temperature; NPR = 3.2; jet exit Mach number, Mj = 1.4)

are used to generate autocorrelations, auto-spectra, mean

velocity as well as normal and shear stress information

along the streamwise coordinate. The results indicate fun-

damental structural differences between over and under-

expanded jet screech and a link between screech and shear

stress production in downstream regions.

1.1 State of the art

DGV is a particle-scattering technique based on the fre-

quency-dependent absorption characteristics of molecular

gas cells resulting in direct measurement of the Doppler

effect. Meyers et al. (2001) summarize the efforts to

characterize the sources of uncertainty in DGV. The main

sources of uncertainty are attributed to the molecular gas

cell, laser stability and characteristic performance and

configuration of the sensor type.

There have been several notable developments of the

DGV technique over the past decade. Advances have been

made to address one of three goals: measurement uncer-

tainty reduction, reduction of instrumentation cost and

complexity, as well as time resolution. Elliott and Beutner

(1999) presented a major contribution to the characteriza-

tion and reduction of DGV uncertainty for several appli-

cations. One of the key developments presented therein

was the use of vapor-limited gas absorption cells that

reduces the errors incurred due to temperature variations in

the cell.

There are several efforts reported in the literature to

reduce the cost and complexity of DGV by reducing number

of detectors. Charret et al. (2004) introduced the two-fre-

quency DGV (2mDGV) approach to eliminate the reference

sensor and its associated uncertainties. In this approach, an

acousto-optic modulator (AOM) is used to shift the laser

line to a frequency with very little absorption by the

molecular gas filter. The signal obtained at this frequency is

then used as a reference, enabling one detector per velocity

component, further reducing equipment cost and measure-

ment uncertainty due to beam-splitting arrangements and

sensor gain. Another technique, frequency-modulated DGV

(FM-DGV) first introduced by Mueller et al. (1999) reduces

the required number of sensors and associated beam-split-

ting uncertainties by evaluation of first- and second-order

harmonics of the resulting amplitude modulation. Other

approaches to sensor reduction is the use of fiberoptic

bundles to project several fields of view onto the same

sensor (Nobes et al. 2004) or a laser frequency-scanning

technique combined with cross-correlation processing as

recently applied by Cadel et al. (2014a, b).

The development of time resolution techniques for DGV

has included several contributions, from optimization of

flow-freezing instantaneous measurements to high repeti-

tion rates. The first instantaneous measurements in super-

sonic flow in which the capability to generate velocity

vectors that froze the flow at the smallest timescales were

first demonstrated by Smith (1998) and Clancy et al.

(1999). The ability to provide high repetition measure-

ments came primarily with the development of detector,

laser and data acquisition technologies capable of sampling

at these high rates. The pDV technique concentrates the

laser energy onto a small measurement volume, therefore

improving signal-to-noise ratios in an effort of high accu-

racy and ideally time-resolved data. First efforts were

presented by Kuhlman et al. (2001) on the application to

turbulent jet flows and instrument uncertainty character-

ization. The one-component pDV system presented by

Cavone et al. (2006) demonstrates first time-resolved

measurements similar to LDV at frequencies up to 20 kHz.

The FM-DGV technique already mentioned has been

demonstrated at points and with arrays of detectors (Müller

et al. 1999; Fischer et al. 2008, 2010). Fischer et al. (2007,

2008) reported the uncertainty of the FM-DGV technique

to be as low as 0.02 m/s. Current developments show

approaches to time resolution to up to 100 kHz for one

velocity component (Fischer et al. 2008) and 20 kHz for

3-component probes (Fischer et al. 2011). Thurow et al.

(2005) demonstrated the application of a one-component,

high repetition rate DGV system based on a high-speed

camera (128 9 64 pixels) in a rectangular Mach 2.0 jet—to

our knowledge, the first application of a high repetition rate

DGV technique in a supersonic jet flow. Measurements

were performed at 250 kHz frame rates, but image buffer

limitations constrained the recording timespan and there-

fore prevented the observation of flow structure evolution

at integral timescales. According to our survey, true time-

resolved measurements using DGV, where the time-

resolved term refers to the capability of resolving all or
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most timescales of interest [as used by Wernet (2007) for

time-resolved PIV in jets], has only been demonstrated by

the FM-DGV technique (e.g., Fischer et al. 2011) and in

the current work.

The article by Thurow et al. (2005) demonstrates the

current trade-off between spatially and temporally resolv-

ing optical, non-intrusive measurements in high-speed

flows that must to be addressed to gain deeper under-

standing of the physics involved. In a first step to address

these trades-off for our application in high-speed jet flows,

we here introduce an effort to obtain time-resolved mea-

surements at reduced equipment complexity for a single

point with a optically non-distorting configuration that

allows extension to multiple points and planes in the future.

In continuation of this approach, Ecker et al. (2014a) pre-

sented an extension to 32 points using a newly developed

photomultiplier (PMT) camera.

1.2 Principle of Doppler global velocimetry

DGV relies on the detection of the Doppler shift of laser

light scattered by submicron-sized particles following the

local flow. A single-longitudinal-mode laser is tuned such

that the Doppler-shifted light scattered by particles lies

within a frequency range of high transmission sensitivity

for the molecular gas filter. The frequency of the scattered

light is therefore transformed to a function of the intensity

of light exiting the gas filter. In its classic implementation,

DGV techniques utilize the ratio of filtered-to-unfiltered

light intensity in a reference design to obtain Doppler shift

frequencies, as done in the present work.

The Doppler shift of scattered light depends upon the

laser frequency, vector particle velocity and laser propa-

gation and observation directions (Meyers and Komine

1991) (see Fig. 1):

f D ¼ f 0

U~ � e~
c

ð1Þ

where f0 is the incident laser light frequency, c is the speed

of light, U~ is the particle velocity vector, e~¼ bo �bi defines

the velocity measurement component direction, wherein

the laser propagation direction is the unit vector bi and the

direction of observation is given by bo. With a three-com-

ponent measurement, the resulting velocity vector in the

coordinate system of interest may be reconstructed from

the measured components and their base vectors as:

U~ ¼
e~T
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where e~i represents the measurement vectors and ui the

magnitude of the respective directly measured velocity

component. Similarly, R represents the geometrical cali-

bration deduced for every instrument configuration.

The laser frequency may be tuned in steps to charac-

terize the transmission function of the molecular gas cell as

well as to choose the exact reference frequency. The cali-

bration scan can then be converted into usable calibration

data by matching the experimental scan to numerical

transmission spectra based on a model developed by For-

key (1996) or by comparing it to a known frequency shift,

e.g., using a calibration wheel, AOM or measurement of a

known flow.

This numerical calibration scheme has been used suc-

cessfully by Fischer et al. (2000), Meyers and Lee (2010)

and other authors (Müller et al. 1999; Jones 2001; Fussell

2003). Figure 2 shows an experimental scan compared to

the numerically obtained transmission spectrum, using

model and code developed by Forkey et al. (1997). Further

î

ôô
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Fig. 1 Vector geometry and nomenclature of the DGV measurement

principle
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Fig. 2 Measured iodine cell scan (red) compared to model using

code by Forkey (black)
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requirements and characteristics to the use of iodine-based

absorption filters for DGV can be found in detail in Chan

et al. (1995).

2 Apparatus and instrumentation

2.1 Probe design

The presented pDV sensor is based on the DGV principle

and utilizes two sets of laser sending optics at the top and

bottom of the device at an angle to the main flow direction.

Two receiving optics assemblies collect the light from the

measurement volume. This configuration can be seen in

Fig. 3. In order to distinguish multiple velocity compo-

nents with a two-receiver setup, time-shifted multiplexing

(alternate flashing) of the two laser beams is necessary.

AOMs allow sub-microsecond time-shift multiplexing

while enabling amplitude modulation and frequency shift

capabilities.

While using AOMs present an extra effort and limit

the smallest resolvable timescale, their application is

essential to the further development of the envisioned

applications of planar time-resolved measurements and

eventual volumetric scanning (e.g., Lowe et al. 2012).

This geometric configuration allows using planar arrays

of sensors for planar vector velocity measurements with

very little perspective distortion. Further, owing to the

reduced perspective distortion and depth of field miti-

gation, the use of large aperture lenses and compatibility

with depth-wise laser sheet scanning are both enabled.

More details on the application of laser sheet scanning

for volumetric imaging are given by Thurow and Lynch

(2009).

Therefore, the presented instrument is based on a quasi-

instantaneous time-shift technique, providing two velocity

components shifted in time allowing reconstruction of a

full 3-component velocity vector with a high temporal

resolution. The influence of the time-shift multiplexing and

beam intersection angle on temporal errors and physical

uncertainties will be thoroughly discussed in the following

studies. Additionally, the influence of turbulent fluctuations

on flow statistics due to the properties of the transmission-

frequency transfer function is discussed.

2.2 Signal processing

The signal processing flow is displayed step by step in

Fig. 4. First, a peak detection algorithm determines valid

photon signals in both unfiltered channels separately. After

applying detector calibration values, complete datasets are

identified as such with valid signals present in both unfil-

tered channels. Due to the beam multiplexing two inter-

leaving datasets exist and missing values are completed

from the adjacent multiplexing window and the arrival time

is defined as the average arrival time of both data points.

Doing so results in 4 transmission values for each time

sample. The iodine cell transfer function is then applied to

the measured and the known reference transmission values

to determine the differential Doppler frequency. From the

Doppler measurement direction vectors, a rotation matrix

R is created and three-component time-resolved velocity

vectors in the base coordinate system determined similar to

the process described by Charrett et al. (2007).
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î2

L1 L2 L1 L2

on

off

Δt
time

x
r r

α

Fig. 3 Schematic of the pDV optical arrangement (O 1 observer 1, O 2 observer 2, L 1 laser 1, L 2 laser 2) (a), section view (b) and beam

multiplexing (c)
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3 Method verification and performance analysis

3.1 Processing uncertainties

In order to optimize, validate and determine uncertainty of

the pDV multiplexing and data processing, a synthetic

velocity signal is feed into a model for the instrumentation

and particle sampling. The signal is constructed from a

one-dimensional model turbulent power spectrum (Pope

2000) and random phase spectrum. The parameters for the

model spectrum allow to include integral and Kolmogorov

timescales, such that the inverse Fourier transform of the

model provides realistic time-series data that may then be

scaled and shifted to simulate the desired mean velocity

and turbulence intensity. In order to simulate particle

arrival statistics, random arrival times are generated using

Poisson statistics and the final velocity dataset is obtained

at the arrival times from the original oversampled signal.

The velocity and timescales were chosen to be repre-

sentative of the experiments in supersonic jets. The integral

timescales to be resolved for a supersonic jet flow are on

the order of the shear layer thickness divided by the eddy

convection velocity, which for the flows investigated is

about approximately 10–30 ls (Brooks et al. 2014a). The

Kolmogorov timescales g in this type of flow are much

smaller and can be estimated from the DNS data of Freund

et al. (2000) to be on the order of 0.5 ls at the minimum.

Quasi-instantaneous techniques like PIV or the here

presented time-multiplexed pDV cannot accurately resolve

down to the finest scales due to temporal averaging.

However, as most relevant and energetic timescales are

much larger, this issue loses importance. All reported

errors or uncertainties are in relation to measurement of a

flow resolved to a smallest timescale of interest of

s = 10 ls. This constraint is realized as a high frequency

cutoff at the desired timescale with zero padding up to the

Nyquist frequency. Simulation timescales are explained in

Table 1. The turbulent kinetic energy (q) values used to

generate the model signal are estimated from the prescribed

turbulent intensity and the mean velocity of the flow.

q ¼ I2U2 3

2

where I is the turbulence intensity and U the mean velocity

vector.

The dissipation rate e is estimated from the Kolmogorov

timescale (g = 1 ls) and the kinematic viscosity for the

flow and is about 2.5 9 106 m2 s-3, resulting in a spectral

shape similar to spectra reported by Brooks et al. (2014a).

For the purpose of the numerical uncertainty analysis of

the multiplexing portion, the Doppler frequency shift is

assumed to be known. When processing the synthetic data,

the dataset is first attributed to the two alternating laser

beams and then run through the processor. An example of

the reconstructed velocity compared to the synthetic velocity

data and an example of the reconstructed spectrum is shown

in Fig. 5. The spectral information was obtained by using a

fuzzy slot correlation processing scheme as introduced by

Benedict et al. (2000). All reported quantities are given in a

cylindrical coordinate system with streamwise (x), radial (r)

and azimuthal Hð Þ components, unless otherwise noted.

As will be shown, the main contributor to the random

error (the difference between the input and the recovered

values) is the multiplexing time interval Dt, which is the

time each beam illuminates the measurement volume

before it switches to the complementing beam (compare

Fig. 3c). This multiplexing time effectively limits the

temporal response of the instrument and influences the

processing uncertainties due to temporal averaging effects.

It is important to note that the processing scheme provided

an un-biased mean velocity estimate for all multiplexing

time intervals studied in the limit of large sample sets.

Figure 6 shows the instantaneous root-mean-square

(RMS) uncertainties of all three components for an example

PMT & PD calibration values
Iodine Cell calibration data

 raw PMT datasets

Peak recognition code for unfiltered 
channels

Application of PMT & PD calibration 
curve

Complete dataset (both PMT sets data 
points valid)

u1(t), u2(t), u3(t) dataset

Conversion from transmission to 3 
component velocity using Iodine Cell 

calibration

Interleaving of (multiplexed) datasets 
using data from adjoining bins 

P
ro

ce
ss

or

Fig. 4 Flow chart for the multiplexing data processing employed

Table 1 Simulation timescales and frequencies

Time resolution Dt

Measurement rate Particle arrival time (250 kHz)

Sample rate Not applicable as in practice much higher

than particle transit time

Cut off frequency 1/s
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case [U = (500, 30, 20) m/s, I = 0.15, a = 45�] at different

timescale ratios. It can be seen that the error is the largest for

the streamwise and radial component, but smaller for the

azimuthal component. The differences in the magnitude in

the components of these instantaneous velocity errors are

caused by the different spatial sensitivities due to the geo-

metric composition of the instrument measurement vectors

(compare Eq. 2). This dominantly absolute processing error

as such scales with the nature of the flow and its associated

timescales to be measured. It may be noted that for heated

jets, the uncertainty would increase slightly as temporal

scales decrease due to greater convective speeds.

3.2 Physical uncertainties

Each velocity component ui (i = 1, 2, 3, 4) in measurement

direction bei ¼ bo �bi
� �

i

� �

can be described by the Doppler

equation.

ui ¼
fi

f0

� 1

� �

c ð3Þ

Considering the system as a transfer function y ¼ FðxjÞ
dependent on j = 1, 2, …, n independent variables, the

sensitivity of the system can be described by the sum of

linearized Taylor series of the single independent variables.

dui ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oui

ofi

� �2

dfið Þ2þ
oui

of0

� �2

df0ð Þ2
s

ð4Þ

where
oui

ofi

¼ c

f0
and

oui

of0
¼ �c

fi

f0ð Þ2:

The transfer function of the iodine cell can be simplified

to a linear function, transducing the transmission T on the

flank of a transmission line into frequency f. Subscript i

denotes the measured component and subscript 0 refers to

the reference state. Therefore, the uncertainty in each

measured component is a combination of systematic and

random uncertainties, similar to the expression derived by

Reinath (1997):

dui ¼
c

f0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

df

dT

� �2

i

dTið Þ2þT2
i d

df

dT

� �

i

� �2

þ f 2
i

f 2
0

df

dT

� �2

0

dT0ð Þ2þT2
0 d

df

dT

� �

0

� �2
( )

v

u

u

t

ð5Þ

Thus, it can be seen that the uncertainty in this refer-

ence-based DGV system is dependent on the uncertainty in

the slope of the transmission line, the local transmission as

well as the frequency of both the shifted and the unshifted

signals. These uncertainties are directly related to the

respective uncertainties for the iodine cell calibration, in

the signal-to-noise ratio and beam splitter transmission

ratio. While the transmission uncertainty is mainly random,

the uncertainty in the slope of the transmission line is

systematic and will represent as bias in the experimental

(a) (b)

Fig. 5 Streamwise velocity reconstruction (a), streamwise velocity spectra (b), Dt = 2.0 ls interval for a 500 m/s, I = 0.15 example case,

g = 1 ls
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3
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6
x
θ
r

Fig. 6 RMS uncertainty estimate for instantaneous measurement due

to temporal averaging
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results. The random errors are most significant for instan-

taneous time-resolved measurements and the derived

higher order moments. The single-component uncertainty

and the uncertainty in the measurement vector angles result

in the uncertainty for each three-component measurement.

The total uncertainty of the measurement including the

uncertainty in the geometrical calibration matrix R is rep-

resented by:

DU~ ¼
dux

duh

dur

0

B

@

1

C

A

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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3.3 System total uncertainties

The system’s uncertainties are a mixture of physical and

data processing/time averaging uncertainties and errors.

The error in the transmission estimate from the Doppler-

shifted photon bursts is estimated by conducting Monte

Carlo simulations of a simple Gaussian burst signal model

with Gaussian noise superimposed. The Gaussian burst

envelope A(t) is modeled as:

A tð Þ ¼ Ke
� t2

2s2 ð7Þ

where s = t0/6, t0 is the particle transit time, K is a constant

with units of energy (J). Similar models have been previ-

ously used for uncertainty estimates in LDV (Ecker et al.

2012).

Figure 7 depicts the RMS error for each signal-to-noise

ratio (SNR ¼ 10 log10
Psignal

Pnoise

� �

; power;P) estimated from a

100,000 bursts Monte Carlo. The SNR is based on the

reference and it is assumed that noise is of equal power

both for the reference as well as the shifted signal.

Therefore, lower transmission values result in higher errors

to the transmission estimate. The uncertainty in the refer-

ence transmission is assumed to be very low as the SNR

can be freely chosen by varying the reference laser power.

The parameters used for the following system uncertainty

estimates are summarized in Table 2.

Assuming that the sources of errors analyzed here are

uncorrelated, all errors may be considered by finding the

resulting norm, analogous to applying Eq. 4. Figure 8

gives the total uncertainties due to the DGV sensitivities

and data processing errors for an example case [U = (500,

30, 20) m/s, I = 0.15, SNR = 20 dB, Dt = 2 ls]. As the

processing error is relative small, the bias and instanta-

neous uncertainty are dominated by the sensitivities to the

uncertainty in transmission and transmission slope as well

as the geometric composition of the instrument. While the

azimuthal velocity uncertainties are almost constant, the

uncertainties in the streamwise and radial component

decrease and increase, respectively, with intersection angle.

As can be seen from Fig. 8a, b, angles between 30� and 50�
offer an ideal balance of uncertainties for this system. The

slight linear slope in the bias uncertainty of the azimuthal

component is due to changes in transmission with changing

intersection angle being dominant.

3.4 Laser stability

According to the Springer handbook of experimental fluid

mechanics (Tropea et al. 2007), the laser bandwidth for a

successful DGV measurement needs to be smaller than

10 MHz. The Verdi V6 laser used in this study has a line

width of about 5 MHz over 20 ms according to Coherent

(Coherent Inc. white paper). The line width narrows if

observed over smaller timesscales such as implemented

with the pDV sensor developed here. The reference pho-

todiodes were sampled at 50 MHz during all measure-

ments, therefore minimizing the influence of laser jitter and

laser drift on the measurement.

3.5 Transmission line bandwidth limitations

Another critical component of a successful DGV/pDV

measurement is the choice of absorption line. For low flow

speed application, the sensitivity to velocity change is the

main concern as it directly influences the physical uncer-

tainties. However, for high-speed application with extreme

Doppler shifts, the line bandwidth compared with theIn
cr

ea
sin

g 
T

Fig. 7 Transmission error in the burst processing for different SNR

Table 2 Parameters used for

physical uncertainty estimate
Parameter Uncertainty

dTi 0.018

dTref 0.005

d df
dT

	 


0:005 df
dT
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Doppler bandwidth is most essential. Even when the mean

velocity shift is placing the measured transmissions on the

center of an absorption line, the turbulent motion of the

fluid can cause an extreme standard deviation from the

mean shift.

In Fig. 9, an example case with large frequency shifts is

displayed. It can be seen from the figure that there are non-

unique regions bounding the line bandwidth to about

720 MHz (representative of half bandwidth of line 89.95

1/cm, compare to Fig. 2). In these cases of large Doppler

shifts and large standard deviations, this limitation can clip

and distort the measured velocity statistics compared to the

true values.

The total bandwidth necessary is determined from the

difference of the highest and lowest frequency of the fre-

quencies to be measured. As for this particular technique,

four possible frequency combinations exist; the lowest

possible bandwidth is defined by the lowest bandwidth of

one of the possible combinations of f1, f2, f3 and f4. Mea-

surements that have a lower required bandwidth than the

measurement line width can still be subject to bounding as

the distribution of frequencies (indicated by a Gaussian

histogram in Fig. 9) come close to the bounding sides of

the line.

Figure 10 shows the line coverage for synthetic datasets

with increasing turbulent intensities (fAOM = -80 MHz,

a = 45�). For a center frequency (fmean) fixed on the center

of the line flank, increasing turbulent intensity leads to

clipping—frequencies that are not covered by the band-

width of the transfer function. Line coverage is here

defined as the number of observable data points NLine on a

real transmission line divided by the number of observable

data points NTurb. on an idealized transmission line. The

center of the frequency shift can be shifted relative to the

reference frequency fREF by using an AOM, this shift is

denoted by fAOM in Fig. 9.

For this example case with relatively high mean veloc-

ities and turbulent intensities of 15 %, up to 9 % of the

dataset cannot be observed due to bandwidth limitations.

Figure 11 shows the absolute error (bias) of the mean

velocity for the example case. Individual instantaneous

measurements as discussed in the previous section are not

affected with a bandwidth-induced error since measure-

ments exceeding the bandwidth are invalid, with no means

for estimating velocity. However, statistics and spectral

information will obviously be impacted due to bandwidth

limits. For measurements of highly turbulent flows with

high mean velocities, these physical limitations need to be

observed in order to allow accurate measurements of

velocity statistics. As the presented results are for a system

with 532 nm laser wavelength, the use of a laser with

higher wavelength, e.g., 852.3 nm as used by Fischer et al.

(2007) would significantly decrease the required Doppler

frequency bandwidth and increase the effective dynamic

range of the instrument.
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Fig. 8 Bias (a) an instantaneous (b) velocity uncertainty for example case (a is defined in Fig. 3)
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Fig. 9 Transmission line bandwidth limitations for turbulent flows

1819 Page 8 of 15 Exp Fluids (2014) 55:1819

123

35



4 Implementation: apparatus and instrumentation

The interest driving the instrument development is the need

to understand the production of noise in supersonic jets.

Lighthill (1952) made a first theoretical approach to jet

noise in 1952 with his famed acoustic analogy, represent-

ing the fluctuations of the local flow by a distribution of

quadrupole sources with equivalent energy. This analogy is

strongly dependent on the source terms described by the

Lighthill stress tensor (Tam 1995), which can be deduced

from higher order correlations. To further physical under-

standing of the noise generation processes and to enable

validation of numerical models, time-accurate measure-

ments of supersonic jets are therefore inevitable.

4.1 Facility

The Virginia Tech hot jet facility has been described in

past works (Ecker et al. 2014b; Brooks et al. 2014a). This

facility provides supersonic flow at TTRs up to 3 at

0.12 kg/s mass flow rate. The air is heated by an electrical

192 kW power inline heater. The biconical nozzle used

(Md = 1.65; nozzle diameter, d = 0.75 in) was adapted

from the geometry studied by Powers and McLaughlin

(2012) for military-style nozzles, differing in the present

study by being axisymmetric and unfaceted.

For the cold flow studied, flow seeding is performed by

introducing di-ethyl-hexyl-sebacat (DEHS) oil droplets

generated by a LaVision four-nozzle flow seeder unit. This

unit is capable of generating submicron droplet sizes, and

particle response time can be estimated for a 1-lm-diam-

eter particle from Stokes drag (Ecker et al. 2012) assuming

continuum regime flow, to be about 3.8 ls at a flow static

temperature of 200 K.

4.2 Instrument configuration and properties

Figure 12 shows the optical setup for the described pDV

system. Essential system parameters are tabulated in

Table 3. The setup can be separated into three different

zones: (1) instrument, (2) optical conditioning and (3) data

acquisition. The instrument here refers to the device that is

attached to the facility and generates the measurement

volume as well as collects the scattered light. The mea-

surement volume created by the 250 mm focal length

sending lens is estimated to be about 60 lm diameter. The

two laser heads are consecutively flashing to generate two

velocity components at a time. The receiving optics

(f = 200 mm) focuses the received light into 200 lm

telecommunication-grade multimode fiber.

Optical conditioning is performed on a separate optical

table in an adjacent room. Multiplexing is enabled by

using two 80 MHz AOMs produced by Intraaction Corp.

as optical switches, turning on and off the respective

beam. A BNC 565 signal delay generator controls the

multiplexing time interval, which is the interval each

beam consecutively activates. The laser beam is shifted

by -80 MHz and then transmitted to the instrument by

an 8-lm-core-diameter telecommunication-grade multi-

mode fiber. PMT and photodiode (PD) calibration mea-

surements are performed before every experimental

section. As this calibration is performed in situ all errors

due to alignment, beam-splitting cubes imperfection and

polarization dependencies are taken into account to the

greatest extent possible. Two photodiodes (Thorlabs

PDA100A) are used to monitor the unshifted laser fre-

quency through the iodine gas cell at all times, reducing

the influence of laser frequency drift or fluctuation to a

minimum. Four Hamamatsu R4124 PMTs are used for

transducing the received Doppler-shifted photons into

voltage signals.

The experimental data are acquired by a NI PXIe DAQ

system using a 50 mega samples/S (MS/s) Adapter module

(NI 5752) on a FlexRIO FPGA (NI PXIe-7965R) unit. All
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Fig. 10 Line coverage decreasing with increasing turbulent intensity

due to clipping, for example case

0.04 0.06 0.08 0.1 0.12 0.14 0.16
−8

−6

−4

−2

0

2

I

x
θ
r

Fig. 11 Mean velocity error due to line bounding at high turbulent

intensity, for example case
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four PMTs signals, as well as the PD signals and the AOM-

switching signals are recorded simultaneously at 50 MS/s.

Datasets were typically 50 million samples, which equals

to 1 s. in duration. Tuning the cavity length inside the

Coherent Verdi V6 CW diode-pumped solid-state laser is

performed by controlling a piezoelectric element (PZT)

inside the laser, using a 0–72 V BK precision bench-top

power supply. This allows choosing the transmission line at

which the sensitivity and bandwidth of the transfer function

is optimal.

4.3 In situ uncertainties

From the previous analysis, the uncertainty in each mea-

sured component can be determined for a 45� angle con-

figuration for an example case [(500, 30, 20) m/s, I = 0.15

Dt = 2 ls, 50,000 samples and SNR 20 dB signal, mis-

alignment of geometry by 0.14�]. Table 4 (top) shows the

associated systematic uncertainties. Table 4 (bottom) gives

the specific uncertainties for the case of the time-resolved

instantaneous measurements. The relative uncertainties are

excellent for the streamwise component but somewhat

higher for radial and azimuthal components. Different

geometrical arrangements and multiplex time steps can be

used to decrease the uncertainty in those components. For

comparison, Thurow et al. (2005) give a velocity error for

their 1-component camera-based system of about 9–33 m/s

for measurements in their Mach 2.0 supersonic jet. Fischer

et al. (2013) reported a measured uncertainty of about 1 m/

s at 100 kHz laser modulation frequency for their labora-

tory scale experiments.

In the following section, instrument performance is

validated with a LDV probe with measurements in a cold
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Fig. 12 Optical layout of pDV probe (FC beam to fiber coupler, AOM acousto-optic modulator, PD photodiode, PMT photomultiplier tube)

Table 3 Instrument parameters

Parameters

Measurement volume beam waist diameter 60 ls

Laser power (per beam) 160 mW

Multiplexing time step 2 ls

a 45�
Sampling rate DAQ 50 MS/s

Iodine cell body temperature 60 �C
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supersonic jet, and an exposition of the instrument time

response is provided via measurements of Reynolds stress

spectra streamwise development.

5 Results and discussion

In order to evaluate the pDV instrument performance,

measurements at different jet NPR at the same location

were performed repeatedly. These measurements are then

compared to a 2-component LDV measurement at the same

location. Details on the LDV probe used can be found in

Brooks et al. (2014a, b). The instantaneous uncertainty of

the LDV measurements is 0.33 % of the measured veloc-

ity, with systematic uncertainty in the fringe spacing of the

same order. Uncertainties of the pDV probe are given in

Table 4, with approximately the same magnitude for bias

errors as the LDV. The horizontal error bars in Fig. 13 are

determined from the uncertainties in the NPR value due to

uncertainties in the reference pressure and total pressure

readings and explain small discrepancies between LDV

and pDV measurement over the instrumentation uncer-

tainties themselves. The comparison of the mean velocity

data in Fig. 13 shows excellent agreement within posi-

tioning, pressure and velocity uncertainties. Measurements

were repeatable and consistent over the course of the

experiment.

After validation of the pDV probe, measurements along

the streamwise axis at a normalized radial coordinate of r/

d = 0.2 and NPR = 3.2 (T0 = 300 K; isentropic Mach

number, Mj = 1.4) are performed. At this condition, the jet

is highly over-expanded and exhibits the screech phe-

nomenon. The measurement volume moves through sev-

eral normal and oblique shocks as well as expansion waves

before it enters a region where the potential core breaks

down and large and small-scale turbulent mixing occurs.

Mean data rates of up to 100 kHz were reached in the

potential core where particle seeding was optimal. Local

data rates were up to 250 kHz over periods of time, but

could not be sustained due to the Poisson statistics of

particle arrival resulting in periods of data dropout.

Mean streamwise, radial and azimuthal velocities along

the streamwise coordinate are displayed in Fig. 14. It is to

note that the streamwise and radial velocities clearly reflect

the shock cell structure in the potential core as well as the

breakdown further downstream.

From this measurement, it appears that there are four

strong shock cells in the mean at this condition. This is

consistent with Schlieren photographs from this region.

The azimuthal velocity does not show this behavior. The

velocity vectors were rotated using the information at the

exit plane to have zero radial and azimuthal velocity. The

drift in the mean azimuthal velocity is most likely due to

precession of the shock structure; at 7.8 kHz, it would

only require a precession radius of 1.3 mm to obtain this

effect.

After a distance x/d larger than 4, a strong rise of the

Reynolds normal stresses due to shock unsteadiness growth

and flow instability can be observed. This trend is dis-

played for all normal stresses in Fig. 15a. At 5 diameters,

the streamwise normal stresses correspond to a turbulence

intensity of about 0.12. A similar trend and magnitude was

shown by Alkislar et al. (2003) for the streamwise normal

and transverse stresses in a rectangular under-expanded

supersonic jet, as well as by Lau et al. (1979) and Bridges

and Wernet (2008) for normal stresses in axisymmetric

fully expanded supersonic jets. Alkislar and Krothapalli’s

data also showed a peak in the transverse mean Reynolds

stress that peaked above the magnitude of the streamwise

normal stresses before dropping to lower values, similar to

the radial normal stress displayed in Fig. 15a.

A fuzzy slot correlation technique (Benedict et al. 2000)

allows to obtain auto and cross-correlation from the non-

equally spaced velocity data. The Wiener–Khinchin

Table 4 Associated uncertainties for example case

d �Ux (m/s) dUh (m/s) dUr (m/s)

Systematic uncertainties

Processing error 0.042 0.975 0.128

Instrument uncertainty 1.420 1.025 1.362

Geometrical uncertainty 0.597 0.443 0.572

Total uncertainty 1.541 1.482 1.483

dUx (m/s) dUh (m/s) dUr (m/s)

Instantaneous uncertainties

Processing error 6.175 1.120 6.195

Instrument uncertainty 9.200 6.508 9.190

Geometrical uncertainty 0.597 0.443 0.572

Total uncertainty 11.10 6.618 11.10
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Fig. 13 Mean velocity measurement at a static position in the jet
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theorem grants direct conversion of the auto and cross-

correlation into auto and cross-spectra.

The behavior of shock unsteadiness, or screech, is

examined in the spectral and time-delay domains. As first

proposed by Powell (1953), axisymmetric, helical and

lateral modes of screech are possible. As verified using

Schlieren photography, the jet under study exhibited the

helical instability mode. In Fig. 16, the development of the

Reynolds shear stress time-delay cross-correlation is

exhibited. While the findings from the visualizations of

Umeda and Ishii (2001) indicate that the helical mode

initiated in the third shock cell for the under-expanded jets

they studied, the current results for the over-expanded jet

indicate the significant strength of the fundamental screech

tone in the shear stress just upstream of the third shock,

shifted toward the nozzle exit by � a cell compared with

the under-expanded jet. The rapid decay of the funda-

mental tone three shock cells downstream of its appearance

is in contrast to the recent results of Edgington-Mitchell

et al. (2014) for under-expanded jets, as well. The authors

there indicate a strong persistence of the fundamental

helical mode signature out to x/d = 9. Time-accurate

Schlieren videos obtained for the jet currently under study

indicated a violent screech mode that likely grew into a

nonlinear regime causing its rapid breakdown. Another

interesting aspect of the time-delay data is the variable

phase shift between the streamwise and radial fluctuation

velocities with streamwise distance, particularly visible in

the three shock cells with clear fundamental mode content,

between 3 and 5 diameters. These shifts occur in the

regions of high streamwise velocity gradients, with

increasing phase shift magnitude between streamwise and

radial velocity fluctuations in shock regions and decreasing

phase shift magnitudes in the expansion regions. Again

from the Schlieren images, it appears that this variable

phase is due to the lag between the helical motion of the jet

core and the formation of the shock. The visualization

indicates a highly unsteady shock at x/d = 3, contributing

the mechanism for this phase lag.

Spectral analysis of the Reynolds stresses measured

reveals the loci of fundamental and harmonic screech tone

dominance (compare Fig. 17). The streamwise normal

stress results generally follow the behavior deduced from

the time-delay correlation results—the fundamental

screech tone is shown to dramatically diminish for x/d [ 6.

However, interestingly, the radial/azimuthal shear stress

exhibits significant content from the screech tone

throughout the measurement range. It is likely that this

difference is explainable due to the appearance of vortical

turbulence due to the penetration of the shear layer into the

potential core. For the streamwise normal stress, contri-

butions from turbulence produced by axisymmetric shear
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are significant and may swamp out the screech signal.

However, there are no mechanisms for production of

radial–azimuthal shear stress in the axisymmetric jet

beyond the screech instability itself. Thus, we would

expect that production of that shear stress would be

intrinsically linked to the spectral content of the screech

mechanism, causing the strong persistence of this signature

in the shear stress spectra, as seen in Fig. 17.

6 Conclusions

A new probe making use of the DGV technique has been

developed and is presented in the framework of state of the

art development of DGV technology. Especially the time-

shift multiplexing is a new approach reducing required

sensor devices while still enabling the time response

capable of high-speed flow applications.

In a study on the data processing and its induced errors,

it was found that next to the geometric configuration the

flow timescales are of largest impact. Reducing the time-

shift period allows reducing associated errors significantly.

For timescales relevant to the jet noise application, the

instantaneous velocity errors due to processing are about

6.1 m/s for streamwise and radial component and around

1.0 m/s for the azimuthal velocity component for the

example case with timescales of interest as low as 10 ls.

The detailed heuristic uncertainty analysis propagates

the uncertainties of the linearized DGV transfer function

and allows obtaining a reasonable estimate of the mea-

surement uncertainties. Results from the processing ana-

lysis were included and the total measurement uncertainty

expressed as a root square sum of the uncorrelated con-

tributions of data processing errors and physical uncer-

tainties. The uncertainties for the presented instrument are

about 1.5 m/s for mean measurements and between 6.6 and

11.1 m/s for instantaneous measurement of the 3-compo-

nent velocity vector.

It is shown that using velocity multiplexing is an

effective method to reduce instrument cost without sacri-

ficing mean uncertainties. Uncertainties for the instanta-

neous velocity vectors are mainly characterized by random

effects such as signal-to-noise ratio as well as temporal

averaging effects. Achieved uncertainties compare favor-

able to previous work in time-resolved DGV. Implications

of the transmission line width for measurement of flows

with high mean velocities and high turbulent intensities are

discussed and examples for associated uncertainties given.

Using a different laser with a higher wavelength could

compress the required transfer function bandwidth and

increase the dynamic range of the instrument therefore

eliminating these physical limitations.
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First measurements in a supersonic cold over-expanded

jet using a pDV instrument have been performed and the

temporal capabilities demonstrated. Mean flow velocity

measurements at different tunnel operating pressures have

been validated by using a LDV and are within the expected

uncertainty range for reference-based DGV. By traversing

the instrument along the streamwise axis, mean flow and

full Reynolds stress tensors were obtained. Global data

rates of above 100 kHz with local data rates as high as

250 kHz allowed spectral analysis of the Reynolds stress

tensors in the streamwise development.

In combination with time-accurate Schlieren videos, the

current study exposes helical screech modes with a spatial

extension fundamentally different from the structures at

under-expanded conditions found in the literature. Com-

pared to under-expanded conditions, the present study

shows rapid breakdown due to shock unsteadiness and

vortical nonlinear instability growth The screech tone

phenomenon and its higher harmonics present in the

potential core and in regions of increased turbulent mixing

and is suspected to be linked to the production of radial–

azimuthal shear stresses in extended regions beyond the

potential core. While the influence of the screech phe-

nomenon onto the normal stresses quickly diminishes at x/

d [ 6, the signature of the screech remains imprinted onto

the radial–azimuthal shear stresses beyond the region of

investigation.

This measurement provides insight into the usefulness

of time-resolved DGV for understanding dominant turbu-

lent structures for noise generation in supersonic jet flow

and highlights the need for ongoing development of time-

resolved multi-point measurements. This study discusses in

detail a geometrical configuration that can be easily

extended to allow planar and tomographic operation by

using spatially resolving sensors, large aperture lens sys-

tems and scanning laser sheets.
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1. Introduction

The need to better understand physically complex flows is a 
driving force in pushing the envelope of optical flow instru-
mentation innovation. Especially in high-speed flows, where 
the timescales of interest are on the order of microseconds, 
temporal requirements are of special interest and dictate sen-
sor properties.

For many diagnostic applications, modern high-speed cam-
eras with frame rates up to 1 MHz have filled this need, and 
enabled time-resolved particle image velocimetry (TR-PIV) 
(Wernet 2007), high-speed schlieren photography, time-
resolved Doppler global velocimetry (TR-DGV) (Thurow et 
al 2005), as well as 3D flow visualization (Thurow et al 2013). 
Limitations of these approaches arise at high Reynolds num-
bers, high-speed flows, with large ranges of timescales and 
the frequent need to resolve weak signals requiring low detec-
tion thresholds. While photodiode arrays (Dahm et al 1991, 

Fischer et al 2009) have been used in the past for laser based 
flow instrumentation, photomultiplier tube (PMT) arrays with 
large sensor count (e.g. Hamamatsu H8500C as integrated 
herein) have only been used in the biomedical (Alva-Sánchez 
and Martínez-Dávalos 2009), nuclear physics (Pani et al 2003) 
and astrophysics fields.

In this article, we survey the types of data acquisition 
systems (DAQs) currently in use in fluid dynamics instru-
mentation and discuss the advantages and applications for 
field-programmable gate arrays (FPGA) based systems in 
the evolution of laser based high-speed flow instrumen-
tation. We present the integration of FPGA-based data 
acquisition into the development of a novel 64-anode PMT 
array camera system capable of recording flow field data 
at 10 million samples per second (MS s−1) over the course 
of several seconds. This camera is used for TR-DGV 
allowing data rates of 250 kHz, and above, for extended  
periods of time.
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Abstract
In this technical design note, the development of a rapid response photomultiplier tube 
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value of the technique in the chosen application example for determining supersonic shear 
layer velocity correlation maps.
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2. High-speed high-bandwidth data acquisition

A variety of commercial DAQs are used in current experi-
mental fluid mechanics applications, including Ethernet based 
modular and non-modular DAQ units, USB-based DAQ units, 
PCIexpress (PCIe) based DAQ cards, and other specialized 
modular DAQ based on proprietary platforms. While some 
Ethernet- and USB-based systems offer a large choice of mul-
tichannel systems (1–32 channels/board), most systems suffer 
from interface-related low data rates (up to 2 MS s−1) and high 
latencies (Starkloff and Bisking 2007, Ullrich 2007). PCIe 
DAQ cards usually do not offer as many channels but enable 
unique applications requiring extremely high data acquisition 
rates as high as 2 GS s−1, e.g., the DAQ used for single-point 
laser-Doppler velocimetry (Brooks et al 2014, Lowe et al 
2014) in supersonic flow. Chassis systems like the PXI and 
PXIe systems are a special case as they integrate the PCI/PCIe 
technology into a modular data acquisition/test system plat-
form (Clark et al 2002, Starkloff and Bisking 2007, Nosbusch 
2012). While most systems offer FPGA capabilities, current 
PXIe chassis systems allow the application of multiple FPGA 

units with ADC modules capable of up to 32 analog input 
channels (per module) at speeds of 50 MS s−1 in addition to 
high-speed synchronization and trigger capabilities. Thus, 
current PXIe systems can fulfill the technology requirements 
for high-speed flow instrumentation.

3. FPGA integration for high-speed  
data acquisition

FPGAs are logic structures similar to gated arrays with the 
additional advantage of being reconfigurable for user-spe-
cific purposes. While FPGAs perform slower than traditional 
(fixed) masked arrays by a factor of 3 and have a 10 times 
lower packing density, their flexible programming makes 
them optimal for ‘rapid product development and prototyp-
ing’ (Trimberger 1992). Translated to instrument development 
applications, this means new capabilities in managing and 
preprocessing high throughput data and data volume in high-
speed (>2 MS s−1 per channel) measurement applications.

Previously FPGAs have found application in real-time 
particle image velocimetry (PIV) (Yu et al 2006). Direct 

Figure 1. Examples of FPGA-adapter module integration (executed on FPGA hardware).

(a)

(b)
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processing of a limited amount of camera information using 
FPGA capability allows for reducing data streams to manage-
able levels enabling flow control feedback mechanism. Scaling 
of FPGA-based DAQs for TR-DGV has been demonstrated 
previously (Ecker et al 2014a). Herein further development of 
a new multi-PMT sensor unit for high-speed flow application 
is described and demonstrated for an example application.

FPGAs can be reconfigured for user-specific purposes. 
Before the FPGA code can be run, the FPGA code must be 
compiled for the specific FPGA unit, which results in a config-
uration file that specifies how the FPGA unit uses its resources 
to operate as directed. Once compilation is performed, differ-
ent codes can be uploaded to the FPGA unit’s static memory, 
allowing rapid reconfiguration of the device logic for different 
applications.

Depending on application, FPGA programming strate-
gies may vary between two extremes: (1) data streaming (no 
data processing) and (2) complete processing of the data via 
FPGA with only fully reduced data being output. The process 
of data streaming via the FPGA is depicted in a pseudo-flow 
diagram in figure 1(a). While the loop containing the interface 
to the ADC must run at the prescribed adapter module clock 
rate, other loops on the FPGA hardware may run on derived 
clocks. Each loop is executed at its defined clock speed. 
First-in first-out (FIFO) data streams can be used as buffers 
to transport information across clock domains, storing data in 
the FPGA’s block RAM and slice memory. Additionally, com-
mercial FPGA software wrappers offer the option to use direct 
memory access (DMA) FIFO’s to stream data directly into 
the controller’s system memory. The code running on the host 
side can then access these data and process them or write them 
to disk. Some FPGA units have on-board memory, which can 
be used to buffer data streams. Because current PXIe FPGA 
cards are based on first generation PCIe their bandwidth is 

limited to 1 GB s−1 (4 ×  slot); direct streaming of more than 
1 GB s−1 is not possible (e.g. 10 channels at 50 MS s−1) without 
on-board buffering to avoid data stream overflows.

Figure 1(b) illustrates inline addition of a set number of 
samples as a method of data preprocessing and bandwidth 
reduction. An event trigger is used to gate a true/false loop, 
either writing the number to the FIFO buffer or returning its 
value to the next time cycle.

This is an effective approach to reduce the data stream to 
levels that can be handled by the system’s bandwidth. In the 
simplest variant, this method can be used to integrate a select 
amount of samples to increase the measurement signal-to-
noise ratio (SNR). In a more applied case, the loop could be 
controlled by an event, e.g., the voltage peak on the output of 
a PMT induced by photons scattered from particles passing 
through a laser beam. The integrated value would then sim-
ply be a representative measure for the intensity of the elastic 
Mie scattering. Fast Fourier transform (FFT) based processing 
techniques like used for laser-Doppler velocimetry could ben-
efit from inline FFT processing, which would allow on-the-fly 
velocity data at high data rates.

4. PMT camera

For the purpose of time and spatially resolved DGV for high-
speed flow application, a PMT camera based on the 64 chan-
nel flat panel type Hamamatsu H8500C and H10966 series 
PMT has been developed. TR-DGV is a velocimetry technique 
capable of directly sensing the velocity induced Doppler shift. 
Velocity sensitivity is enabled by using a molecular gas filter, 
which functions as a transfer function from frequency to inten-
sity. The classic implementation utilizes the ratio between the 
filtered and unfiltered light to determine the Doppler shift. The 

Figure 2. Spatially resolving PMT camera.
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examples presented in this report are based on, but not lim-
ited to, the application of this classic reference technique for 
time-resolved velocimetry (Ecker et al 2014b). A model of 
the camera unit with photographs of the amplifier boards (4) 
and the PMT unit are shown in figure 2(a). The PMT configu-
ration imaged onto the flow plane via a camera lens allows 
correlating all channels at any given time, thereby extracting 
instantaneous and statistical information on the flow physics. 
Figure 2(b) shows an example of the time delay cross-correla-
tion across four PMTs in a supersonic shear layer.

As multichannel high-speed amplifiers for PMTs are 
not commercially available, a 16-channel amplifier board 
(Amp10M) that is directly interfaced with the PMT panel as 
well as the FPGA-adapter module, was designed and custom 
built by Ectronic GmbH, Karlsruhe, Germany. This amplifier 
unit allows amplifying single particle signals on all 64 chan-
nels at a bandwidth of 10 MHz (at −3 dB). Each channel of the 
amplifier unit employs an ac-coupled, two-stage amplification 
with 200 Ω input and 100 Ω output impedance (50 Ω differ-
ential), with an amplification of 100, resulting in maximum 
output voltages between ± 1 V. The board uses an AD8132 

differential output driver to enable long (5 m) interconnect 
distances between amplifier and adapter module.

Figure 3 shows the signal flow integration of both amplifier 
and PMT unit into the FPGA system. The 64-channel PMT 
is directly interfaced with the 16-channel high-speed ampli-
fier boards (housed in a custom aluminum case). This camera 
unit is directly connected to the ADC unit on the 32-channel 
NI 5752 adapter module via a very-high-density cable inter-
connect (VHDCI) cable. The adapter module is attached to a 
NI PXIe-7965R card, which is powered by a Virtex-5 SX95T 
FPGA chip.

 With the current FPGA and PXIe implementation, this 
setup allows a steady 2 GB s−1 data transfer rate per 64-chan-
nel camera system. In order to decrease the system’s data 
rate to a manageable amount, the FPGA unit employs inline 
addition processing as presented in figure 1(b). Inline addi-
tion of the samples allows reducing the data rate to 1 GB s−1 
per slot while boosting SNR. The sampling clock rates of the 
two adapter modules containing the ADC are synchronized 
by using a direct digital synthesizer (DDS) clock generated 
by a NI PXIe-6674T timing module and relayed via a timing 

Figure 3. FPGA-based PMT camera system.
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bus line. Synchronization of data acquisition is achieved via a 
global trigger on a different high-speed line network (device 
to device skew < 500 ps) on the same bus (Ullrich 2007). All 
data are streamed to the controller memory via DMA and then 
written to disk. The recording timespan is limited only by 
the available controller memory, enabling long duration flow 
observations.

5. Results

Figure 4 shows an application of the PMT camera in a TR-DGV 
system in a supersonic hot jet (Mach number, M = 1.65; total 

temperature ratio, TTR = 1.6; nozzle diameter, D = 1.5 inch). 
The figure  shows the velocity fluctuation time series on 8 
PMTs arranged along a radial line perpendicular to the stream-
wise velocity component just downstream of the potential core, 
revealing strong intermittent velocity fluctuations. All data from 
the PMT camera were acquired by a NI PXIe DAQ system using 
50 MS s–1, consolidated into a 10 MHz signal via on-board pro-
cessing and down sampled to 250 kHz in post-processing.

Figure 5 shows results from a study conducted by Ecker 
et al (2014b) in the same jet. Using 32 points on the camera 
system, velocity information was used to generate second and 
fourth order correlations, peak correlation maps, convective 

Figure 4. Velocity fluctuation time series in a hot supersonic jet (M=1.65, TTR=1.6, x/D=6).

Figure 5. Second-order peak correlation map on the shear layer of a supersonic hot jet (M=1.65, TTR=1.6) using 32 pixels of the PMT 
camera. Reference at Δ =  x D/ 0  and r/D=0.52.
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velocities, as well as integral time scales—leveraging the sta-
tistical advantage of the long duration recording capability of 
the PMT/FPGA system.

6. Conclusions

In this article we briefly discussed commonly available data 
acquisition systems for flow instrumentation and give a 
comparison with regards to bandwidth and sampling rate to 
FPGA-based systems. The working principles of FPGA are 
summarized and examples on how inline processing can be 
integrated in a system are given. With the current availability 
of hardware and software tools, FPGA units give an attrac-
tive capability for rapid development of the-state-of-the-art 
instrumentation.

The integration of a commercial FPGA system with cus-
tom high-speed amplifiers and 64-channel PMT arrays into 
a rapid response 64-channel PMT camera for optical time 
(up to 10 MHz) and spatially resolved flow velocimetry is 
described. The applicability of this new camera technique is 
demonstrated on the example of a TR-DGV system applied 
to a supersonic, heated jet flow. Based on those experiences, 
we believe FPGA units to be extremely useful for rapid devel-
opment of highly complex data acquisition systems, due the 
flexibility to adapt to quickly changing requirements in high-
speed flow velocimetry it provides.
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Part V.

Eddy convection and statistical correlations in the developing shear layers of

heated supersonic jets

The contents of this chapter have been submitted for publication, and are currently under review.

Significant portions were previously presented as “Ecker, Tobias, K. Todd Lowe, Wing F. Ng, and Donald R. Brooks.

"Fourth-order spectral statistics in the developing shear layers of hot supersonic jets." In Propulsion and power (50th

AIAA/ASME/SAE/ASEE joint propulsion conference). 2014”.
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Motivated by the roles eddy convective Mach number and turbulence statistical 

correlation play in acoustic analogies, a study is presented leveraging non-intrusive 

measurements in the developing shear layers of hot supersonic jets. A time-resolved Doppler 

global velocimetry measurement technique with a frequency resolution of 125 kHz is 

employed to obtain time-resolved measurements and used to determine second- and fourth-

order space-time correlations, integral timescales and convection velocities in the shear layer 

of a heated (total temperature ratios of 1.6 and 2) supersonic, perfectly expanded jet at 1.65 

design Mach number. Data obtained in the same facility, using laser Doppler velocimetry are 

analyzed with respect to fourth-order terms indicating the importance of the fourth-order 

correlation in the region of immediate interface between the potential core and the shear 

layer.  For these heated jets, streamwise eddy convective velocities on the lip line were 

between 0.54 - 0.68 of the isentropic jet exit velocity, which is significantly lower than in the 

cold jet case on the same geometric line. It is shown that the acoustic Mach number for the 

hotter case is generally greater in the core, but the surface of the sonic convective speed 

remains surprisingly consistent between both presented cases. Density ratios less than unity 

are shown to result in significant changes in jet spreading similar to heated subsonic jets.  
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Nomenclature 

a = speed of sound [m/s] 

c = speed of light [m/s] 

D = nozzle diameter [m] 

Dj = perfectely expanded nozzle diameter [m] 

dp = particle diameter [m] 

𝑒 = measurement vector 

f = frequency [Hz] 

f0 = characteristic laser light frequency [Hz] 

fD = Doppler frequency [Hz] 

𝚤 = laser incidence vector 

I =  turbulence intensity 

𝜇 = dynamic viscosity [Pa s] 

M = Mach number 

Ma = acoustic Mach number 𝑀! = 𝑢!/𝑎! 

Md = design Mach number 

Mj = isentropic Mach number 

NPR = nozzle pressure ratio p0/ pa 

𝑜 = observation vector 

pa = ambient pressure [Pa] 

p0 = total pressure [Pa] 

r = radial coordinate [m] 

R = correlation coefficient 

Δt = laser pulse width [μs] 

T =  data acquisition period [μs] 

Tii = integral time scale [s] 

T0 = total temperature [K] 

Ta = ambient temperature [K] 
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TTR = total temperature ratio T0/Ta 

s = flow variable 

Sr = Strouhal number 𝑆𝑟 = 𝑓𝑈!/𝐷!  

uc = streamwise eddy convective velocity [m/s] 

u = instantaneous velocity [m/s] 

𝑈 = velocity vector in base coordinate system [m/s] 

Uj = isentropic jet exit velocity [m/s] 

U = mean velocity [m/s] 

x = streamwise coordinate [m] 

𝜂∗ = shear layer similarity coordinate 

𝜌! = particle density [kg/m3] 

𝜌! = density after isentropic expansion [kg/m3] 

𝜌! = ambient density  [kg/m3] 

𝜏  = correlation lag time [s] 

𝜏∗ = non dimensional correlation lag time  𝜏∗ = 𝜏𝑈!/𝐷!  

𝜏!" = Stokes particle lag time [s] 

Δx = distance between sensors [m] 

I. Introduction 

JET noise has been a concern since the introduction of turbojet engines [1] and remains a topic of intense study. In 

the present article, we leverage new time-resolved flow diagnostics to shed light on some aspects of the turbulent 

flow field that produces the dominant noise sources in model single stream, heated supersonic jets. The results are 

interpreted in light of a great deal of experimental, theoretical and computational results presented in the literature. 

A brief review of pertinent measurement techniques and some of these works on jet aeroacoustics is provided to 

follow.   

 In 2012, Lowe et al. [2] have presented a concept for the development of a new instrument based on the Doppler 

Global Velocimetry (DGV) technique, featuring time resolved measurements at multiple points (from here on 

referred to as TR-DGV). In a first step, Ecker et al. [3] have demonstrated the fundamental developments for the 
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TR-DGV technique capable of very high temporal resolution, three-velocity component particle measurements in 

supersonic jets. This technique is a modification of the classic DGV technique, but with the improvements of using 

high sensitivity photodetectors, field-programmable gate array (FPGA) based signal processors and a continuous 

wave laser. The current study advances the presented technique to 32 points in a plane by integrating multi-

photomultiplier (PMT) detector units with custom high-speed amplifiers and a FPGA data acquisition backend into a 

new instrument, capable of bridging the gap between temporal and spatial resolution of current DGV 

instrumentation.  

 The structure of this paper is as follows: first a short summary of relevant literature for optical measurements in 

jet flows and correlations of flow variables is given.  In the subsequent parts both the laser Doppler velocimeter 

(LDV) and the DGV instrument as well as the facility is described. LDV single-point turbulence, fourth-order 

statistics and DGV multipoint correlation based measurement results are presented. The DGV results include second 

and fourth-order space time correlations, peak correlation maps and time scales, as well as streamwise convective 

velocity maps for a perfectly-expanded supersonic jet at total temperature ratios (TTR) of 1.6 and 2.0. A brief 

discussion details the relevance of the presented data and the main achievements of the study. 

 

A. Optical measurement techniques for jet flows 

First studies of two-point correlations in supersonic jets were limited to hot wire measurements, which suffered from 

highly correlated probe noise [4]. Recent progress in laser-based instrumentation has resulted in non-intrusive 

optical alternatives, some of which are discussed here.  

Lau [5] and Kerhervé et al. [6] have applied LDV systems for two-point correlations in supersonic cold jets, 

presenting valuable data in these flows. Another notable optical instrument used extensively for obtaining space-

time correlation information is the optical deflectometer (OD) technique presented by Doty and McLaughlin [7] for 

air and helium-air jets. This method has provided extensive eddy convection information ���in cold flow but due to 

signal-to-noise limitations, has shown limited success in heated or simulated heated flows. 

 Planar velocimetry techniques, most notably Particle Image Velocimetry (PIV) and DGV, are the current 

standard for global velocity measurements in low and high-speed flows. The application of PIV and DGV for mean 

flow velocity measurement in high-speed flows has been discussed by Samimy and Wernet [8] in detail. PIV has 

been successfully applied to high subsonic and supersonic, cold [9] and hot jets [10], as well as supersonic [11] and 
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hypersonic windtunnel configurations.  Wernet [10], Bridges [12], Ukeily et al. [13] and Fleury et al. [14] have 

successfully used PIV to compute space-time correlations maps and spectra [12] in hot and cold subsonic jets.  

Recent developments in high-speed cameras have pushed the envelope towards highly spatially and time-resolved 

measurement techniques for high-speed flow. Wernet[15] presented a new, truly time-resolved PIV technique (TR-

PIV) capable of measurements at rates up to 5 kHz. Time resolution was obtained by coupling a Photron Ultima 

APX-RS CMOS camera with a Quantronix Infini dual head laser system operated at up to 25 kHz. By using large 

onboard memory, this TR-PIV system can overcome bandwidth limitations at the cost of dedicating time to 

transferring the datasets until the experiment is paused or concluded.  

DGV has been developed primarily for applications in high-speed flows due to its inherent absolute instrument 

uncertainty. First introduced by Komine [16] and then further pioneered by Meyers and Komine [17], DGV has 

proven itself in applications for mean velocity measurements in high-speed flows. Meyers et al. [18] identify that the 

most common sources of uncertainty in DGV can be attributed to the molecular gas cell, laser stability and 

characteristic performance of the sensor type. Advances have been made to reduce measurement uncertainty, 

instrumentation cost, as well as complexity, and to improve time resolution. These advances led to some notable 

derivative variants of the DGV technique applicable to low speed flows [19]-[21]. Many other applications and 

developments of the traditional DGV technique, as well as levels of uncertainties, are discussed in detail by Elliot 

and Beutner [22]. Both PIV and DGV have benefited from the development of high-speed camera systems. Thurow 

et al. [23] first demonstrated a time-resolved DGV system based on a high-speed camera for use in a rectangular 

Mach 2.0 jet. This system was capable of measurements at 250 kHz frame rates but was limited in the observable 

time-scales due to the short measurement duration (28 frames). 

The current study presents a DGV instrument capable of providing time-resolved data at multiple points in the 

flow simultaneously, at constant data rates of 250 kHz for duration of up to two seconds. Measurements in a hot 

supersonic jet at two heated conditions are performed to demonstrate the instrument’s capabilities to deliver higher 

order space-time correlations and eddy convection information. 

 

B. Correlation measurement of jet flows 

 Lau [5] presented the first LDV correlation measurements in both subsonic (𝑀!   = 0.5 − 0.9) and supersonic 

(𝑀!   =   1.37, 𝑇𝑇𝑅   =   1.0) heated and unheated jets using two LDV systems and traversing in the flow. He found 
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the ratio of the streamwise convective velocity to the jet exit velocity 𝑢! 𝑈! on the lip line to be nearly constant and 

only slightly varying with jet operating conditions. Heating seemed to cause no significant change in the trend at the 

lip line for the case of the subsonic jet. For the cold supersonic jet the convection velocity reached about 0.8 of the 

jet exit velocity. More mean flow and turbulence statistics are presented by Lau et al [24]. It is evident from the data 

presented, that the profiles of the mean properties scale well with the shear layer similarity coordinate 𝜂∗. Brooks 

and Lowe [25] showed a similar collapse for the mean velocity profiles and additionally presented normal and shear 

stress information at different streamwise locations for a heated supersonic jet. The similarity coordinate is based on 

linear spreading of the shear layer and is defined as follows [24]: 

𝜂∗ = (𝑟 − 𝑟!.!!!)/𝑥  (1) 

where 𝑟!.!!! is the radial location at which the local mean velocity is equal to half the jet exit velocity and x 

represents the streamwise distance from the jet exit plane. 

 Kerhervé et al. [6] utilized a dual LDV system for two-point correlations in a cold, supersonic (𝑀! = 1.2), 

screeching jet. They presented mean profiles, stresses, spectra and second- and fourth-order correlations as well as 

convective velocities. The convective velocity on the shear line (𝜂∗ = 0) was found to be 0.6 of the jet exit velocity. 

The presented fourth-order correlations show a much steeper fall off in correlation coefficient with streamwise 

distance. Morris and Zaman [26] showed that the fourth-order cross-correlation coefficient measured in a low speed 

jet reached only about half the value of the second-order correlation coefficients. 

Panda et al. [4] experimentally correlated the data from a Rayleigh scattering based probe, capable of measuring 

density and velocity fluctuations, with the data from a microphone in the far field of fully expanded unheated high 

subsonic and supersonic jet plumes. Pressure and momentum fluctuations revealed the highest correlation values just 

downstream of the potential core on the centerline, identifying it as a strong sound-producing source in the flow. 

The magnitude of the correlation strongly depended on frequency and observer position, which was varied between 

30 and 90 degrees to the jet axis.  Above 60 degrees most data was below the noise floor, whereas the shallow 30-

degree angle produced the highest correlations. The high correlations values were mostly attributed to the presence 

of large coherent structures in the frequency range of 0 ≤ 𝑆𝑟 ≤ 1. On the lip line only the supersonic cases showed 

significant correlation values, also peaking in the proximity of the potential core breakdown. The maximum values 

of the correlation measured after the potential core were found to be largely dependent on the jet exit Mach number, 

with supersonic conditions producing coefficients higher by an order of magnitude or more than subsonic jets due to 
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the presence of Mach wave radiation. Similarly Papamoschou et al. [27] applied a series of four optical 

deflectometers in combination with a far field narrow aperture microphone array to a cold, perfectly expanded 

𝑀!   =   1.75 jet. Their experiment yielded increased level of coherence between the OD probe and the microphone 

array, especially in the jet shear layer, which suggests the relationship of the peak noise with the turbulent structures 

moving at eddy convective speeds.  

Doty and McLaughlin [7] used OD probes to establish two-point space-time correlations in subsonic and 

supersonic air and helium/air mixture jets. The helium/air mixture served to simulate different TTRs without the 

need of flow heating capability [28]. For the case of the helium/air jet they found lower correlation values, attributed 

to problems of the OD technique with density gradients. Comparative measurements using hot wires confirmed this 

conclusion. Extracted convection velocity ratios ranged from 0.78   ±   0.05 for the air (𝑇𝑇𝑅 = 1) jet to 0.46   ±   0.1 

for the simulated hot case (𝑇𝑇𝑅 = 1.74) on the lip line, indicative of large-scale structures propagating at subsonic 

speeds in the shear layer. It is to note, that although the lip line is often used as a geometric line in many 

investigations, different jet conditions may lead to incorrect comparisons. Petitjean et al. [29] investigated space-

time correlations in cold subsonic and supersonic, round and beveled nozzles using an OD instrument. While the 

bevel had little effect on the convective velocities for the subsonic case, they reported a significant reduction from 

0.74 for the supersonic round nozzle to 0.60 − 0.62 for the beveled nozzle, as well as lower correlation values on 

the short side of the lip.  

 Bridges [12] further studied the effect of heat on the space-time correlation in jets using a dual PIV system on 

subsonic and sonic jets at different temperatures. He showed that the Witze potential core estimate [30] collapses 

data from different jet conditions relatively well, and demonstrated that the acoustic Mach number appears to have 

little impact on the convective velocity. More significant effects of the temperature on the convective velocity in the 

shear layer are evident after the potential core, with heated jets having larger convective velocities than the cold 

case.  Ukeily et al. [31] applied PIV to a high subsonic (𝑀! = 0.85) cold jet, investigating the evolution of two point 

statistics in all three flow coordinates. Streamwise correlation coefficients were shown to have an increasing trend 

with streamwise distance, indicating the development of large scale coherent structures propagating downstream 

similar to what has been reported by earlier investigators (e.g. Mollo-Christianson. [32]).  

 A study by Bridges and Wernet [33] identifies and summarizes some valuable data sources that could be used for 

validation of simulation and corroboration of experimental data. The authors noted specifically a lack of turbulence 
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information for high subsonic and supersonic jets in the current literature. From the review of this non-exhaustive 

list of literature sources, it becomes clear that information on the time scales, as well as the spatial distribution of 

flow correlation and convective velocities are sparse for the case of the supersonic heated jet, motivating the present 

study. 

II. Doppler Global Velocimetry 

DGV is a velocimetry technique based on the selective absorption characteristics of molecular gas cells and is 

capable of direct measurement of the Doppler effect.  DGV relies on the detection of the Doppler shift frequency of 

laser light scattered off tracer particles within the flow under study. The frequency of a single-longitudinal-mode 

laser is set so that the Doppler shifted frequency lies optimally in the absorption spectrum of a molecular gas filter. 

In the classic implementation, the DGV technique requires a reference light path to normalize the intensity of the 

filtered scattering by the intensity of the local scattering based on particle density and laser light amplitude [2]. 

 

Fig. 1 Vector geometry and nomenclature of 
the DGV measurement principle. 

  

The Doppler shift 𝑓! of the scattered light depends upon the laser frequency, vector particle velocity, and laser 

propagation and observation directions and is related by the Doppler equation [17]  as:  

  𝑓! = 𝑓!
!∙!
!

  (2) 

where 𝑓! is the incident laser light frequency, 𝑐 is the speed of light, 𝑈 is the particle velocity vector, and 𝑒 = 𝑜 − 𝚤 

defines the velocity measurement component direction, wherein the laser propagation direction is the unit vector 𝚤 

and the direction of observation is given by 𝑜 . The vector geometry and the associated nomenclature of the Doppler 
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equation are depicted in Fig.1. With a three-component measurement, the resulting velocity vector in the coordinate 

system of interest may be reconstructed from the measured components and their base vectors as: 

𝑈 =
𝑒!
!

𝑒!
!

𝑒!
!

!!
𝑢!
𝑢!
𝑢!

   (3) 

where 𝑒!  represents measurement vectors and 𝑢!  the magnitude of the respective directly measured velocity 

component. 

The laser frequency may be tuned in frequency using a piezo element. This scanning procedure allows 

characterization of the transmission of the molecular gas cell, as well as to the ability to choose the exact reference 

frequency for each measurement. The transmission is defined as the ratio between light transmitted through the cell 

to the total amount of light entering the cell.  

 

Fig. 2 Experimental Iodine cell scan (red) compared to model spectrum (black) 
computed by using code by Forkey et al. [34]. 

 

This calibration approach has been applied successfully by Fischer et al. [35] and Ecker et al. [3], among others.  

A comparison of the numerically obtained transmission spectrum using model and code developed by Forkey et al. 

[34] with an experimental scan can been found in Fig. 2. This spectrum indicates how the molecular gas filter 

transmits light intensity as a function of its wavelength or equivalently frequency. This calibration scan can be used 

in conjunction with the model developed by Forkey et al. [34] to determine the frequency characteristics of the 

iodine gas cell used. The shape of the spectrum requires a careful determination of the reference frequency and the 

expected Doppler shift in order to accurately determine the exact position of the Doppler shifted signal. 
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III. Instruments 

A. Single-point LDV system 

A two-component, single transceiving lens LDV was used to acquire measurements for higher order single point 

statistics within the heated supersonic jet. The LDV has a measurement volume diameter of 60 μm and a fringe 

spacing of approximately 2 μm. It utilizes one beam pair of 532 nm laser beams to measure the velocity in stream-

wise direction and another beam pair of 514.5 nm laser light to measure the radial component. From a propagation 

of errors the uncertainty in each velocity component is found to be ±0.3% of the mean velocity component. The 

LDV is fiber-optically coupled to a laser photonics system. This system uses 4 Coherent Genesis 1 W optically 

pumped solid-state lasers.  

Table. 1 LDV specifications. 

 Streamwise Pair Radial Pair 

Wavelength [nm] 532 514.5 

Fringe Spacing [µm] 1.78 1.7 

Probe Volume Diameter [µm] 60 60 

Number of Fringes 34 35 

Focal Length [mm] 60 60 

Beam Half Angle [deg] 8.5 8.5 

Uncertainty [𝛿𝑢/𝑈]  0.3% 0.3% 

Bragg Cell Freq. [MHz] Unmodulated 120 

 
 The raw burst signals were acquired using a National Instruments NI5154 digitizer card, at 500 MHz bandwidth 

and 1 GS/s acquisition rate. Additional specifications, including single-sample uncertainties are provided in Table 1 

and by Brooks and Lowe [25]. 

 

B. Multipoint DGV system 

Similar to TR-PIV, TR-DGV is a quasi-instantaneous technique, providing measurements at two instances in 

time allowing reconstruction of the 3-component velocity vector with a high temporal resolution. 
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For 3-component planar operation, two laser sheets of equal width and thickness illuminate the measurement 

plane.  Acousto-optic modulators (AOM) allow activating each sheet in a consecutive manner. For a receiver system 

with a measurement plane parallel to the streamwise axis, the maximum sheet width is dictated by the 45-degree 

angle position, which was also found as the angle with the lowest overall uncertainty by Ecker et al. [2] for this type 

of sensor geometry. 

  

Fig. 3 Instrument basic geometry and operation. Red indicates the laser (L) and observer (O) used 
for this study.  
 
 

 A schematic of this configuration is shown in Fig. 3. The sideview (Fig. 3 a) details the 45-degree position of the 

two laser sheets and their orientation relative to the nozzle flow direction.  The section view (Fig. 3 b) shows the 

observer units perpendicular to the laser sheets and the jet streamwise axis and all vectors used in the Doppler 

equation (2). The laser sheet multiplexing is displayed as a schematic in Fig. 3 c, indicating when each sheet is 

active, as well as the length of the actual laser pulses during the measurement. The period of the laser sheet pulses is 

4 μs – equivalent to a data rate of 250 kHz. Each pulse width is 1 μs, avoiding temporal sheet overlap. For the 

purpose of this study only one sheet (L2) and one camera (O1) unit are used (shown as red in Fig. 3), resulting in a 

measurement sensitivity vector of [0.7071, 1.0000, -0.7071]T (compare eq. 3).  

Details of the assembled instrument, including receiving light path with iodine cell and PMT camera unit, are 

presented in Fig. 4. The laser light from the optical table is routed via fiber optics to two laser sheet generating 

optics. The laser optics are arranged in a 45-degree configuration to the jet centerline and create the measurement 

plane. On both sides perpendicular to the measurement plane, a receiver unit is placed. Each receiver unit consists of 
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two PMT cameras, the iodine cell, as well as a beamsplitter and a mirror. The beamsplitter divides the light onto 

filtered and unfiltered (reference) light paths. The filtered path contains the iodine cell and is sensitive to velocity. 

 

Fig. 4 TR-DGV assembly with components. 

 

Optical conditioning is performed on a separate optical table in an adjacent room, shielded from facility noise. 

Multiplexing of the two sheets is enabled by two 80 MHz AOMs (Intraaction Corp.) acting as optical switches, 

turning on and off the respective laser sheet. A BNC 565 signal delay generator is triggered by a digital square wave 

signal from the DAQ system and controls the multiplexing time interval, which is the interval each beam 

consecutively flashes. The laser beam is shifted by -80 MHz and then transmitted to the sheet forming optics by an 8 

μm core diameter telecommunication grade multimode fiber. Tuning the frequency of the Coherent Verdi V6 CW 

(532 nm) Diode-Pumped Solid-State Laser is performed by controlling a piezoelectric element (PZT) inside the laser 

cavity. This is done by applying a voltage between 0 − 72 V, therefore allowing the user to choose a frequency at 

which the sensitivity and bandwidth of the transfer function (Fig. 2) is optimized.  

Two photodiodes (PD) Thorlabs PDA100A are used to monitor the unshifted laser frequency through the 

reference iodine gas cell at all times, reducing the influence of laser frequency drift or fluctuation to a minimum.  

Each of the two measurement cells mounted in the receiver unit is frequency scanned in tandem with the reference 
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cell in order to generate a calibration data set. All cells are operated at a body temperature of 60 °C and given 

enough time to equilibrate before calibration or flow measurements are performed.  

 

Fig. 5 PMT camera unit. 

 

The PMT camera and its sensor configuration based on a Hamamatsu H8500C PMT module are visualized in 

Fig. 5. The black squares of the center inset indicate currently used sensors. With the 85 mm focal length camera 

lens used, the magnification of each sensor represents 3 mm by 3 mm on the measurement plane in the flow. The 

total coverage area of the 32-sensor PMT is 9 mm by 21 mm. A custom 16-channel (CH) high-speed amplifier from 

Ectronic GmbH (see Fig. 5) amplifies the signals from the PMT and transmits them to the adapter module of the NI 

DAQ system via a high-density cable. Each PMT camera currently uses 2 amplifier boards, resulting in 32 useable 

points. The experimental data are acquired by a NI PXIe DAQ system using 50 MS/s Adapter-modules (NI 5752) 

with FlexRIO FPGA (NI PXIe-7965R) units. Using on chip FPGA processing and root-mean-square (RMS) post-

processing resulted in data sampled at effectively 250 kHz. All datasets recorded contained 2.5  x  10! samples, 

representing 1 s in flow time. More details about the camera unit can be found in Ecker et al. [36]. 
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C. Definitions and data processing 

 Multi-point sensors as discussed in section B allow time cross-correlation processing of the experimental data. 

The time-resolved data s(x,r,t) acquired on each sensor pixel were processed and correlated to a reference pixel close 

to the lip line of the nozzle. The second-order cross-correlation [26] is defined as: 

𝑅!"(𝑥, 𝑟, 𝜍, 𝜉, 𝜏) = 𝑠!(𝑥, 𝑟, 𝑡)𝑠!(𝑥 + 𝜍, 𝑟 + 𝜉, 𝑡 + 𝜏)  (4) 

The integral time scales are defined in terms of the autocorrelation: 

𝑇!! = 𝑅!!(𝑥, 𝑟, 𝜍 = 𝑥, 𝜉 = 𝑟, 𝜏)!!!!!
! 𝑑𝜏 (5) 

where 𝜍 and 𝜉 are the spatial separation and 𝜏 the delay timescale from the reference location. 

Acoustic analogies [37], [38] indicate that the power spectral density of radiated noise is related to the integrated 

influence of fourth-order space-time correlations. For the purposes of this study the fourth-order time correlation is 

defined as: 

𝑅!"#$(𝑥, 𝑟, 𝜍, 𝜉, 𝜏) = 𝑠!𝑠!(𝑥, 𝑟, 𝑡)𝑠!𝑠!(𝑥 + 𝜍, 𝑟 + 𝜉, 𝑡 + 𝜏)  (6) 

For i=j, k=l, the fourth-order space time correlation can be computed from the second-order auto terms[1] as: 

𝑅!!""(𝑥, 𝑟, 𝜍, 𝜉, 𝜏) = 𝑠!"!(𝑥, 𝑟, 𝑡)𝑠!"!(𝑥 + 𝜍, 𝑟 + 𝜉, 𝑡 + 𝜏) (7) 

where 𝑠 = 𝑆 𝑡 − 𝑆  and 𝑠!" = 𝑠! − 𝑠! .  

 The delay time between correlation peaks, which is an integral measure of the time of propagation between 2 

sensed locations’ correlation in the convective ridge, such that:  

𝑅(𝜏) = 𝑅(𝜍 = 𝑢!𝜏)  (8) 

To improve the time estimate of propagation, a model was fitted to the measured data and the lag time at the peak of 

the fit determined.  

 The integral convective velocity [39] can be determined from the second-order delay time and the known sensor 

spacing as: 

𝑢! =
!"
!

  (9) 

 

D. Sensitivity and uncertainty analysis 

The uncertainties in the convective velocity estimate stem from the two parameters, the lag time and the physical 

sensor spacing. Note that the sensor spacing is directly related to the optical magnification of the sensor system. 
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Propagation of error analysis yields the following uncertainty for convective velocity: 

𝛿𝑢! =
!
!

!
𝛿Δ𝑥 ! + !!

!!

!
𝛿𝜏 !   (10) 

While the uncertainty in the sensor spacing can easily be estimated, the same is not true for the lag time. The 

estimation of the lag time is convoluted with the uncertainties in the correlation function. Those uncertainties in the 

velocity fluctuations are absolute uncertainties and are about 6 - 10 m/s [3], but due to second-order nature of the 

cross correlation their impact is relatively low. A sensitivity study using a Monte-Carlo process was conducted using 

synthetic flow data with a constant convective velocity in order to determine the inherent processing error.  The data 

are generated by the inverse FFT of a turbulent model spectrum [40] with random phase angles; the process is 

described more in detail by Ecker et al. [3] as well as de Kat et al. [41]. Different model fits for lag time 

interpolation were tested; while a six-point Gaussian model gave good results, a simple three-point cubic spline fit 

proved to be more accurate and more robust when processing measured data. 

The Monte-Carlo showed that (simulated) measurement noise has almost no impact on the estimation process – 

mainly due to the statistical advantage of the long duration velocimetry and the low uncertainty progression. Most 

electronic noise is contained within the zero lag autocorrelation [42] of the velocity signal which is irrelevant for the 

lag time estimation. This robustness of the cross-correlation processing can be seen in Fig. 6 for a representative 

case; at SNR > 0 the uncertainty of the lag time estimate asymptotically reaches values of about 4%. 

 

 

Fig. 6 RMS error of the lag time scaling with signal to noise ratio, uc/Uj = 0.8, Uj = 650 m/s, I = 0.15 
for 200 realizations. 
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More significant than signal-to-noise ratio is the relationship between the sensor separation, convective velocity 

and the sampling frequency 𝑢!/𝑓!𝛥𝑥, which is an indicator of the time separation/resolution of the temporal cross-

correlation function and is limited by the Nyquist sampling theorem. A systematic study for different velocities and 

convective velocities was conducted. Once the non-dimensional sampling frequency surpasses 0.5, significant errors 

due to aliasing arise. Below this threshold the errors are very small and in the range as previously reported for 

SNR > 0. 

IV. Facility 

The Virginia Tech hot jet facility has been described in past works [3]. This electrically heated (192 kW) free jet 

facility provides supersonic flow at total TTRs up to 3 (depending on nozzle diameter) at 0.12 kg/s mass flow rate. 

The biconic nozzle used (𝑀! = 1.65) was adapted from the geometry studied by Powers and McLaughlin [43] for 

military-style nozzles, differing in the present study by being axisymmetric.  The differences between this type of 

small scale and midscale industrial facility, as well as real jet engines, have recently been summarized by Harper-

Bourne [44]. The present facility addresses conditions with relevance to Mach number and temperature regimes but 

does not account for forward flight and multi-stream exhaust conditions found in tactical aircraft. 

A photograph of the jet facility, including the locations for seeding inlet, and total pressure and temperature 

measurement location is shown in Fig. 7.  

 

 

Fig. 7 The Virginia Tech hot supersonic jet facility. 
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For the cold and hot flow studied, flow seeding is performed by introducing Al2O3 particles generated by a cyclone 

seeder unit. Bias errors in the jet’s shear layer due to flow seeding gradients as found by Blohm et al. [45] were 

minimized by co-flow seeding via entrainment from a smoke generator. The Stokes relaxation time can be estimated 

as:  

𝜏!" =
!!!!!

!"!
  (4) 

The approximate Stokes relaxation time for the core and entrainment seeding at the facility are given in Table 2. 

Shlien and Corrsin [46] have shown Lagrangian integral timescales to be about 30% larger than the Eulerian integral 

timescales, therefore a mitigated influence of particle lag on the integral statistics is expected.  

 

Table. 2 Approximate Stokes relaxation time. 

 Al2O3 Mineral Oil 

Density 𝜌! 3.95 g/cm3 0.8 g/cm3 

Diameter 𝑑!  300 nm 1 μm 

Relaxation  time 𝜏!" 3.33 μs 2.22  μs 

Seeding port core entrainment/shear layer 

 

V. Experimental Results 

In this part single and two-point correlation results for measurements with a single-point LDV probe and a new 

multipoint DGV instrument are presented. Measurements at x/D = 4, 6, 8, and 10 were performed with the DGV 

instrument and are complemented with radial measurements by the LDV instrument at x/D = 4 and 8. Details on the 

spatial extent of these measurements are shown in Fig. 8.  The streamwise coordinate x/D on the centreline is 

defined as the distance from the nozzle exit plane to the center of the flow plane sensor. The radial coordinate r/D is 

defined as the distance from the centerline to the center of each sensor pixel. The distance between pixels is 3 mm. 

The detailed test matrix and information on the jet conditions are contained within Table 3. 
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Fig. 8 Measurement setup LDV and DGV. 

 

Higher order single-point statistics computed from LDV data for the jet at TTR = 2.0 are discussed in section A. 

of this part. The subsequent sections present results from the multipoint DGV sensor for integral time scales, second 

and fourth-order correlations, peak correlations maps, and integral convective velocity distribution, as well as 

acoustic Mach number distributions for both TTR = 1.6 and 2.0 jets. 

 

Table. 3 Test matrix (radial profiles). 

NPR Md Mj 
𝜌𝒋
𝜌!

 TTR Re x/D =  4 6 8 10 

4.80 1.65 1.68 0.96 1.63 1.3M DGV DGV DGV DGV 

4.94 1.65 1.70 0.79 2.0 1.15M DGV/LDV DGV DGV/LDV DGV 

 

A. Single point statistics 

Further analysis of the single-point LDV data set ���first discussed by Brooks and Lowe [25] ��� yields details of 

turbulence statistical behavior of the jet. The radial velocity at different streamwise locations, normalized by the exit 

velocity and with the radial coordinate scaled for shear layer similarity  is plotted in Fig. 9.  The data at 𝑀! =

1.65  collapse onto similarity profiles when compared with cold jet data at 𝑀! = 1.37 from Lau et al. [24] and 

𝑀! = 1.2 from Kerhervé et al. [6]. 
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Fig. 9 LDV radial mean velocity profile at 
𝑴𝒋 = 𝟏.𝟔𝟓 and 𝑻𝑻𝑹   =   𝟐.𝟎 compared with 

literature values. 
 

The magnitude of the Reynolds stresses shown for the radial profile in Fig. 10 indicate that the position of peak-

turbulence at locations x/D = 4 and 8 corresponds closely to the shear line defined by similarity scaling (see eq. 1). 

Again their comparison with previous cold supersonic data [24] and hot high subsonic data [47] showed good 

agreement at x/D = 4. At x/D = 8 the agreement is less, indicating lower Reynolds stresses for the comparison cases 

at this location. Lau’s study [47] indicated a slower fall of the peak turbulence values for higher Mach numbers – 

likely attributable to differences in shear layer growth rate.  

Both the fourth-order auto- and cross-terms of the velocity fluctuations and the kurtosis of the data at the two 

streamwise locations x/D = 4 and 8 are presented in Fig. 11 - 13. The fourth-order normal terms are nearly constant 

around peak values at both x/D positions, and drop abruptly on the radial edge of the potential core (see Fig. 11). 

This drop corresponds to a drop in the normal stresses outside of the high gradient region in the shear layer. As 

expected, the radial fourth-order auto terms are much lower in magnitude, by nearly an order of magnitude at the 

peak region.  
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Fig. 10 Normalized Reynolds stresses at 𝑻𝑻𝑹   =   𝟐.𝟎 compared with literature values. Solid (black) line – 
current study, dotted (red) line – Lau et al. [24] (𝑴𝒋 = 𝟏.𝟑𝟕, TTR   =   𝟏.𝟎), dashed (orange) line – Lau [47] 

(𝑴𝒋 = 𝟎.𝟗, TTR   =   𝟐.𝟑𝟐). 
 

 

Fig. 11 Scaled fourth-order auto terms at 
x/D = 𝟒 (red) and x/D = 𝟖 (black) at 

TTR = 𝟐.𝟎. 
 

The fourth-order cross terms are presented in Fig. 12. The streamwise turbulent diffusion in the radial direction 

𝑢!𝑢!! peaks at the outer edge (low speed side) of the shear layer at x/D = 4 and then increases substantially by a 

factor of two once the potential core starts breaking down (x/D = 8). All fourth-order cross terms are found to be 

only significant in the regions of non-zero shear stress – mainly in the shear layer between −0.05 < 𝜂∗ < 0.05. 

These terms appear directly in acoustic analogies (e.g., Ffowcs Williams [37], eq. 1.11); however, in the 

axisymmetric flow studied, the difference in value, by more than an order of magnitude, would indicate that these 

terms do not contribute significantly to the equivalent noise source field. 
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Fig. 12 Scaled fourth-order cross terms at x/D = 𝟒  
(red) and x/D = 𝟖  (black) at TTR = 𝟐.𝟎. 

 

1.  

Fig. 13 Kurtosis of axial and radial velocity 
fluctuations at x/D = 𝟒  (red) and x/D = 𝟖 (black) 
at TTR = 𝟐.𝟎. 

 

The fourth-order statistics indicate several features that were observed in the histograms of velocity fluctuations. 

Around 𝜂∗ = 0, the histograms exhibit contributions from all regions of the shear layer - from ambient flow to 

potential core. The result is a very ‘flat’ histogram with probability balanced on both sides of the shear layer. The 

kurtosis, a ratio of the fourth-order moment to the square of the second-order moment, (1) is small for flat histogram 

(2) for histograms with a large peak in probability and (3) takes a value of precisely three for Gaussian histogram. 

The kurtosis results presented in Fig. 13 provide confirmation of this argument. In contrast to the 𝜂∗ = 0  region, the 

shear layer edges, both outer and inner, have kurtosis values greater than the Gaussian value. This was also observed 
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in a PIV study conducted in a screeching round jet by Edgington-Mitchell et al. [48]. The authors suggested that this 

might indicate regions of higher intermittency in the outer shear layer. Juve et al. [49] investigated the role of 

intermittency in the noise emission of cold subsonic jets and found it to have a great impact at the end of the 

potential core.  Their results indicate that 10% of the time contributed to about 50% of the produced noise.  

The current results indicate that the flat histogram of the lip line, high gradient region results in lower values of 

the fourth-order correlation than would occur for Gaussian statistics. Further, the long tails of the distribution near 

the shear layer edges result in increased importance of the fourth-order correlation.  

 

B. Integral time scales 

The integral time scales for both TTR cases on the geometric lip line are shown in Fig..  The linear fit (red solid 

line) from LDV data recorded at x/D = 1   −   4 by Brooks et al.[50] gives good agreement with the current DGV 

measurement. A linear fit through the data at TTR = 1.6 (black solid line) was similarly obtained but shows higher 

scatter and respectively lower R2 values. The R2 values for the presented data (TTR = 2.0) with the fit given by 

Brooks et al. is 0.75, the R2 value for the linear fit with the TTR = 1.6 data is 0.58. Interesting to note is that a 

scaling by the ratio of the density, nearly collapses the data for both TTR (the black dashed line in Fig. 14), an 

effect ���that was exhibited by Brown and Rothko [51] for integral scale spreading rates. The sensitivity to density ratio 

is highest for density ratios less than 1, which is the regime currently examined.  

 

Fig. 14 Integral time scale second-order 
correlation. 
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Fig. 15 Integral time scale fourth-order 
correlation. 

 

Two trends are apparent, (1) supersonic heated jets exhibit a linearly increasing integral time scale (similar to 

previously reported for supersonic cold jets [6]), (2) the integral time scales of the high Reynolds number TTR = 2 

hot supersonic jet presented here are larger than the integral time scales of the TTR = 1.6 supersonic jet. This means 

even though the convective velocities of the TTR = 2.0 jet are higher, the time scale of the predominant eddies rises 

due to increased ���jet spreading. 

The respective integral timescales of the fourth-order autocorrelation, a measure for the dominant time scales of 

the Reynolds stresses [6] are presented in Fig. 15. It can be seen that the fourth-order correlation time scale is 

considerably shorter than the second-order time scale but follows a similar linear trend.  The fits presented have R2 

values of 0.71 and 0.63 for 𝑇𝑇𝑅 = 2.0 and 𝑇𝑇𝑅 = 1.6, respectively. 

 

C. Second- and fourth-order space-time correlation 

 The second- and fourth-order correlations at several locations on the lip line at TTR = 1.6 are shown in Fig. 16. 

The reference sensor is located at 𝛥x/D = -0.118. The respective correlations for TTR = 2.0 (not shown) are similar 

in shape but exhibit wider lobes due to a longer integral time scale (see Fig. 14). Similar shapes, especially with the 

slight dip into negative correlation coefficients in the cross-correlations, were observed by Doty and McLaughlin 

[7], in a space-time correlation study on cold air and helium-air mixture jets, and by Morris and Zaman [26], in a 
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study on a subsonic cold jet. The fourth-order correlation coefficients have a significantly steeper fall off than the 

second-order correlation coefficients at the same location indicative of a more compact correlation field [6]. Table 4 

indicates the fitting parameters for the exponential fit of the form 𝑅 𝜏∗ = 𝑎  exp  (𝑏𝜏∗) used for estimating the 

envelope of each cross-correlation series on the lip line for both second and fourth-order correlations. 

   

  
𝑥/𝐷 = 4 𝑥/𝐷 = 6 

  
𝑥/𝐷 = 8 𝑥/𝐷 = 10 

 
Fig. 16 second- and fourth-order cross-correlation centered at 𝒓/𝑫 = 𝟎.𝟓𝟏 at different streamwise locations 
at TTR=1.6, full line: second-order correlation, dotted line: fourth-order correlation. Separations from left to 
right 𝜟x/D = -0.118, -0.039, 0.039, 0.118. Solid red line: second-order envelope, dashed red line: fourth-order 
envelope. 
 
 Values for the envelope of the peak correlation found in literature are wide spread.  Figure 17 displays the 

exponential envelope fits at x/D = 4  for TTR = 1.6  and TTR = 2.0 . The comparison with time correlation 

envelopes reported by Panda [52] for density fluctuation, data by Doty and McLaughlin [7] as well as data by Kuo et 

al. [53] for OD, shows reasonable agreement within the spread of literature values. It may be noted that the 
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envelopes found with the DGV instrument are based on 4 values between the non dimensional lag times 0 and 0.5 

only, defined by the physical sensor spacing of the multipoint instrument. 

 

Table. 4 Second-order and fourth-order correlation envelope parameters. 

 Second-order 
 TTR = 1.6 TTR = 2.0 

x/D a b a b 
4 0.98 -0.87 0.99 -0.72 
6 0.97 -0.84 0.98 -1.04 
8 0.99 -0.67 0.99 -0.76 

10 0.97 -0.69 1.02 -0.99 
 Fourth-order 

4 1.01 -1.38 1.01 -1.21 
6 1.00 -1.09 1.08 -2.14 
8 1.01 -1.02 0.99 -1.63 

10 1.00 -1.25 1.03 -1.55 
 

 

Fig. 17 Comparison of experimentally fitted 
envelopes with literature values. 

  

 The space-time correlation plot can be used to determine how correlated a time signal is throughout a 

measurement region with respect to a reference location. The peak correlation value of the second-order space-time 

correlation over the sensor for 𝑇𝑇𝑅 = 1.6 and 𝑇𝑇𝑅 = 2.0 conditions are plotted in Fig. 18. The cross-correlations of 

the time-resolved signal at several points in the shear layer with reference to a point on the lip line indicate highly 

correlated structures that penetrate into the core region of the jet. With increasing distance from the nozzle exit those 

structures expand further down in the core region as well outward into the ambient medium. The correlation values 

at both temperatures show a similar trend. The differences between the two temperatures are to be explained by the 
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difference in shear layer growth driven by the density differences. At 𝑥/𝐷 = 10 correlation values at both TTR have 

a decreasing trend with streamwise direction, indicating the end of the potential core, where correlation values are 

expected to be the highest [4]. 

 

𝑇𝑇
𝑅
=
1.
6 

   

 

𝑇𝑇
𝑅
=
2 

   

 

 x/D=4 x/D=6 x/D=8 x/D=10 
 

Fig. 18 Second-order space-time peak correlation maps for 𝑻𝑻𝑹 = 𝟏.𝟔 and 𝑻𝑻𝑹 = 𝟐.𝟎. Reference location is 
at 𝜟𝒙/𝑫 = −𝟎.𝟏𝟏𝟖  and 𝒓/𝑫 = 𝟎  .𝟓𝟏 . 

 

D. Convective velocities  

 By determining the time delay for maximum cross correlation for all sensor pixels, it is possible to determine 

integral convection velocities for the turbulence (see eq. 9). In order to determine the convective velocity, a linear 
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least squares fit is created of the delay time values of the cross correlation convective ridge at all (2-4) sensor points 

that obeyed the estimated Nyquist criterion at a radial location.  

The ratio of the convective velocity to the jet exit velocity on the lip line is shown for both cases in Fig. 19. The 

convective velocity exhibits a slight rise for the 𝑇𝑇𝑅 = 1.6 case while remaining almost constant for 𝑇𝑇𝑅 = 2.0. 

The resulting ratio of about 0.54 − 0.68  𝑈! is consistent with reported values for heated jets in the literature. The 

differences along the lip line are best understood in light of the convective velocity distribution through the jet, Fig. 

20. The jet spreading differences result in a significantly different convective velocity shear line. 

 

 

Fig. 19 Convective velocity at r/D=0.51. 

  

 A mapping of the convective velocities in the core and developing shear layer is shown in Fig. 20. Near the 

nozzle exit the core region exhibits values close to the jet exit velocity for both cases. While the core boundary 

region convective velocities significantly decay for the 𝑇𝑇𝑅 = 2.0 case, a decrease and increase in the 𝑇𝑇𝑅 = 1.6 

case is observed. Bridges [12] showed the convective velocities on the lip line to significantly increase and then 

decrease after the potential core ended. This is mainly due to the use of the lip line as a geometric line, which does 

not coincide with the shear line accounting for the linear shear layer thickness growth. Similar trends in convective 

velocity ratios on the lip line have been shown by Papamoschou et al. [54] in a large eddy simulation (LES) of a 

M=0.9 jet.  It is to note that while the 𝑇𝑇𝑅 = 2.0 case shows a generally broader distribution of very high 

convective velocities, the 𝑇𝑇𝑅 = 1.6 case shows increased convective velocities further downstream. A possible 

explanation could be the presence of shock and expansion wave in the longer potential core. As heating shortens the 
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potential core because of increased mixing and the entrainment of cold ambient air, this effect may be less 

observable in the 𝑇𝑇𝑅 = 2.0 case.  

   

𝑇𝑇𝑅 = 1.6 𝑇𝑇𝑅 = 2.0 

Fig. 20 Convective velocities in the core region and developing shear layer for 𝑻𝑻𝑹 = 𝟏.𝟔 and 𝑻𝑻𝑹 = 𝟐.𝟎. 

  

 Uncertainty in convective velocities 

As shown in part III section c, the uncertainty of the convective velocity estimate stems from the uncertainty in 

the lag time estimate and the physical sensor spacing. 

 

   

𝑇𝑇𝑅 = 1.6 𝑇𝑇𝑅 = 2 

Fig. 21 Uncertainty of convective velocities in the core region and developing shear layer for 𝑻𝑻𝑹 = 𝟏.𝟔 and 
𝑻𝑻𝑹 = 𝟐.𝟎. 

 
 

From the sensitivity analysis it was determined that lag times can be estimated by ±4% using cubic spline 

interpolation and the uncertainty in the magnification of the lens system is estimated to be up to ±2.5%. Since the 

lag times are found using a multipoint linear interpolation over several sensor stations the lag time uncertainty 

estimate is likely conservative. Figure 21 shows the estimated convective velocity uncertainty for both cases. The 

uncertainties are highest close to the potential core as convective velocity is the highest and the lag times are at the 
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smallest values in this region. For the given velocity contours the highest uncertainties close to the core are between 

4 and 6 % and as low as 3% of the jet exit velocity in the outer region of the shear layer. Within the potential core 

additional uncertainties may arise due to the presence of shock waves. 

 

VI. Discussion 

 
The results presented above hold implications for the fundamental understanding of supersonic annular shear 

layer dynamics that result in noise production. First, the flows studied contribute to the currently limited database of 

heated supersonic jet kinematics. The results herein, as well as flow visualization results previously presented [55], 

indicate that the effect of temperature change in flow development is significant. Specifically, for the same nozzle 

pressure ratio, the density ratio, 
!!
!!

, varies as the total temperature. For the NPR studied, the 𝑇𝑇𝑅 = 1.6 density ratio 

was nearly unity, while the 𝑇𝑇𝑅 = 2.0 case resulted in a value of 0.79. As shown by Brown and Roshko [51], 

controlling for effects of compressibility, the enhancement of spreading is greatest for density ratios less than 1. In 

our study, even for the relatively small change in static density, the effect is clear - the increased spreading diffuses 

convective speeds more quickly in the hotter jet. The relationship of these findings to large eddy noise production 

via Mach wave radiation is evident in Fig. 22 for acoustic Mach number distributions.  

 

  
 

𝑇𝑇𝑅 = 1.6 𝑇𝑇𝑅 = 2.0 

Fig. 22 Acoustic Mach numbers in the core region and developing shear layer for 𝑻𝑻𝑹 = 𝟏.𝟔 and 𝑻𝑻𝑹 = 𝟐.𝟎. 

 

The higher jet temperature results in faster eddies relative to the ambient sound speed. As noted by Papamoschou 

et al. [37], among others, the radiation efficiency of these supersonic eddies is much greater than subsonic eddies. 

Another interpretation originated by Tam et al. [56] is based upon instability waves – known as the wavy wall 
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analogy – and indicates increased noise radiation efficiency when supersonic phase speeds are reached. However, 

the increased mixing partially mitigates the effect of heating as entrainment of cold, dense ambient fluid causes a 

more rapid deceleration, first of the outer shear layer and then progressively toward the core. The acoustic Mach 

number for the hotter case is generally greater in the core, but the sonic convective wavespeed surface has a similar 

resemblance for both presented cases, especially at lower diameters. Acoustic analogies like the one by Ffowcs 

Williams and Maidanik [57], which primarily addresses Mach wave radiation, has its source volume defined by the 

locations where the acoustic Mach number reaches unity, therefore directly influencing the prediction of the noise 

intensity in the far field. Based upon the sensitivity observed to temperature/density changes, we assert that the 

kinematics of supersonic jets 
!!
!!
> 1    in this regime with aspects relevant to tactical aircraft plumes appear to 

behave similarly to compressible but subsonic jets 
!!
!!
< 1    once density ratio effects are accounted. 

 

VII. Conclusions 

In this study fourth-order statistics as well as second-order and fourth-order space-time correlations for a hot 

(𝑇𝑇𝑅 = 1.6 and 𝑇𝑇𝑅 = 2) supersonic jet at perfectly expanded conditions are presented. A new instrument capable 

of time-resolved measurement at 250 kHz and based on the DGV technique is presented. A custom 32-pixel PMT 

camera connected to a FPGA data acquisition system enables long duration velocimetry at very low statistical errors 

in cross-correlation processing LDV data were presented and analyzed with respect to fourth-order statistics.  

The kurtosis of the streamwise term indicated deviations from Gaussian statistics at the lip line as well as the 

edges of the shear layer, as expected. The increase in kurtosis in the region of immediate interface between the 

potential core and the shear layer is due to long negatively skewed skirts of the fluctuation histogram. The 

streamwise turbulent diffusion in the radial direction - a key indicator of turbulent mixing dynamics - peaks at the lip 

line of the developing shear layer and increases substantially once the potential core starts breaking down. 

The multipoint DGV instrument was used for time resolved measurements in the 4 to 10 x/D region. The 

acquired data were used to detect the development of the cross-correlation of turbulent velocity signals on the lip 

line.  It was shown that the correlation between signals increases significantly with downstream location, indicating 

the breakdown of the potential core and the emergence of very large eddy structures from the rapidly broadening 

shear layer. Using space-time correlation maps for both heated cases, the development of correlated structure along 
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the lip line was quantitatively analyzed. Data for both second and fourth-order cross correlation were presented and 

used to determine integral correlations time scales for streamwise velocity and Reynolds stress fields. Specifically 

for the 𝑇𝑇𝑅 = 2.0 case good agreement with a previous experiment in the same facility using an LDV instrument 

was reached for integral time scale estimates.  

The time delay of the cross correlation was used to calculate the streamwise eddy convective velocity on the lip 

line, producing values between 0.54 − 0.58  𝑈!. This is significantly lower than the convective speed in an unheated 

supersonic jet, owing primarily to the increased divergence of the shear line for heated jets. The same technique was 

applied to generate convective velocity maps showing similar axial distribution when compared to recent LES 

calculations [54],  for cold subsonic jets.  
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Part VI.

On the distribution and scaling of convective wavespeeds in the shear layers

of heated supersonic jets

The contents of this chapter are to be submitted for publication. (Tobias Ecker, K. Todd Lowe, Wing F. Ng, ”On the

distribution and scaling of convective wavespeeds in the shear layers of heated supersonic jets”) .
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On the Distribution and Scaling of Convective Wavespeeds in the 
Shear Layers of Heated Supersonic Jets 

 

 

Tobias Ecker*, K. Todd Lowe†, Wing F. Ng‡  

Virginia Tech, Blacksburg, Virginia 24060 

 

 

The noise generated by supersonic plumes is of growing concern given the enormous 

peak noise intensity radiated by tactical aircraft engines as well as the recently revived 

interest in supersonic transport concepts. Unfortunately, very little data exist for 

understanding the behavior of eddy convection in high Reynolds number, supersonic 

plumes, particularly for heated jets, limiting our current ability to develop fundamental 

concepts that alter compressible eddy convective speeds. Herein, is studied experimentally 

the scaling of eddy wave-speeds in the developing shear layers of supersonic heated jets. 

Both radial, and frequency scaling of the eddy convective wavespeeds are presented. It is 

shown that the radial profiles of the convective velocity successfully collapse with previous 

data at different conditions when accounting for density ratio and symmetric convective 

Mach number. The scaling of the convective velocity with frequency at several locations in 

the shear layer and near the centerline demonstrates the process of high momentum, high 

velocity large-scale eddies convecting into regions of locally reduced mean velocities. Near 

the end of the potential core, a zone identified which is dominated by large-scale turbulent 

structures interacting with the increased mean velocity-spreading rate. This phenomenon 

results in increased noise efficiency and may be a key driver of noise emission observed in 

heated supersonic jets. 

 

                                            
* Graduate Research Assistant, Aerospace and Ocean Engineering. 
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INTRODUCTION 

Despite substantial progress on the topic of noise reduction in subsonic jets, e.g., via the use of chevrons and 

high bypass engines, the noise generated by supersonic exhaust plumes from engines used in the field has actually 

increased with time. The relative inefficacy of chevrons — due to compressibility limits to small scale mixing 

turbulent effectiveness — and the lower bypass required for such engines makes the problem of noise reduction 

fundamentally more challenging for supersonic engines.  

Recent theoretical and computational work (Papamoschou et al., 2014) has built further upon concepts developed 

earlier (Papamoschou, 1997) on the ability to reduce peak noise radiation by altering the convective Mach number 

of eddies in the shear layer of such plumes. A version of the new acoustic analogy that was presented indicates that 

acoustic emissions in plumes have two components — a scaling of the source provided by turbulent fluctuation 

amplitudes and a radiation efficiency contribution shown to be a function of the acoustic eddy convective Mach 

number, 𝑀a = 𝑈𝑐/𝑎, where the speed of sound 𝑎 is that of the surrounding ambient medium. While reducing the 

large-scale eddy turbulence in plumes is possible, considerable effort on the topic has, to date, yielded limited 

success. Further, the noise produced scales linearly with turbulence intensity. As such, a 50% reduction in large-

scale eddy turbulence intensity equating to 3 dB of noise reduction would be considered a major breakthrough when 

addressing turbulence intensity alone. In contrast, the radiation efficiency — the amount of turbulent kinetic energy 

that will be converted to acoustic energy — is highly nonlinear with eddy convective Mach number and offers 

considerably more latitude for noise reduction by fundamentally changing the way that the shear turbulence layer 

interacts across core and ambient or secondary streams. 

To address the lack of information in relevant flows, the authors have developed and validated a very high 

repetition rate, multi-point velocimetry instrument based upon the time-resolved Doppler global velocimetry (TR-

DGV) technique (Ecker et al., 2014a; 2014b; Lowe et al., 2012). The instrument used in this study has been applied 

to date in the developing shear layer downstream of a supersonic plume operated at diameter Reynolds numbers of 

approximately 1 million.  

In previous work, two-point correlations have been used to obtain integral scale convective velocities by least-

squares fit to the time-space loci of peak correlation. It was found that the shear layer turbulence is affected to first 

order by the density ratio of the core stream to the surrounding medium and the compressibility of the turbulence. 

Numerous authors have shown that as eddy convective Mach number increases (as is done when heating), shear 
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layer growth is suppressed, while decreasing the core stream density relative to the ambient density (as is done when 

heating) has the universal effect of increasing shear layer growth. The data indicates that as the jet is heated, 

spreading increases and the integral scale convective velocity of the flow is diffused at a greater rate than the cold 

jet, indicating that the density ratio effect is greater than the compressibility effect for these conditions. Once scaled 

to account for shear layer growth, the convective values are consistent between the presented conditions as well as 

with past data (e.g., Kerhervé et al. 2004a). 

 

CONVECTION VELOCITIES IN TURBULENT SHEAR FLOWS 

The convection of turbulent fluctuations in shear flows is directly related to the process of noise generation and 

propagation. Several theories based on acoustic analogies derived from Lighthill (1952) directly relate the pressure 

fluctuations and the noise intensity to fourth-order correlations and the eddy convective velocity. Bailly et al. (1997) 

summarize the relevant aspects with regards to the convective amplification factor (Plumblee, 1974) for models by 

Ribner (1969), Goldstein-Howes, as well as Ffowcs Williams and Maidanik (1965). In all models the convective 

Mach number, based on the eddy convective velocity can be identified as a driver of the produced noise intensity 

and similarly the radiation efficiency (Papamoschou et al., 2014). 

The convective Mach number based on the eddy convective velocity is defined as the ratio of the convective 

velocity to the sound speed as shown in equation 1. For co annular jet flows or multi-stream shear layers this core 

convective Mach number often carries the subscript (1), where as the co-flow is notated as (2). 

𝑀! =
!!!!!
!!

  (1) 

The theoretical (symmetric) convective Mach number (Papamoschou, 1997) can be estimated from the jet and 

co-flow properties. 

𝑀!  !"# = !!!!!!!!!
!!!!!

  (2) 

For a single stream jet at perfectly expanded condition and same gas properties as the ambient gas a relationship 

between the isentropic jet Mach Mj number and the symmetric convective Mach number can be easily derived, 

revealing a simple dependence on the jet density ratio. 
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𝑀!  !"# =
!!

!! !!
!!

  (3) 

The definition of the convection velocity must be considered in order to arrive at the correct conclusion of its 

physical significance (Wills, 1964). Originally the definition is based upon the peaks of the space-time correlation 

and the associated time or space separations of the signal under consideration. This convection velocity is an integral 

parameter as it is an average representation of all eddies convicting within the turbulent field.  

In an alternative approach (Wills, 1964), the frequency (wave-number) dependent convective velocity due to the 

existence of differently sized eddies moving at different convective velocities within the turbulent field is 

considered. This perspective implies that both, eddies moving at high velocity and small wave-number components 

may contribute to the power spectral density, indicating a detachment between turbulent spectrum and turbulent 

scales due to a non constant convective wave speed. A thorough review of the application of space time correlation 

in turbulent flow has been given by Wallace (Wallace, 2014).  

Fisher and Davies (1964) studied the validity of Taylor’s frozen turbulence concept in shear flows via two-point 

cross-correlation using hot wire anemometry. The frozen turbulence assumption describes an approach to estimate 

the spatial correlations from the temporal correlations (Pope, 2000). It implies that a turbulent field is advected by 

the mean flow, from which a constant convective velocity equal to the mean flow velocity would follow. Fisher and 

Davies (1964), as well as successive studies have proven this to be incorrect for free shear flow, showing a clear 

frequency dependence of the convective velocity from their experimental results. 

Davis et al. (1964) studied the turbulence characteristics in the mixing region of a subsonic round jet. They found 

two conditions; near the center a fast moving core with small fluctuations is superimposed with flares of strong 

fluctuations moving at velocities below the mean value. In the outer part of the jet the opposite observation is made. 

Smaller fluctuations moving at a lower speed are superimposed by stronger fluctuations at higher velocities. 

Naturally the larger scale fluctuations, containing higher kinetic energy will bias integral measures of the convective 

velocity towards the velocity at which they are convecting.  

Morris and Zaman (2010) studied correlation based measurements in a subsonic jet, focusing on application to 

noise source modeling. They presented both radial distribution of convective velocities and Strouhal (Sr) number 

dependent convective velocity in the jet shear layer. Their interpretation of the distribution of axial length scales 
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suggests low St number length scales to scale with the jet width and high St number disturbances to have a universal 

behavior independent of jet location. 

Figure 1 shows conceptually the experimentally established distribution of mean and convective velocities 

within a jet shear layer. This observed distribution lends hand to an intuitive separation of the jet shear layer into two 

regions, a region (I) with larger eddies slower than the mean flow and a region (II) with some larger scale eddies 

being faster than the mean flow.  

 

Figure 1. (a) Mean and convective velocity distribution over the jet radius. (b) Indication of the two different 

convective velocity regions trough the jet domain. 

 

Integral convection velocity 

In order to determine the integral convective velocity, the cross-correlation of a signal at two locations must be 

found. The second order cross-correlation is defined as follows (Morris and Zaman, 2010): 

𝑅!" 𝑥, 𝑟, 𝜍, 𝜉, 𝜏 =  

𝑠!(𝑥, 𝑟, 𝑡)𝑠!(𝑥 + 𝜍, 𝑟 + 𝜉, 𝑡 + 𝜏)   
(4) 

where s(x,r,t) is the time-resolved data at a location with coordinate x and r, ς and ξ are the spatial separation and τ 

the delay timescale from the reference location.  

convective velocity

mean velocity

r/D

u/
U j

II

I
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The condition describing the integral convection velocity is then as follows (Davis, 1964): 

𝑅(𝜏) = 𝑅(𝑥 = 𝑈!𝜏)  (5) 

 

Wave-number dependent convection velocity 

Previous studies (de Kat et al., 2013) have shown limitations in determining wave-number dependent convective 

velocities due to the effect of low pass filtering of PIV on the power spectra. Restrictions due to the characteristics 

of the phase spectrum are analyzed and general limiting conditions for experimental parameters (e.g 2𝜋 limit) not 

only limited to PIV are summarized. 

Kerhervé et al. (2004b) demonstrated the frequency dependency of the turbulence scales in sub and supersonic 

jet flows from their non-equally sampled laser Doppler velocimeter (LDV) data. Both the slot correlation technique 

and the sample-and-hold technique are used to find the cross-correlations and cross-spectra. While both techniques 

resulted in very similar outcomes, limitations due to noise and data-rate appear to influence the spectra and the 

derived phase angles presented. 

To determine the frequency (f) dependent convective wave speed, the cross correlation between the signal at two 

stations need to be found:  

𝑥, 𝑟, 𝜍, 𝜉, 𝑓 = 𝑅!"
!

!!
𝑥, 𝑟, 𝜍, 𝜉, 𝜏 𝑒!!!!"#𝑑𝜏 (6) 

The phase angle can be found from the co- and quadrature-components of the cross spectrum: 

𝜙 𝑓 = 𝑡𝑎𝑛!!
𝐼𝑚 𝐺!"    𝑥, 𝑟, 𝜍, 𝜉, 𝑓
𝑅𝑒𝑎𝑙 𝐺!"    𝑥, 𝑟, 𝜍, 𝜉, 𝑓

 (7) 

which can directly be converted into wave speed: 

𝑢! 𝑓 =
2𝜋𝑓𝛥𝑥
𝜙(𝑓)

 (8) 

where 𝛥𝑥 is the sensor separation. 

Due to aliasing the fraction of frequency dependent wave speeds that can be extracted is limited to 

approximately: 
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𝑆𝑡!!"! ≤
𝑢!
𝑈!

𝐷
2𝛥𝑥

 (9) 

where the non-dimensional frequency, the Strouhal number is defined as 𝑆𝑟   = 𝑓𝐷 𝑈!, D is the nozzle diameter and 

Uj is the isentropic exit velocity. 

Alternatively a narrow band-pass filter can be used in conjunction with the time delay cross-correlation 

technique discussed previously. This technique has found widespread application in earlier works, e.g., Goldschmidt 

(1981) , as well as Fisher and Davies (1964). 

 

DATA PROCESSING 

In order to determine the sensitivity of the data processing techniques to different input parameters a Monte-

Carlo using synthetic data was performed. The signal is constructed from a one-dimensional model turbulent power 

spectrum (Pope, 2000) with random phase spectrum. The mean velocity and the turbulent intensity of the dataset are 

650 m/s and 0.10 respectively.  

The phase of this dataset is then evolved based on the separation between four flow sensors using an empirical fit 

given by Morris and Zaman (2010), thus creating a non-linear phase angle between the real and imaginary parts of 

the cross-spectrum between stations. The separation distances were the same as the actual physical sensor spacing 

used in this study.  

 

 

Figure 2. Reconstructed convective velocity for both phase method and band-pass filtered method. 
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The parameters for the model spectrum allow to include integral and Kolmogorov timescales, such that the 

inverse Fourier transform of the model provides realistic time-series data which is then is scaled and shifted to 

simulate the mean velocity and turbulence intensity found in a turbulent shear layer. Two processing techniques 

were considered: (1) reconstruction based on the phase angle, (2) digital band-pass filtering in combination with 

time delay cross-correlation processing. Figure 2 shows the reconstructed convective velocity profile using the phase 

method and the band-pass filter method for two signal to noise ratios. 

 

Phase reconstruction method 

From the cross-spectrum, which is found via matlab’s CPSD function, the phase spectrum and convective wave 

speeds respectively are determined. 

The input parameters investigated are: (1) ratio of averaged sets length S to dataset length N and (2) ratio of 

window length W (at 50% overlap) to set length S at a fixed dataset length (𝑁 = 100𝑘 samples). Further (3) the 

signal to noise ratio SNRlog, (4) the type of window (Square, Hanning, Hamming) and the (5) magnitude of the 

convective wave speed uc. Table 1 presents all the cases considered in this sensitivity analysis.  

The influence of set and window length on the RMS error of the convective velocity estimate are shown in figure 

3. The set length represents the number of samples the processing is performed on and the computed cross-spectrum 

is averaged before the phase-spectrum is determined. It is shown that a small set length and a small window size 

leads to lowest RMS errors. At low SNR, the RMS error is strongly impacted by the sensitivity of the phase 

spectrum to noise and uncertainties in the phase unwrapping process – especially at higher W/S and S/N ratios. Only 

a minimal sensitivity to the mean convective velocity, which imposes a time shift between the signals at the two 

stations, has been noted. Errors tend to be slightly higher for higher convective velocities as the phase angles are 

shallower and therefore more sensitive to noise.  

Convective velocities at low frequencies were found to be inherently uncertain due to the small phase angle and 

the small statistical basis of those scales imposed by recording length. Those frequencies were excluded from the 

datasets by a lower cut-off frequency chosen as 𝑓!"# ≥ 0.1
!!
!!"

 .  
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Table 1. Monte Carlo parameters phase method. 

Case Window S/N W/S SNRlog uc/Uj 

HN1 Hanning 0.2 0.2 -5 - 20 profile 

SQ1 Square 0.2 0.2 -5 - 20 profile 

HM1 Hamming 0.2 0.2 -5 - 20 profile 

HN2 Hanning 0.2-1 0.2-1 20 profile 

HN3 Hanning 0.2 0.2 20 0.3-0.9 

  

 

 

Figure 3. RMS error of the convective velocity estimate dependent on the window- and set-length (for a synthetic 

dataset (case HN2). 

 

Digital band-pass filter method 

The filter method was implemented by applying a narrow band-pas filter to the data set before performing a time 

delay cross-correlation processing. The digital band-pass filter used is based on a fast Fourier transform (FFT) 

method. The cases considered in the analysis of the performance of the filter method are summarized in table 2. 
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Table 2. Monte Carlo parameters filter method. 

Case Window S/N SNRlog uc/U 

FHN Hanning 0.2 -5 - 20 profile 

FSQ Square 0.2 -5 - 20 profile 

 

Overall processing uncertainty  

The dependence of the average root-mean-square (RMS) error on SNRlog and window type is shown in figure 4. 

The SNRlog in this case is defined as – and represents  – the influence of measurement noise and loss of coherence 

between the signals at both stations.  Comparing both processing techniques, explicit differences in SNRlog 

requirements arise; the phase method requires very high SNRlog, whereas the filter method is very robust even at 

SNRlog as low as 5 dB. Above 12.5 dB the error due to the processing is about ∓1% of the 𝑢!/𝑈! for the filter 

technique. Due to the robustness at low SNRlog the filter method is used to obtain all results presented within this 

study. 

 

 

Figure 4. RMS error of the convective velocity dependent on the signal to noise ratio and the window type used 

(cases HN1, SQ1, HM1, FSQ, FHN). 
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EXPERIMENTAL APPARATUS AND FACILITY 

DGV instrument 

The laser-based time-resolved DGV (TR-DGV) concept has frequency response to 125 kHz and three-velocity-

component capability at 32 simultaneous points in the flow and a contiguous acquisition time of greater than one 

second.  

The development and application of the TR-DGV instrument and the PMT sensor system used, are documented 

in Ecker et al. (2014b, 2015). 

The approach of using high repetition rate, long record and low spatial resolution offers a few key advantages. 

First, millions of velocity samples are used in statistical calculations, enabling the measurement of high order 

statistics such as fourth-order correlations at low standard error of the mean. Second, when measuring eddy 

convection, techniques based upon particle image velocimetry (PIV) have relied upon measurement of the structure 

function over long spatial distances but at much lower time resolution. In this, the fundamental measurement of eddy 

convective velocity suffers from the fact that the mean flow changes substantially over the 1 stream-wise distance 

considered, introducing some ambiguity of interpretation to the results. By measuring very high time response over 

a short stream-wise distance for correlation, the constant eddy convective concept is valid, providing ready 

interpretation. 

 

Hot jet facility 

 

Figure 5. The Virginia Tech hot supersonic jet facility. 
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The Virginia Tech hot jet facility has been described in past works (Ecker et al., 2014a). This electrically heated 

(192 kW) free jet facility provides supersonic flow at total temperatures ratios, T0/Ta up to 3 (depending on nozzle 

diameter) at 0.12 kg/s mass flow rate. The biconic nozzle used (𝑀!   =   1.65) was adapted from the geometry 

studied by Powers and McLaughlin (2012) for military-style nozzles, differing in the present study by being 

axisymmetric. The diameter D of the nozzle is 1.5 in. 

A photograph of the jet facility, including the locations for seeding inlet and total pressure and temperature 

measurement location is shown in figure 5. For improved mixing of the seed an extension of 2 ft has been appended 

to the nozzle assembly. For the hot flow studied, flow seeding is performed by introducing Al2O3 particles generated 

by a cyclone seeder unit. Bias errors in the jet’s shear layer due to flow seeding gradients are minimized by co-flow 

seeding via entrainment from a smoke generator. 

 

Test matrix and geometry 

For this study two cases (A and B) at two different total temperature ratio (TTR) conditions at 4 different 

streamwise locations (x/D = 4, 6, 8 and 10) were experimentally investigated.  

The parameters of the two cases are presented in table 3. Recording time length was 1 s with an effective data 

rate of 250 kHz.  

Table 3. Hot jet cases. 

Case Re Mj 𝜌𝒋 𝜌! TTR 

A 1.3M 1.68 0.96 1.63 

B 1.15M 1.70 0.79 2.0 

 

Figure 6. Nozzle and sensor configuration and nomenclature. 
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A drawing of the nozzle and the flow plane sensor configuration are displayed in figure 6. The streamwise 

coordinate x/D on the centerline is defined as the distance from the nozzle exit plane to the center of the flow plane 

sensor (red). The radial coordinate r/D is defined as the distance from the centerline to the each sensor pixel. The 

distance between pixels is 3 mm. 

 

RESULTS 

Mean flow statistics 

The mean velocity and turbulence statistics have previously been investigated by Brooks and Lowe (2014). As 

shown in previous studies (Lau, 1980), the mean velocity as well as normal and shear stresses can be collapsed 

radially with a similarity scaling based on the radial location of 50% of the jet exit velocity and linear shear layer 

growth. 

𝜂∗ = (𝑟 − 𝑟!.!!!)/𝑥 (10) 

The results for the mean velocity distribution of this jet, compared with results from studies by Kerhervé et al. 

(2004a) and Lau et al. (1979) are shown in figure 7. Generally the data by Brooks and Lowe show more scatter, in 

particular close to 𝜂∗ = 0, which is assumed to be generated by the shock-cell structure present in the supersonic jet 

generated from the biconic nozzle. The data by Kerhervé et al. and Lau were measured in jet emerging from a 

contoured nozzle which at perfectly-expanded condition does not contain a shock-cell structure. 

 

 

Figure 7. Similarity profiles for the streamwise mean velocity for case B at x/D = 4 and 8 compared to other studies. 
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Integral convective velocity distribution and scaling 

Few studies of the radial distribution of the integral convective velocity in round incompressible and 

compressible jets exist. Applying the same similarity scaling, which successfully collapses the mean velocity, has 

only led to partial collapse for the case of the convective velocity. 

We here propose a similarity scaling based on the symmetric convective Mach number and the density ratio. 

Simplified for perfectly expanded jets with equal gas properties for jet and ambient this leads to the following 

similarity coordinate. 

𝜂! = (𝑟 − 𝑟!.!!!  !"#)/𝑥  𝐾
! (11) 

where§ 

𝐾 =
𝜌!
𝜌!
+
𝛾 − 1
2

𝑀!  !"#
! 1 +

𝜌!
𝜌!

!

 (12) 

This proposed similarity scaling is solely based on flow parameters and contains no empirical constant. For plane 

shear layers a factor of 𝜋/4 may need to be applied. K represents a simplified expression equivalent to an adjusted 

total temperature ratio. 

 

 

Figure 8. Similarity profiles for the streamwise integral convective velocity for case A and B (see table 3), as well 

as different literature cases (see table 4). 

 
                                            
§ For the case of a single stream jet exhausting into still air. 
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Figure 8 shows the successful collapse of convective velocity data from various Mach numbers and density 

ratios at different streamwise locations. The literature case parameters are summarized in table 4. The slightly higher 

scatter in the convective velocity distribution in this study may be explained due to the interaction of the convecting 

eddies with the shock-cell structure. 

A polynomial fit of this data could be used to allow prediction of the distribution of the convective velocity 

within the shear layers of noise-producing high-speed jets. 

 

Table 4. Literature cases. 

Case Reference Re Mj 𝜌𝒋 𝜌! TTR 

MZ Morris and Zaman 2010 0.24M 0.26 0.98 1.0 

K Kerhervé et al. 2004b 1.1M 1.2 0.77 1.0 

T Thurow 2005 2.6M 2.0 0.55 1.0 

 

 
Convective velocity scaling with frequency 

The scaling of the convective velocity with frequency has been investigated more in depth at four locations in the 

flow for case B. The convective velocity in the shear layer at a position before (x/D = 8) and close to the mean flow 

potential core length (x/D = 10) is shown in figure 9. At the position before the potential core length (see figure 9, 

top) a velocity distribution similar to previously reported data, e.g. by Morris and Zaman (2010), Kuo et al. (2011) 

or Goldschmidt et al. (1981) is observed. This distribution shows a strong increase of convective velocity up to 

𝑆𝑟 =   0.5,  followed by a more gradual increase after. For the investigated frequencies, which are limited by 

temporal and spatial aliasing no convergence to the mean velocity value is observed. The distribution of the 

convective velocities further downstream presents very differently (figure 9, bottom); at low 𝑆𝑟 numbers the 

convective velocity rises rapidly and reaches a distinctive peak close to the integral convective velocity value near 

𝑆𝑟   =   0.45. Following this the convective velocity decreases again to a plateau with a slightly increasing trend. 
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Figure 9. Convective velocity scaling with frequency at 𝑟/𝐷   =   0.276 at 𝑥/𝐷   =   8  (top) and 𝑥/𝐷   =   10 (bottom) 

for case B, circles are measured data, dashed line for visualization purposes. 

 

The convective velocity data near the centerline is shown in figure 10. The velocity distribution shows similar 

features as before, but is less pronounced due to the vicinity of the potential core, which is not broken down 

completely.  

 

 

Figure 10. Convective velocity scaling with frequency at 𝑟/𝐷   =   0.039 at 𝑥/𝐷   =   8 (top) and 𝑥/𝐷   =   10 

(bottom) for case B; circles are measured data, dashed line for visualization purposes. 
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DISCUSSION 

The results presented above lay the basis to conceptually explain the high noise emissivity present in heated 

supersonic jets. Large scale turbulent eddies, energized from the mean flow potential core convect into regions of 

low mean velocity and create a region of eddies with high local convective Mach numbers. These high local 

convective Mach numbers directly impact the noise radiation efficiency causing high convective amplification 

factors pertinent to currently used acoustic analogies.  

This conceptual relationship between of the eddy convection and radiation efficiency is displayed in figure 11. 

Highly energized eddies moving from region (I) into region (II) transport high momentum remnants of irrotational 

fluid from the potential core and create a zone with highest convective amplification values. This zone is located 

after and surrounding the mean flow potential core. These irrotaional fluid packets are then exposed to the shear 

layer mean velocity gradient, leading to the formation of ring vortex-like eddies. 

 

 

Figure 11. Conceptual relationship between the mean and convective velocity creating regions of high radiation 

efficiency. 

 
This region, just beyond the potential core, has previously been identified as a strong sound-producing zone by 

Hileman and Samimy (2006). Similarly Mora et al. (2014) found significant growth of pressure fluctuation skewness 

values in the shear layer surrounding the potential core region. Results from a direct numerical simulation of a 

slightly heated 𝑀! = 1.92 supersonic jet, coupled with a linear wave equation model for the far field indicate 

increased pressure fluctuations consistent with Mach wave radiation emanating from the end of the potential core 

(Freund et al., 2000). A qualitative interpretation of the dilatation contours indicates an increase in noise emission 

towards the location of the mean velocity potential core breakdown. Presented overall sound pressure levels 

corroborate this observation. Further, instantaneous velocity snapshots from recent large-eddy simulations (Khalighi 
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et al., 2010) for a jet with similar Mach number, Reynolds number and total temperature ratio show the presence of 

non continuous regions with high velocity, right at the end of the potential core, corroborating the present findings. 

The present study indicates that the increased diffusion of the mean velocity field due to the heating leads to a 

pronounced effect of the radiation efficiency caused by eddy convective velocity overhead. This coupled with Mach 

wave radiation from supersonic phase speeds gives rise to strongly intensified noise emission by hot supersonic jets 

compared to their cold counterparts. Additionally the local static temperature distribution may influence the local 

acoustic Mach number, affecting the phase speed relative to ambient conditions.  

It is also evident from the presented experimental convective velocity distributions and the observations made in 

past studies, that intermittency effects must play a key role and are strongly coupled with the process of fast 

convecting eddies entering the regions of locally low mean velocities. Core intermittency may also further 

contribute to the dynamics of the noise generation process at the end of the mean velocity potential core. 

 

CONCLUSIONS 

A heated supersonic jet at two different density ratios was experimentally investigated for the scaling of the eddy 

convective velocities. Radial profiles of the convective velocity were presented and successfully collapsed with 

previous data at different conditions by accounting for density ratio and symmetric convective Mach number. The 

difference in diffusion of the mean velocity field and the integral eddy convective velocity indicates regions of 

locally high convective Mach numbers and increased radiation efficiency. The investigation of the scaling of the 

convective velocity with frequency at several locations in the shear layer and near the centerline demonstrated the 

intrusion of high momentum, high velocity large-scale eddies into regions of locally reduced mean velocities. The 

region right after the potential core is identified as the main zone of this phenomenon. It is hypothesized that this 

large-scale turbulence intermittency effect, interacting with the increased spreading rate and the emergence of Mach 

wave radiation is one of the key drivers of noise emission observed in heated supersonic jets. 
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Part VII.

Conclusions and outlook

This dissertation has focused on two main contributions: The first is the development of new instrumentation capable

of time-resolved measurements in high speed compressible shear layers. The second contribution is using this newly

developed experimental capability to investigate heated supersonic jets at conditions relevant to tactical aircraft noise.

1. Conclusions

The first study in this dissertation focused on the development of a new velocimetry instrument. It has expanded

the current state of the art of Doppler global velocimetry (DGV) technology. The time-shift multiplexing is a new

approach which allows the reduction of required sensor devices while still providing data rates suitable for high speed

applications and low mean uncertainties. The presented geometrical configuration in combination with time-shift

multiplexing is of interest, because it can be easily extended to allow planar and volumetric operation. From a study of

the data processing and its induced errors, it was found that next to the geometric configuration, the flow time scales

are of largest impact on the instantaneous uncertainties for this instrument. For time scales prevalent in supersonic

jets, the instantaneous velocity errors due to processing were found to be about ±6.1 m/s for the streamwise and

radial components and around ±1.0 m/s for the azimuthal velocity component. Via a detailed heuristic uncertainty

analysis, the uncertainties of the linearized DGV transfer function and the data processing were propagated into a total

measurement uncertainty for the instrument. The uncertainties for the presented instrument are about ±1.5 m/s for

mean measurements and between±6.6 and±11.1 m/s for instantaneous measurement of the three-component velocity

vector. This study demonstrates that using velocity multiplexing is an effective method to reduce the instrument

cost without sacrificing uncertainties. Further, the uncertainties for the instantaneous velocity vectors are mainly

characterized by random effects such as signal-to-noise ratio, as well as temporal averaging effects; both of these can

be addressed relatively easily by evolving the current technology. Another significant and often overlooked property,

the transmission line width, is analyzed with respect to associated uncertainties for flows with high mean velocities

and high turbulence intensities. Mean flow velocity measurements at different supersonic jet operating conditions have

been validated by comparing with a laser Doppler velocimeter and are within the expected uncertainty range for DGV.

The detailed flow results of this study are from measurements at a supersonic over-expanded condition. Both mean

flow vectors and full Reynolds stress tensors were obtained along the streamwise coordinate for one radial position.

Global data rates of above 100 kHz with local data rates as high as 250 kHz allowed spectral analysis of the Reynolds
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stress tensors, indicating the screech tone phenomena. The results reveal helical screech modes with a spatial extent

fundamentally different from the structures at under-expanded conditions. Compared to under-expanded conditions,

shock unsteadiness and vortical nonlinear instability growth cause a more rapid breakdown of the potential core. The

screech tone phenomenon and its higher harmonics are present throughout the potential core, as well as in regions of

increased turbulent mixing. The influence of the screech phenomenon on the normal stresses quickly diminishes, but

the signature of the screech remains remains visible in the radial–azimuthal shear stresses, and that may be connected

to its production. This study shows the benefits time-resolved DGV can provide for understanding dominant turbulent

structures for noise generation in supersonic jets, and it provides the basis for the ongoing development of time-

resolved multi-point DGV instrumentation.

In order to continue the development of the instrument used in the first study, a new kind of photomultiplier (PMT)

camera was developed and presented. This camera is based on a commercially available 64-channel PMT array and

integrated with a commercial field-programmable-gated-arrays (FPGA) data acquisition system and custom high-

speed amplifiers. The technical study summarizes the working principles of FPGA and gives examples on how inline

processing can be integrated in a measurement system. It is shown that FPGA units give an attractive capability for

rapid development of velocimetry instrumentation. The new rapid response, 64-channel PMT camera is useful for

optical time- (up to 10MHz) and space-resolved optical flow velocimetry.

In the second study the rapid response PMT camera is integrated into a new time-resolved, 32-point DGV instrument

and applied to a perfectly expanded supersonic jet at two different total temperature conditions (1.6 and 2 times the

ambient temperature). The resulting instrument is capable of time-resolved measurements at 250 kHz and enables long

duration velocimetry at very low statistical errors in cross-correlation processing. The main goal of this study is to

extract more information on the statistics of the turbulent velocity fluctuations within heated supersonic jet plumes. In

addition to the data acquired with the DGV system, single-point LDV data were presented and analyzed with respect to

fourth-order statistics. The kurtosis of the streamwise term indicated deviations from Gaussian statistics at the lip line

as well as the edges of the shear layer indicating intermittency effects. Second- and fourth-order time cross-correlation

data for both cross-correlations were presented and used to determine integral correlation time scales. The integral

time scale estimates showed good agreement with previous studies in the same facility The time delay of the cross-

correlation was used to calculate the streamwise integral eddy convective velocity throughout the developing shear

layer, producing values between 54-58% of the jet exit velocity on the lip line. This is significantly lower than the

values in literature for unheated supersonic jets, mainly due to the increased divergence of the shear line for heated

jets. The convective velocity maps show similar axial distribution when compared to recent large eddy calculations

of cold subsonic jets. The distribution of the acoustic Mach number within the shear layer indicates that flow heating
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results in faster eddies relative to the ambient sound speed which indicates the occurrence of Mach wave radiations and

increased radiation efficiency. In its conclusion, this study demonstrates the application of a novel DGV instrument,

generating eddy convective data and correlations for heated jet pertinent to jet noise prediction applications.

In the third study, the previously acquired data is analyzed for the scaling of the eddy convective velocities. It is

shown how the radial profiles of the convective velocity and previous data at different conditions show similarity by

accounting for the differences in density ratio and symmetric convective Mach number. The presented data at several

locations in the shear layer and near the centerline demonstrated the presence of high momentum, high velocity large-

scale eddies downstream of the potential core. The difference in the radial diffusion of the mean velocity field and

the integral eddy convective velocity along the streamwise coordinate creates regions of locally high convective Mach

numbers leading to high convective amplification factors causing higher noise intensity. The regions surrounding the

end of the potential core, as well as the region downstream of the potential core, are identified as the main zones of

this phenomenon. Inn particular, the region at the end of the potential core has been established as a strongly sound-

producing region with strong pressure fluctuations in previous studies. Based on the presented data, it is hypothesized

that the intermittent presence of large-scale turbulent structures in regions of reduced mean velocity leads to an increase

of radiation efficiency. Coupled with the emergence of Mach wave radiation, these eddy speeds are likely the key

drivers of noise emission observed in heated supersonic jets.

2. Outlook

There are many opportunities to build upon the work presented, and some recommendations for further investigation

are listed to follow:

• The current database on Reynolds stresses, even in cold supersonic jets, is sparse. Extensive surveys in heated

supersonic jets could contribute to the experimental database to be used for validation purposes for numerical

jet noise prediction tools.

• Application of the presented correlations in an acoustic analogy should be compared to far field measurements.

• The nozzle used in this research was a biconic design, which is more realistic for jet noise applications. However,

the use of contoured nozzles designed from the methods of characteristics may lead to an easier interpretation

of the fundamental physics involved.

• Variation of the convective Mach number by using nozzles with different design Mach numbers would greatly

add to the current experimental database for supersonic heated jets.
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• Experimental investigation of the nozzle exit conditions could enable a better understanding of the influence of

the jet initial conditions on the shear layer turbulence properties.

• Scale up and testing in mid- (e.g NASA Glenn) and full-scale testing facilities with simultaneous far field noise

level measurements
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Appendix

A. Limitation of the spatial resolution by diffraction

The spot size on the measurement plane can be determined from the sensor size and the system magnification as:

dgeometric =
d
M

(A.1)

where d is the sensor spot size, and M is the magnification.

NA =
0.5

(M−1)( f/#)
(A.2)

where NA is the numerical aperture and f/# the relative aperture of the lens (in this case f/# = 1.4).

The diffraction limited spot size can then be estimated as:

ddi f f raction =
λ

2NA
(A.3)

where λ is the wavelength of the light (in this case λ = 532nm)
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Figure A.1: Diffraction limited spot size compared to geometric spot size for different magnifications

The diffraction limited spot size for a f/# = 1.4 optics as used in this research is about 36.5 μm (see figure A.1).

Therefore the minimum spot size is 36.5 μm, where geometric magnification spot size equals the diffraction-limited

spot size. As the magnification of the instrument used in this dissertation was much lower, the sensor spot was well

resolved by geometric magnification.
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