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Abstract

Experimental Investigation of Compressible Turbulent Jets
by

Zhexuan Wang

Adviser: Professor Yiannis Andreopoulos

The motivation of this study is the important role of jets in subsonic and supersonic
combustion. To understand the details of a jet mixing with the ambient air. an
experimental study was conducted on subsonic compressible jet flows of different gases
tssued into the air. How quickly and how well a jet flow can be mixed with ambient flow
will have a major influence on combustion etficiency. heat release rate. pollutant

formation. jet noise suppression and size reduction of such functions.

The jet exit used in this work is circular in cross section with a diameter of 7mm. Three
different gases were used. nitrogen. helium and krypton respectively at three distinct
Mach numbers 0.5, 0.6. and 0.9. which lead to conclusions based on density and velocity
variation. Total pressure. total temperature. and velocity measurements. were carried out
with the aid of pressure transducers. thermocouples. and the well-known Particle Image
Velocimetry (PIV) technique respectively. Compressibility effects combined with

density ettects were thus obtained.

Compressibility (based on Mach number) and density effects were found to be the key

factors in this present work. The PIV scheme with the Cross-Correlation and Auto-
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Correlation methods was carried out with two pulsed-lasers. which provided the light
source for visualization and quantitative measurements. and talcum powders. which
seeded the jet tlows for light scattering. The velocity distribution along the centerline
obtained from experimental data indicated that the velocity decay of helium is the
tastest. while the velocity decay ot krypton is the slowest of the three used gases. Toial
pressure distribution along the centerline also showed the same results. Correspondingly.
the level of wrbulent fluctuations is also higher in the case of helium jets indicating
better mixing with the ambient air. The centeriine velocity decavs in proportion to the
inverse of location away from the jet exit. as well as velocity decay constants were
obtained for different jet flows and compared with the existing information. The present
results were found to be in good agreement with previous work. Total temperature
results revealed that at a low subsonic Mach number range. the toal temperature could

be treated as a constant. which is equivalent to the ambient temperature.

By using helium. a lighter than air gas and krvpton a heavier than air gas. density effects
were studied in combination with compressibility effects. Distributions of mean
concentration and mean density in the mixing zones were computed from the

measurements of total pressure. total temperature and velocity with satisfactory accuracy.
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Nomenclature

a sonic speed

a’ critical sonic speed

a, total sonic speed

A cross-section area or surface area of thermocouple
G, constant pressure heat capacity

Cpa constant pressure heat capacity of air

Cori constant pressure heat capacity of Helium

Con constant pressure heat capacity of Krnvpton

C, constant volume heat capacity

c concentration

¢ mean concentration

f- mean concentration obtained by mean total temperature. velocity. and total pressure
C, correlation coefficient

dX displacement of frames in X direction

dy displacement of frames in Y direction

dZ displacement of frames in Z direction

d, deviatoric stress tensor

d, tracer particle diameter

D jet diameter
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DC

Lmax

ML

M;
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direct current
hyvdraulic diameter
decay rate
friction coefficient
average friction coefficient
gravity acceleration
total enthalpy
enthalpy or heat transfer coefficient
cntical enthalpy
length of loss
horizontal length of loss
vertical length of loss
elbow equivalent length of loss
maximum duct length to obtain M |
mass of thermocouple sensor
mass exchange rate between jet and ambient
Mach number

mean Mach number

mean Mach number obtained through mean pressure
convective Mach number
centerline Mach number

Jetexit Mach number

Xi



M critical Mach number

P static pressure

P critical pressure

Po total pressure

P, total pressure fluctuation
;’_ mean total pressure

q heat transfer rate to the sensor by convection
rm.s.  root mean square

R specific gas constant
R universal gas constant
Re Reynolds number

S entropy

s critical entropy

S* variance

T static temperature

To total temperature

Tm media temperature

T critical temperature

T mean total temperature
U velocity

L. convective velocity

U jet exit velocity
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l maz

Xspot

Yspot

()
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mean velocity in x direction
velocity induced by gravity
tracer particle velocity
Stokes velocity
centerline velocity
velocity or voltage
mean velocity
critical velocity
maximum velocity with full expansion
distance from jet exit
length of interrogation zone
width of interrogation zone
distance off the centerline
thermal diffusivity
roughness of surface
gas constant
gas constant of air
gas constant of Helium
gas constant of Krypton
ratio of velocity and critical sonic speed
dynamic viscosity

density

Xiii



Xiv

p mean density

Pe total density
particle density

o air density

o, . centerline density

Jo| jet flow density

) critical density

r time constant

5 tracer particle settle down time

Tw shear stress at wall

v Kinematic viscosity

Q mean voriticity
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Introduction to Jet Flows and Previous Work l

Chapter I Introduction to Jet Flows and Previous Work

Anvone who has experienced air traveling has heard of the term jet planes. Some people
have had the rare experience of maneuvering such jet planes. It is. —some people say—.
the jet technology that advanced our society. What is then a jet? What's involved in the

Jet flows? These interesting questions are the motivation for the introduction of this topic.

1.1 Motivation

Jets in general are not only confined to jet planes. As we all know. jets are used in many
different applications and configurations. such as water jets. air jets. planar jets. wall jets.
and so on. and they can be classified by their function. We dwell with jets in our
evervday life: for example. the Windex cleaner contains a small jet that injects a uniform
spray on a dirty surface that needs to be cleaned. Inkjet printers are another example.
essential peripherals in every day computer based life. which use micro jets that bring to

life fonts and pictures by spraying ink onto paper.
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Jets have also been observed in many other practical applications. such as aeroacoustics.
combustion and jet flames. One example of jets used in the field can be found in the car.
where fuel injector. as a prototype of jet is being used. Fuel injectors are nozzles that
inject a spray of fuel into an intake of air. as shown in Figure 1.1. A metered amount of
fuel is trapped in the nozzle end of the injector and at some proper time the nozzle is
opened and the fuel sprays into the surrounding air. very similar to a jet. High liquid
spray velocity is necessary to assure evaporation and mixing with the air which is
considered quasi-stationary just before the intake valve opens. Injectors that spray into a
combustion chamber directly. a technique that assures a very constant fuel input cycle to
cycle and cylinder to cylinder. must operate with much higher pressures than injectors
that spray into the intake system (some as high as 10MPa) since the air into which the
fuel must be injected. is at a much higher pressure within the combustion chamber than

the air in the intake svstem which is at about one atmosphere.

After vaporization where small droplets of liquid fuel evaporate to vapor. the fuel vapor
must mix with the air to form a mixture within the AF (air to fuel ratio) range which is
combustible. This mixing comes about because of the high fuel injection velocity added
to the swirl and turbulence of the air in the cylinder. The non-homogenous distribution
of air-fuel ratio that develops around the injected fuel jet is shown in Figure 1.1. The jet
and the air-fuel vapor zones around the inner liquid core are identified. The later is

surrounded by successive zones of vapor. which are:
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[A] = too rich to burn
[B] = rich combustible
[C] = stoichiometric

[D] = lean combustible

The point of interest here is the process of mixing and combustion. which will be further
¢laborated upon. It can be seen that to control mixing is very important in combustion.

which will lead to safety and efficiency issues. Another choice of fuel is in gas phase.

Injector

Air - Fuel Mixture

Figure 1.1: Fuel Injector
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Great differences exist between the design of a jet engine and a car engine. As for the
design of aircraft engines. there is the need to predict and control low subsonic to high
subsonic speed flows for optimization. At a wide Mach number range from 0.3 t0 0.9.
the flow becomes compressible. thus large variations in pressure. density and’or
temperature may take place that will have an impact on the dynamics of the occurring
turbulent flow. Improving prediction capabilities and providing effective control of
compressible flows require an accurate description of the large and small scales
dynamics as well as the time-averaged statistical properties of the flow [8]. Although a
substantial amount of work has been devoted in the past to study the behavior of
turbulent flows. some remain as unsolved problems for the science and engineering
community. Thus a better fundamental understanding of the turbulent flow structure is

essential.

My specific motivation to research jet flows derives from the safety and efficiency
issues. two extremely important factors in the design of aircraft engines. The physics of
the mixing process between jet flow and ambient fluid is of considerable interest from
both fundamental and practical points of view. It has been widelv suggested that the
mixing process is intimately connected with the turbulence. In the wide range of
engineering flows. the mixing process that governs the mixing rate in combustion
chambers. such as the jet noise level of airplanes and vehicles. and the spread of
pollutants at industrial sites is a critical technical problem to be dealt with. In many of

these applications. the solution is the mixing enhancement of a jet flow with ambient
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flows. How quickly and how well a jet flow can be mixed with ambient flows will have
a major influence on combustion etficiency. heat release rate. pollutant formation. jet
noise suppression and size reduction of such functions. Considering these important
factors on efficiency and its relation to safety. the need for more investigation of jet

tlows is a must.

Jets are considered as one of the typical free shear flows and the studies on such flow
geometry will contribute to further understanding of free shear flows. The following part
gives a brief introduction on jet tlows with both physical description and mathematical

models used in this research.
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1.2 Introduction to Turbulent Jets and the Governing Equations

1.2.1 Jet Model

To simulate the jets in combustion chambers. where several jets may be present.
investigators have done extensive research on two jet mixing [41][61]. But it is
necessany to learn the case with one single jet before going into more complicated flow
fields. The basic understanding of the physics of such flows has been obtained through
investigations in conveniently selected and reasonably simplified flow configurations.
Figure 1.2 shows a typical flow schematic. where a free circular jet issuing in ambient

air. a case that has been investigated experimentally.

Some quantities are of great interest to our research. Figure 1.2 displays a few of them.

P2 and p; are the ambient and jet flow density respectively. U is the velocity at the jet
exit. U and p are the mean velocity and mean density profiles respectively. m is the

mass exchange rate with the ambient entrainment. Q is the mean vorticity. which can be

derived from the velocity distribution. T is the mean static temperature.
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Figure 1.2: Conceptional Jet
g p

As it is known so far. the jet flow. without the presence of shock waves. contains several

regions. which are shown in Figure 1.3.

It is interesting to note that generally. jet flows become turbulent within a distance along
the jet axis at about 10 exit diameters (this distance may varv with different exit
conditions). The region between the exit plane and the onset of the turbulent region is
the potential core. as shown in the Figure 1.3. In the potential core. the velocity is
constant in the radial direction and gradually describes a bell-curve shape as the flow
develops downstream. This region after the potential core is named transition zone.
followed by a fully turbulent region. which in incompressible flows is self-similar. The

interesting phenomenon for this region is that the velocity decays inversely linearly
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against the location. no matter what kind of gas is used in the jet [66][67][71][105].
Close to the edge shown in the same figure. the jet flow is mixing with ambient air in
this region. Because of the velocity difference on both sides of the range. there is shear
stress created. which gives the name to this region. shear layer [11][74][91]. Usually. the
shear laver is associated with turbulence. noise. so it affects the instability' of jet flows.

Many researchers have also investigated this region [15][20][60].

Potential Core
D
I
|

Transition Zone

Figure 1.3: Regions in Jet Flow

The jet flow is characterized by two length scales in the self-preserving region. U¢p.
which is the centerline velocity and .. which is the transverse location off the centerline

when the velocity reaches half of the centerline velocity [94].
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1.2.2 Governing Equations

Jet flow is assumed to be perfect gas with constant specific heats. The governing
equations of motion for a compressible. viscous. heat conducting fluid in the form of

teénsors are.

LU (1.2
& éx
PO Dl (1.2.2)
1 cx X,
p S Dp_ & T S (1.2.3)
{ X D’ CX. cx cx

respectively the continuity. momentum and energy equations. where p is density. u, is
the velocity component. p is static pressure. I is static temperature. & is thermal
conductivity. and h is the enthalpy defined by constant pressure heat capacity C, as

ho=C,T,,. The deviatoric stress tensor 4 is given by

cu Cu  2¢u
d =pm—+_—-73
cx & 3cCx,

Energy equation can be rewritten as.

- DT _Dp_ € 4Ty 4 (1.2.4)
Dt Dt é&x  éx X
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The above equations can be integrated for one-dimensional isentropic flow to vield the
well-known relations developed from thermodynamics equations under the condition
that no dissipation. no work associate with pressure presenting [82]. Starting with energy
equation.

I Iy P
h ~——=h. +—=—=h+-— =consit (1.2.
: 2 - 3 )

[
W
-

where. 4 is enthalpy and I”is velocity.

Equation (1.2.5) applies to several of flow including shock waves. friction and other
adiabatic flows. For isentropic gas. enthalpy can be expressed as.

h=CT="-"= 2 P__7 pr (1.2.6)
y-1 v=1p »-1

where T is static temperature. a is the sonic speed. p is the static pressure. p is the

density. v is a gas constant. which has the following definition.

~
1
l"a

o .

where C, and C, are the constant-pressure specific heat and constant-volume specific

R

Y -
‘

heat respectively. Cyis given by €' = . The well-known gas constant for air is 1.4.

R is another gas constant called specific gas constant of a particular gas. R has the

following definition.

>
[}
T
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where R is the universal gas constant. equal to 8314 KJKmol K. while {7 is the

molecular weight. For air. 1/ =28.97 Kg (Kmol). So the gas constant for air is given by,

R=—==-2""=0287KJ/KgK or 287)'Kg K
M 2897

Sonic speed « is defined as:
a=\mRT
while ¥and R were given above. T is temperature in Kelvin. So when air is at 20°C. the

sonic speed is

u=\RT = 14x287x(20+273) =343 m.s

p 1s density.

With one more relation p = pRT . the energy equation (1.2.5) can take any of the

tollowing forms.

C',T+—,-‘,; = const (1.2.7a)
a: I
+ — = const (1.2.7b)
7-1 2
7y p I
L+ — =const (1.2.7¢)
r=tp 2
v Jo:
* _RT + — =const (1.2.7d)
7 =1 2
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To find fixed constant from the equations above. three different types of parameters are
used.

1). Stagnation parameters (subscript 0):

When the flow velocity reaches 0 (not necessary to have such location). other flow

parameters are called stagnation parameters as follows.

helloh=Ccr = o L P_ 7 pr (1.2.8)
2 ' y=1 y7v-1p 7-1

where A, .T .p .and p, are called stagnation enthalpy. stagnation temperature.

stagnation pressure and stagnation density respectively. To ditferentiate them from static

parameters h.T . p. and p . they are referred 1o as total enthalpy. total temperature.

total pressure and total density. A, .7, . Ly a, all reflect the energy amplitude.
p‘}

2). Maximum velocity (Vaa):
From energy equation (1.2.5). if the gas expands to vacuum. when 4=0. 7=0. then the
maximum velocity is reached (this state does not exist in reality). and thus can be used to

express the constant mentioned above.

. T el
Pl lm (1.2.9)

:/—Ip 2 -

Comparing equations (1.2.9) and (1.2.8).
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3). Critical parameters (superscript *)

When V=a=a'. where a’ is called critical velocity. then all the parameters now are called
critical parameters. expressed by A .T . p" . p". Thus the energy equation again can be

expressed as

“ +ﬁ=_"'z -ﬁizf”"’_': (1.2.10)
v -1 2 v —1 2 ,'/—1 2
- | . .
Since Mach number is defined as A/ = — . it is obvious that in this case M=1.
[74

Utilizing the above equations we can derive several useful relations. For example. by
combining equation (1.2.7d) and (1.2.8). one can get

L grello 2

v-1 2 -1

RT

J

or

BRI So1 .
T Al N A VS (1.2.11)
T Y RT >

Note that T, is the same for all points in the flow. provided that the flow is adiabatic.

When a perfect gas flows isentropically. its pressure and density are related to

temperature in the following ways.

T T

T

R |

[P |

P L g P (1.2.12)
p T p

-

t
L

By combining these with Eq. (1.2.11). pressure and density can be expressed in terms of

Mach number:
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T -1 4
LR P A (1.2.13)
P - |

ST B b
&:1-/‘,]\1-; (1.2.14)
P L - 4

—;_'— L. and £ are wbulated in Figure 1.4 (refer to page 16). Values are based on
p P

vy=14.

To calculate the Revnolds number Re = pLL . the viscosity coefficient p is needed.

u
which can be obtained in many references for the room temperature. For other

temperatures. the viscosity is defined by the well-known Sutherland formula based on a

different temperature T.

T
£ - T {T—; (1.2.15)
M, +.

where. 4 is the viscosity at the reference temperature T, .

As it is known. for air. $;=110.3. g, =1.789x10™" —— kg and 7, = 288A . hence
m-s

1s
u=1.46x10‘“—r—— {1.2.16)
T+110.3

The same formula with a larger coefficient is listed for helium.
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(1.2.17)

P,

P:

(1.2.18)

In helium jets or ki pton jets. due to the mixure with ambient air. the gas constants 7 and
C; are unknown. both depend on concentration of the gas from the jet. In the case of a
helium jet. they are defined as.

v=c-v,+(-c)z, (1.2.19a)

C,=c-C, ~({l-c)-C (1.2.19b)

where ¢ is the local concentration in the jet tflow field.

It can then be concluded that to find the concentration ¢ at any location. total pressure Pa.
total temperature 7. and velocity I are needed at the same location of flow. If all the
three quantities can be measured experimentally. concentration ¢ can be determined.
This is the reason for which three separate experiments were set up in order to measure
total pressure. total temperature. and velocity respectively. Chapter VII will provide
more details on the calculation algorithm and Chapter VIII will analyze the

corresponding error involved.
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(Saad. M.A. Compressible Fluid Flow Second Edition)
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1.3 Literature Review

Previous works otfered images. data and results on jet flows. on various research issues.
which will be discussed below. The research work advances our knowledge on jet flows
and provides data for possible comparison with theoretical and computational results.

The tollowing part is a survey of the past work.

1.3.1 Research Interests

Different types of jets were designed and put to use for many purposes. as was
introduced before. The corresponding research involved in these fields was carried out in
various geometries and configurations. such as planar jets [9][36]. wall jets [28]. pulsed
jets [12]. and so on. The jet tlow researched in this study is circular and continuous. with

a jet exit diameter of 7mm. running at subsonic speeds.

Thus far what scientists and engineers have been looking for in jet flows is as follows:

1. Pressure. velociny. density. temperature as well as concentration distribution

It is important to obtain detailed and accurate data for mean and turbulent quantities in
order to provide information on turbulence enclosures. Obviously. if all the quantities
mentioned above are known. the flow field can be described. For instance. knowing the
velocity distribution along the centerline. the self-similar region can be determined

[66][67][98][104]. Density is used to discuss the density effects of the jet flow
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[38][87][101]. Temperature is a measure of the energy and sonic speed [44][45][69].
The Mach number is associated with pressure information. Therefore to discuss the
Mach number effect. or compressibility effect. pressure is necessary [11]. Researchers
have been working on different aspects of the jet flow. such as the velocity distribution.
the pressure distribution ad so on. However. little work has been done to combine all the
information and to give a general view of jet flows. This is because of the shortage of
common fields. in which researchers are working on the same issues. Our research work

will go into said issues.

2. Spreading Rate

The spreading rate is a charactenistic indicative of mixing [40][52]. When the self-
similar state is reached. the mixing layer spreads linearly with a constant value of the
spreading rate. One typical method for defining the spreading rate is. utilizing the
velocity distribution along the transverse direction. When the velocity reaches half of the
corresponding centerline velocity. a typical thickness of the mixing layer can be defined.
By applving this procedure at various locations downstream. the spreading rate is
obtained. It can be observed that the spreading rate shows the mixing layver growth. The
other method of defining the spreading rate is a semi-empirical law proposed by Brown

and Roshko [13]. as shown in Figure 1.5,

co (1=r)1++'s) .

2(1+r\’;)
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where. r =L, U',. velocity ratio between external flows. s = p. ' p, the density ratio.

C, is a constant (=0.181). which represents the spreading rate of the mixing layer at

. e . . . .U, =L,
uniform density. J, is the vorticity thickness at the wall given by J, = — -
(el
N
e e o EL'\ .
where L -, is the velocity difference between external flows. while | — ) is the
&
AN

mas
maximum mean velocity gradient of the flow. It can be seen that the spreading rate

depends on the velocity distribution. density effects and the degree of compressibility of

the gas.

L,

y

[7)
£

/

Figure 1.5: Schematic Shape of the Mean Streamwise Velocity Profile of a Mixing

Layver
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3. Shear Lavers

Jet flow is a typical model of shear layers which have led to some papers discussing the
shear layers since [11][13][74][75][91] referred articles were published. The problem of
hyvdrodvnamic instability has been the main subject in this research field because it
controls for the jet mixing with ambient air fluid [20][60]{62]. There is a difference in

shear layer growth between an incompressible flow and compressible flow [74].

4. Selt-Similarin Ficld

Previous work offered different results for velocity measurement. Using a new method
of analvzing hot-wire signals. Rodi (1975a) [81] made measurements of mean velocity
and turbulent intensities and showed that the mean velocity decay along the axis of the
jet conformed to the x"'. which was expected from similarity analvsis. but the
measurements of Wygnanski & Fiedler (1969) [102] gave different results as no self-

similarity that could be reached in the same cases.

5 Noise Generation

Research interest in compressible jet flows is also motivated by the need to understand
and reduce noise. which is associated with density and pressure fluctuations in the large
scale of coherent structures and small scale of turbulence presence in the flow

[221132](33][68].
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6. Interaction Benween Jets
It is meaningful to discuss the interaction between jets. especially for the combustion

chambers that consist of several injections. In other cases such as the inkjet printers.

several micro jets are working together in the printing operation [21][56][61).

= Interaction Benween a Jet and a Shock Wave

This situation happens very often in supersonic jets [4][8][70]. It is claimed that the
shock wave will have a strong etfect on the turbulence. Considerable change in the flow
structures of the jets was found in all cases after the interaction with shock waves. The
shock wave that have interaction with the helium jet appears to promote substantially

more mixing than in the other cases. i.e. nitrogen and knypton [4].

X Compressibiliny Effects (or Mach number effects)

Compressibility effects on turbulence are significant when the energy associated with
dilatational fluctuations are large or when the mean flow is compressed or expanded.
Most of the previous work on compressible turbulence has been carried out in shear
lavers (Gutmark et al.. 1995, for the most recent review on compressible free shear
flows) [29] or boundary lavers (Spina et al.. 1994) [92]. Different contributions to the
understanding of compressibility effects on turbulence are reviewed in detail by Lele

(1994) [46].
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Compressibility plays a crucial role in the stability and mixing of supersonic shear lavers.
Its effects being capable of producing order-of-magnitude changes compared with

incompressible flow [74].

9. Densin: Effect

Many turbulent flows of practical interest involve significant density fluctuations. There
are several gases. which have different density than the air. can be used for jet. The
density effect thus presents in such flow mixing with the ambient. helium jets are

discussed veny often as this type of jets [2][3][39][67][96][97].

Large changes of the density ratio across the mixing laver were found to have a
relatively small effect on the spreading rate. and it is concluded that in supersonic jets.
the spreading rate difference is due to the compressibility effects. but not density effects
[13]. Then in subsonic jets. what plavs an important role? Our research will try to

answer that question.

10. Convective Mach number

Another useful parameter for jet flows has been found to be the convective Mach
number originally named by Papamoschou and Roshko (1988) [74] who drew upon
linear stability analyvsis of a vortex sheet for justistification of the particular formulation.

Figure 1.6 clearly shows the basis of the convective Mach number concept.
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In a frame of reference bed to large scale structures traveling with a constant convective

velocity U.. one can define two Mach numbers of the external streams

U oot
.\I_;=L—‘———L—‘ and .\I«:=‘—L' (1.3.0)
as d:

(a)
M, U,.p,
e — -——
e W

-— U,

— - -
M, U, p, -

(b)

Figure 1.6: Convective Mach Number Concept (Papamoschou and Roshko 1988) [74]

(a) Laboratory Frame of Reference: (b) Convective Frame of Reference.

In the convected frame of reference there exists a saddle point between two adjacent
eddies. If it is assumed that the static pressure is constant across the mixing laver and
that the compression of fluid along particle paths leading to the saddle points are

isentropic. then the mechanical equilibrium of this saddle point leads to the relation
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where 7, and 7. are the ratios of specific heats for the two streams of fluid. Using the
definition of the two convective Mach numbers. an expression for U, car be obtained as
follows for the simplified case where 7, =z.

_al,+a.l,

- (1.3.4)

a, +a,
This convective Mach number also affects spreading rate. Both experimental and
numerical studies have confirmed that the spreading rate decreases when the convective

Mach number increases [74].

11. Reynolds Number Effects

[t is clear that increasing Reynolds number leads to more and more small scale turbulent
structures. but the initial large scale structures persist even at high Reyvnolds numbers.
When the Revnolds number is sufficiently large the flow reaches an asymptotic
downstream state where self-similarity of the mean and turbulent fields is observed [8].
How will the Revnolds number affect other properties of the jet flow. such as the

spreading rate remains unanswered.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction to Jet Flows and Previous Work a5

1.3.2 DNS Research

To resolve several of the above mentioned issues that are associated with jet flows.
researchers have tried numerous approaches and developed different tools. Considerable
research etforts. involving experiments. theoretical analysis or numerical simulations.
have been devoted to investigating the characteristics of jet flows. Here we discuss

mainly Direct Numerical Simulations (DNS).

Direct Numerical Simulations (DNS) of compressible flows have mainly focused on
simple homogeneous flows. with shocks or without shocks. Numerical simulation is
increasingly recognized as an attractive method of studying turbulent flows. The DNS
method has several advantages compared to experimental approaches. for instance. it is
independent of experimental work. easy to control the simulation conditions. and so on.
However. on the other hand. numerical simulations bring along some problems. First is
to make the correct choice of the different numerical methods available. which is a key
point in capturing the nature of turbulence. Therefore. within the few numerical methods
for turbulence simulation. turbulence models are seldom used in computing jet flow.
Direct numerical simulation (DNS) is the most exact approach. but it requires an
extremely fine mesh size on an appropriate grid syvstem to capture the small scales of the
turbulence present in the flow. In addition. the time increment to advance the solution
must be extremely small to simulate the time dependent nature of the turbulence.

Therefore. another approach—Ilarge eddy simulation (LES) is chosen. which simulates
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the larger scales of motion of the turbulence while approximating the smaller ones
through appropriate modeling. The second difficulty is the formulation of the
boundaries. The influence of finite computational domain on real jet flow cannot be
neglected. since unsuitable outflow boundary conditions will introduce unphysical
reflections to the upstream. The lateral boundary condition must ensure that the

entrainment of this flow is correctly described.

1.3.3 Experimental Research

The first issue with experiments is to obtain sufficiently high flow quality. for which the
repeatability of the experiments is considered a requirement. Different techniques.
Pressure Transducer. Thermocouple. Hot-Wire. Laser Doppler Anemometry (LDA).
Particle Image Velocimetry (PIV). Global Doppler Velocimetry (GDV). Schlieren. and
Planar Laser Induced Fluorescence (PLIF). have all been tested and used in experiments.
The choice of technique itself depends on many factors. such as the requirements and
objectives of the measurements. the range of velocities expected in the experimental
facility. the spatial resolution. the accessibility of the flow field. the temporal resolution.
the availability of the necessary equipment and human expertise. It would be more
appropriate to list the characteristics of each of the techniques to further discuss its

advantages and disadvantages.
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Pressure Transducer

Pressure transducer has several advantages for point measurement. It is easy to calibrate.
easy to operate. very accurate and it has good sensitivity for turbulence capturing.
However. it is intrusive to the flow. Also it has a finite yaw response to the velocity

vector. therefore misalignment may result in inaccurate data.

Thermocouple

Thermocouple is an accurate temperature measurement probe. which can be used with a
wide temperature range. Its linear response to temperature change makes it easier to
calibrate. It is also easyv to operate. However. it is also intrusive. and the frequency
response is very low. Thus it is not good for turbulence measurement. If only mean
quantity is needed. thermocouple measurement is a good choice. Further more. it did not
show directional response from our experiments. which helped improve the accuracy on

measurements.

Hot-Wire

HWA (Hot-Wire Anemometry). which in most cases is called SHW (Stationary Hot-
Wire). that can be either CCA (Constant Current Anemometry) or CTA (Constant
Temperature Anemometry). are point measurement techniques. Hot-Wire probe is
widely used in velocity measurement because they are appropriate for the measurement
of time series in 1D. 2D or 3D flows. where high spatial and temporal resolution is

required. It requires no special fluid preparation i.e.. seeding and the small dimensions of
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probe allow measurement in locations that are not readily accessible. They can be used
to provide velocity. temperature. density and molecular concentration information at the
point of measurement with high frequency response. On the other hand. Hot-Wire is
intrusive. influencing the flow in some respect. It has an ambiguity in measuring the
velocity direction in jet flow measurement [96]. The problem exists primarily because of
its capability in measuring both mean and fluctuating velocities and also because a Hot-
Wire could not be used under the more severe conditions. where flow direction is
changing [7]. When transonic Mach numbers and low Revnolds numbers are involved.
the calibration is a major difficulty [8]. The other disadvantage is its frequent breakings.
especially in the case of high speed flow. Thus to repair the wires requires specialized

skills.

LDA

LDA (Laser Doppler Anemometry) or LDV (Laser Doppler Velocimetry) is also a point
measurement technique. [t is not intrusive and directional sensitive due to the imposed
phase shifting and it is good for reversing flows. where physical intrusive sensors. is
difficult or impossible to use. It provides high spatial and temporal resolution due to the
small measuring volume and no calibration needs to be performed. Even though it
provides highly accurate results. without seeding. or addition of tracer particles. no result
can be obtained. In highly sheared supersonic compressible flows. such as mixing layers

at high M.. seeding problems may corrupt the experimental results [8].
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PIV and GDV

PIV (Particle Image Velocimetry) and GDV (Global Doppler Velocimetry) techniques
for obtaining instantaneous whole field velocity data in high speed flows. For low 1o
moderate velocity regions. PIV is a better choice at this time compared to GDV. due to
its simplicity and ease of implementation. GDV can simultaneously measure in real time
the three components of velocity of an entire particle field illuminated by a laser light
sheet. It allows the quantification of complex 3D flow fields at video camera rates. They
are both non-intrusive and very accurate. GDV. however. would be recommended for
higher flow velocities since the magnitude of the Doppler shift for this scenario
increases. which improves the accuracy ot GDV compared to PIV. The most difficult or
challenging part of GDV. which is actually the heart of this method. is the direct
measurement of the frequency change in the laser light due to Doppler shift. PIV. with

its rapid development. is now able to handle Mach 4 jets [30].

For evaluation. the digital PIV recording is divided into small subareas called
“Interrogation areas”. The local displacement vector for the images of the tracer particles
of the first and second illumination is determined for each interrogation area by means
of statistical methods (auto- and cross- correlation). It is assumed that all particles within
one interrogation area have moved homogeneously between the two illuminations. The
projection of the vector of the local flow velocity into the plane of the light sheet (2-
component velocity vector) is calculated taking into account the time delay between the

two illuminations and the magnification at imaging.
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The process of interrogation is repeated for all interrogation areas of the PIV recording.
With modern video cameras (1k X 1k sensor elements) it is possible 10 capture more
than 100 PIV recordings per minute. The evaluation of one video PIV recording with
3600 instantaneous velocity vectors (depending on the size of the recording and of the
interrogation area) is of the order of a few seconds with standard computers. [f even
faster availability of the data is required for online monitoring of the flow. dedicated
hardware processors are commercially available which perform evaluations of similar

quality within fractions ot a second.

Schlieren

Schlieren svstem is widely used in high speed flows for image capturing. It requires a
density gradient to be shown in the image. So it works well when there is a shock wave.
or a shear laver. where high density change is expected [3][13]. This system can also be
used to find concentration. however. it is difficult to use it in the flows with low density

variation. Furthermore. tedious calibration has to be done before the experiments.

PLIF

PLIF (Planar Laser Induced Fluorescence) is a concentration measurement technique.
which requires dyving of the flow tield [27]. It is non-intrusive. however. it works only
with certain flows that have low Reynolds number and low speed. Dying of the flow

field for concentration measurement is also difficult.
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In conclusion. all the above techniques. based on the researcher needs. could be used to
measure different quantities. Based on our needs for the total pressure. total temperature
and velocity. pressure transducers. thermocouples. and a PIV syvstem were chosen for the
individual measurement. It can be seen from the results that these choices did offer

satisfactory results.

For jet flows. the mixing with ambient fluid. is always the most interesting aspect.
Temporally and spatially. the mixing happens without control. There are no unique
empirical formulas for gas constant and other property estimation. This makes it hard to

obtain desired quantities. This is a good reason tor using averaging techniques.
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1.4 Objectives

In reviewing the existing work on the jet flow structure. it became evident that a
deficiency existed in terms of experimental work. While the existing numerical work
does provide a significant amount of data on the structures of these flows. there are.
however. only scarcely available corresponding measured data. Experimental work
relies mostly on the available facility. therefore most researchers are working in the
same aspect using their available resources. There is also a lack of experimental data
with the same experimental conditions that are critical for the results. To bridge this gap.
further experimental study needed to be performed for a better understanding of the
physics and mechanics involved in this line of research. Also experimental data have to

be available to validate the numerical results and other researchers” work.

The present work i1s an experimental investigation and is concentrated on three
objectives: (1) Analyze the data obtained and search for jet flow structures by looking
into data of velocity. total pressure and total temperature: (2) Establish and document
density effects and Mach number effects on the jet flows: (3) Obtain parameters such as

concentration that are not available by measurements directly.
The approach to meet the research objectives requires the development of experimental

techniques. some of them being newly applied in this field. For example. the Particle

Image Velocimetry for high speed flow measurements. To disclose the Mach number
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effect. jet flows were confined to run under certain exit condition. i.e.. exit Mach number
M;=0.3. 0.6. and 0.9. To create a distinct comparison in jet tlows for density effect.
helium. nitrogen and krypton gases were used in the present investigation of
compressible jets issuing into still air. Their properties. as introduced in the governing

equations. are listed at ambient temperature in Table 1.1.

Table 1.1: Gas Properties at Ambient Temperature

gas v Mol. R a K u G a
| Weight | JKgK) | (ms) | (Kgm®) | (10" Pasec) | (J KgK) (m- s)
Nitrogen | 1.400 | 28.013 296.8 346 [.13 17.9 1042 0.000028
Helium | 1.667 4.003 2077 | 1007 0.1615 20.0 5193 0.00018
Knvpton | 1.240 | 83.800 99 191 34360 250 S11.5 | 0.0000053

where a is the thermal diffusivity.

With the gases listed above. the following tasks were carried out:

1. Pressure Measurements

Pressure distributions of nitrogen. helium. and krypton jets issuing into still air at various
Mach numbers 0.3. 0.6. and 0.9 were measured by using a pressure probe. This allowed
a comparison between different effects. such as Mach number effect to be compared by

keeping the jet flow under the same condition. except Mach number while changing
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only the Mach number. Applying the same method. the Mach number can be kept
constant while the density can be changed by issuing a different gas into the ambient
fluid. Chapter II introduced the measurement technique and the results were given in

Chapter IV.

2. Velocity Measurements
Similar to pressure distribution measurement. velocity was measured under the same
conditions by PIV techniques. which aliowed a combination of Mach number effects and

density etfects to be studied.

PIV technology for velocity measurements is based on correlation of images. Two type
of correlation schemes. crosscorrelation and autocorrelation were used together to
resolve the velocity. A comparison between the two schemes was obtained by applving
them into the same flow condition. PIV method will be introduced in Chapter Il and the

results from jet flows will be given in Chapter V.

3. Temperature Measurements

Temperature measurements. by using thermocouples. were used to investigate the same
effects mentioned above. and in the mean time. the results from temperature
measurements were used to calculate the concentration distribution in the cases of
helium jets and knvpton jets. The measurement technique will be introduced in Chapter

I and the results will be shown in Chapter V1.
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4. Other Quantities

Different approaches to the same jet flows will definitely help the study on the jet flows.
Is it possible for us to estimate other flow parameter. which cannot be measured directly.
by using values of measured quantities? The answer is ves. The data obtained from the
above experiments were studied and analyzed in Chapter VII. Based on the data.
derivation of formulas for concentration and other parameters was attempted and the
corresponding error analvsis (Chapter VIII) were discussed. It is to our great interest that

a substantial amount of work could be eliminated with this method.
Table 1.2 lists the bulk properties for the flows. such as the exit velocity from the jet.

Mach number. convective Mach number. density of the gas. Revnolds number and

density ratio between the given gas and air.
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Table 1.2. Experiments Carried Out

Gas Exit Mach | JetExit  Density  Rewvnolds . Convective i
Name number . Velocity Ratio Number ' Mach number .’
M; | (ms) Ps Pa " Re Mc E

0.3 297 © 0.0885 11.000 0.217 J

Helium 0.6 369 0.0917 25.000 0429 :
0.9 831 - 0.1018 40.000 0.64

0.3 : 103 0.7413 | 34.000 0.149 ],

Nitrogen 0.6 199 - 0.7902 74.000 0.293 |
I 0.9 288 0.846 122.000 0.432 jji

0.3 57 | 2.4347 45.000 0.110

Knpton 0.6 11 2.5217 91.000 - 0217

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Experimental Setup and Measurement Techniques 37

Chapter I1 Experimental Setup and Measurement Techniques

2.1 Overview and Sketch of the Jet Faciliry

A smooth. seamless. stainless steel tube of an outer diameter of 3 8" (9.5mm) with an
inside diameter of 0.277" (7.0mm) was chosen to supply the jet flow. This tube was
designed to be strong enough to withstand strong loads. and even a shock wave without
bending. Its inside diameter of 7mm is within the range of the size of gas injectors of
large combustion engines. but it is still small enough for the camera that can cover a jet
length of more than 10 diameters. In order to use the jet under different circumstances.
such as in the shock tube that needs the jet exit to be flexibly aligned. the tube contains
one 90" elbow. as indicated in Figure 2.1. The length L, should be long enough so the
flow at the jet exit will recover symmetrically before issuing it into the ambient air. L. is
the equivalent length of head loss from the elbow. which will be explained in the

following part.
A pressure gauge. mounted before the jet exit. was used to monitor the pressure at this

point so that the jet exit condition can be controlled. The corresponding explanation as to

how the exit condition is controlled will be shown later.
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Gas supply —>

P

? L,=13.6"

Figure 2.1: Sketch of the Designed Jet

Figure 2.2 shows the actual jet used in the laboratory. As it can be seen. there is a steel
holder undemeath the jet. which is mounted on an XYZ table and allows for the jet to

move with in a large space to various of positions. so that measurements can take place

amvwhere desired.
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Figure 2.2: Outlook of the Jet Used in Experiments
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System overview

Based on previous discussion. we designed the jet system as shown below. This system
includes a jet. pressure gauge mounted on the jet. one valve. an air tank to supply gas. a
pressure regulator that allows constant pressure for the flow to leave this point and

several pieces of tubes and fittings.

ame meem

Vahel

Tank

P

?

Pressure Gauge

Pressure Regulator

Not drawn to T

scale
Jet

Figure 2.3: Jet Setup for Pressure Measurement
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To run the jet under a constant Mach number. constant pressure is needed to supply gas
from the gas tank. This was achieved by a pressure regulator. which can be regulated
precisely and maintained to a certain pressure value. The questionnaire: What should the
pressure be at the pressure regulator? How should the exit Mach number be controlled?
How is it linked to the exit Mach number? The following section answers these

questions.

2.2 Control of exit Mach number

To control the jet running under a steady Mach number. a constant pressure is needed to
maintain a constant Mach number at the jet exit. This conclusion was obtained by
mounting a pressure gauge just upstream of the jet exit (Figure 2.1). It is easy to judge
that corresponding to a certain pressure. there must be only one exit Mach number. To

find out this pressure. a program was set based on the related equations in Appendix A.

In Appendix A. a set of equations has been derived that relates to the flow variables of

the adiabatic frictional compressible flow in a constant area duct. The flow variables are
- LY A
Mach number M. the velocity V. the pressure p and the ratio D_ which will be

I3

explained later on.
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The flow governing equations are the following:

=1

L0111 oyl aF P .
D =.—(\ T \l:)"' 3 In ‘[:( /:l ) (A3
iy l/ . ’! R "'l/ R 1+ ’_5, - "11:

P T
LAV 44 (A32)
! V2I<(zr-h\f-
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where. L is the length of the tube and Dy is the hyvdraulic diameter. which in this case is
equal to the actual inside diameter of the tube. v is the specific heat quotient and M is the
Mach number of the flow at one location of the tube. p and I " are pressure and velocity.

respectively. Average friction coefficient f is defined as:

- 1
f=—| fdx (A3
gy ;

The friction coefficient can be obtained by Figure A.2 in Appendix A. Moody Diagram
or by using the Karman-Nikuradse formula:

1 —
————=-0.8+210g,,,(R€V"4_f ) (A.S)

Vi
The equation A.30 can be achieved from a force balance on an infinite control volume
consisting of a cross section of the tube. It takes friction. geometry. continuity.
compressibility energy consen ation and the definition of the Mach number into account.

The derivation can be found in Appendix A.
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A AYA A\ =1
I [ I
P P: P
" Imaginary  continuation
L of the tube section 2 to an
Cross section 1 Cross section 2 imaginary exit where the
tube entrance tube exit exit tube exit Mach

number is M*=1

Figure 2.4: Scheme of the Tube With Ditferent Cross Sections

Figure 2.4 illustrates the application of the three equations A.31. A.32 and A.33. The
equation A.31 relates the average friction coefficient /. the tube length L. the tube
diameter D;; . the heat capacity quotient ~ to the Mach numbers of the flow at the cross
sections one and two. It a certain tube is chosen and the length of the tube is fixed and
the average friction factor is known or estimated. this equation enables us to calculate
the entrance Mach number \/; from a desired exit Mach number \f-. The pressure P, is
the static pressure at the exit of the tube. This is the pressure of the surrounding pums.
With the given Exit Mach number M:and the known exit pressure P: Equation A.33 on
previous page. allows the pressure P* to be calculated. This would be the pressure at the
point of the tube where the flow reaches sonic speed. as shown in figure 2.4. If p* is
known. the equation A.33 can be used to calculate the entrance pressure p,. which is the
flow vanable that is used to control the Mach number /- at the exit of the tube. This

number also controls the speed of the exiting jet.
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The equation A.31 on page 42 is implicit in 1/, that makes a straightforward solution
difficult. Also. we need to calculate \f, for many cases with different gases and Mach
numbers. To generalize everything and use it anytime. a simple program was developed
This program uses the Newton-Raphson Method to deal with this set of non-linear

equations.

It should be mentioned here that for the tube Length L. as was discussed earlier. one
elbow has to be included in the jet design. which allows easy installation in the shock
tube. The intluence of the elbows on the tlow is taken into account by the equivalent
length method. The equivalent length for a 90° standard elbow is L,=30Dy=8.3" The
total length L of the tube according to Figure 2.1 is:

L=L,-L.~Ly = 6.7"-8.3"=13.6"=27.6"

Where L, and L are two straight parts of the tube shown in the same figure.

All the necessary variables for program are given as follows.

1 =0.0068. Dy=0.2"", L=6."-13.6-30* Dy

Appendix C has the program used to find out at what Gauge pressure the jet exit reaches
to the required condition of a certain Mach number (i.e. 0.3. 0.6). The following table

shows all the corresponding results from the program in Appendix A.
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Table 2.1 Gauge Pressure from Program

Gas Exit Mach Number Gauge Pressure

Helium 0.3 ; 3.18

Helium | 06 12,66 i

Helium } 0.9 27.08

Nitrogen v 0.3 : 2.67 |
|

Nitrogen 0.6 10.67 ;

Nitrogen 0.9 2284

Krvpton z 0.3 i 336

Krypton 0.6 ‘ 9.47

Krypton : 0.9 20.29

S

Three tyvpes of measurements were carried out in our experimental setup: pressure
measurement. velocity measurement. and temperature measurement. Pressure
measurement requires one pressure transducer to read the corresponding total pressure.
while velocity measurement requires either a double pulse or a combination of two
lasers. and the temperature measurements utilizes a thermocouple to give the
corresponding temperature information. In addition. each of the three measurement
methods described above. necessities not only different measuring equipment. but also a

modification of the jet facilitv. The differences of these threc measurements lies not only
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on the measuring equipment used. but also on the jet facility. For velocity measurement.
tracer particles needed to be added to the tlow field. which involves more controls
compared to the pressure and temperature measurement cases. Therefore. additional
information for the setups used in velocity measurement was put in a separate chapter

following this one.

2.3 Pressure transducer setup for Total Pressure Measurement

Figure 2.5 shows the schematic of the jet flow supplving tube and the corresponding
measurement svstem. As shown in the picture. the length L, has to be long enough so
that the tlow at jet exit has recovered from the 90° turn perturbation and renders an
axisymmetric profile at the exit and downstream when the tflow issues into the ambient
air. Flow visualization and measurement of mean Mach number profile have confirmed
the symmetry of the flow field with the given L, D=24.2. The jet was mounted on an
XYZ table. which was capable of moving in three-dimensions while the probe was
stationany. The pressure gauge mounted on the jet tube was used to monitor the exit
pressure. During experiments. the jet tube. mounted on the movable table constrained
with Y. Z directions that allowed measurement along the centerline. Such setup is
capable of taking measurements of the transverse pressure profile. by confining the

moving perpendicularly to the jet centerline.
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Figure 2.5: Pressure Transducer Setup

A high-frequency response. sub-miniature. pressure transducer fabricated by Kulite
Semiconductors was used to measure the total pressure along the centerline of the jet.
The signals were acquired with an DATEL data acquisition system. The DATEL 416G
board is a 14 bit PCI data acquisition system. capable of sampling simultaneously 8
channels at 500 KHz each channel. Three of those boards are currently available

providing 24 simultaneous sampled channels at 333 KHz per channel.
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In order to increase productivity of the pressure measurement. another tyvpe of pressure
probe with three transducers was also used as shown in Figure 2.6. This probe offers

more information at the same time compared with the single transducer probe.

Amplifier
=== & Signal AD
Inlet Fiow Conditioner
«—( T— Probe
Pressure Gage :
] PC

T\ \ Not in Scale
< rre o
6.7 in X 26in

Figure 2.6: 5-Transducer Pressure Probe

Figure 2.7 shows one actual pressure transducer used in the experiments. Pressure
transducers need batteries to power up and the signal captured is transferred to a
computer. The wires shown in the figure above have two for the power supply and
another two for the signal transter. The output signal of the pressure transducer was

amplified with a gain of 100 and recorded by a Personal Computer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Experimental Setup and Measurement Techniques

49

Reproduced with permiss

Transducer

Battery

Output to PC

Figure 2.7: Actual Pressure Transducer Setup
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2.4 Thermocouple Setup for Total Temperature Measurement

Thermocouple Introduction

The most common electric method of temperature measurements uses thermocouples.
which are manufactured using the principle of thermo electricity. Thermocouples are
made of two similar metals joined together as shown in Fig. 2.8. Consider the
thermocouple circuit shown. The junction labeled 1 and 2 are at temperatures T, and T-.
respectively. It T, and Tare not equal. a finite open-circuit electric potential emf. will
be measured. Here the term emf stands for e/ecrromotive force and is equivalent to an
electric potential. The magnitude of the emf will depend on the difference in the
junction temperatures and the particular materials A and B used for the thermocouple.
This phenomenon is called the Seebeck effecr. This emf can be measured by

potentiometer as shown in the figure below.

I Measuring device

Figure 2.8: A Typical Thermocouple and the Measuring Circuit
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If the two materials are connected to an external circuit in such way that a current / is
drawn. the emf (called emf>) may be altered slightly owing 10 a phenomenon called the
Peltier effect. which accounts for the extra heat transfer other than the /-R that occurs at
the junction to maintain a constant temperature. Hence. if a temperature gradient exists
along either or both of the materials. the junction emf may undergo an additional slight
alteration. This is called the Thomson effect phenomenon. There are. then. three emfs
present in a thermoelectric circuit: the Seebeck emf. due to the junction of dissimilar
metals: the Peltier emf. caused by a current flow in the circuit: and the Thomson emf.
which happens because a temperature gradient is manifested in the materials. For
temperature measurement. the Seebeck emf is the most important since it depends on
junction temperature. If the emf generated at the junction it may be utilized for

temperature measurement. This junction is called a thermocouple.

The sensitivity as a function of temperature for six difterent types of thermocouples is
shown in Fig. 2.9. It should be noted that the sensitivity. i.e.. the voltage output per
Celsius degree. for a typical thermocouple is quite small and needs a digital thermometer
with at least a microvolt resolution for recording and displaving. To calibrate the
thermocouple circuit. techniques with reference junction immersed in an ice bath are

usually adopted. as shown in Fig. 2.10.
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Figure 2.9: Emf-Temperature Curves tor Tvpical Thermocouple Materials

Legend: Tentative curves:

1. Chromel-constantan (type E) A Rhenium-molyvbdenum

2. Iron-constantan (type J) B Rhenium-tungsten

5. Copper-constantan (type T) C Indium-inidium rhodium

4. Chromel-Alumel (type K) D Tungsten-tungsten rhenium

5. Platinum-platinum rhodium (type R)  E Platinum rhodium-platinum 10°. rhodium
6. Platinum-platinum rhodium (type S)
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Figure 2.10: Calibration of Thermocouple

In sum. the three fundumental laws of thermocouples are listed as follows:

1) Law of Homogeneous Materials. A thermo electric current cannot be
sustained in a circuit of a single homogeneous material by the application
of heat alone. regardless of how it might vary in cross section.

2)  Law of Intermediate Muaterials. The algebraic sum of the thermoelectric
forces in a circuit composed of any number of dissimilar materials is zero
if all of the circuit is at a uniform temperature.

3} Law of Successive or Intermediate Temperatures. If two dissimilar
homogeneous materials produce thermal emf, when the junctions are at
T, and at T: produce thermal emf- when the junctions are at T. and T:.
then the emf generated when the junctions are at T, and T; will be emf]

and emf-
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Step Response of a Temperature Sensor
A typical example of the first-order instruments is the step response of a temperature
sensor. The rate of heat transfer between a temperature sensor and its surrounding

medium can be described by the following first-order differential equation:
Redl ror (2.5.1)

where

g = the rate of heat transter to the sensor by convection.

h = the convective heat-transter coefficient.

A = the surface area of the sensor through which heat poses.
Tm = the temperature of the surrounding medium at time «.
T = the temperature of the sensor at time /.

m = the mass of the sensor.

¢ = the species heat capacity of the sensor.
Assume that at time r = 0. the sensor temperature 7 is T,. If the sensor is suddenly

immersed in a medium which is maintained at a constant temperature T, i.c.. a step-

function input. the temperature response of the sensor can then be expressed as:
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mc . . . .
Here — is the time constant of this first-order measurement. Figure 2.11 below shows

the results for cases when T < To (i.e.. cooling. the step is T-T) and T, > To (i.e..

cooling. the step is Tm-To). It is clear that the time constant 7 of an ideal temperature

sensor should be small. That is to say. the sensor would have a miniature mass m. a

small specific heat capacity c. a sufficient surface area A for heat transfer. and a large

convective heat-transfer coefficient h.

To Cooling (Tw<To)
Seasor response

|..- Sep-fenction input

.« 1 1 3 e«
Normalised time, &

Nep-feaction inpat
Ta
=
Sensor responss
)
" [, Heuing Mw>To)
. 1 3 3 . ]
Normalised time, t/t

Figure 2.11: Responses of a Temperature Sensor to a Step Input..

Present Therm

ocouple Setup

Considering the availabiiity and step response of different thermocouples. J type

thermocouple with diameter 0.25mm was used in the experiments. The response time

was compared with other thermocouples from other laboratories and was found to be
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fast enough to take measurements in subsonic turbulent flows. Figure 2.12 shows the
mounting of our thermocouple on the holder. The thin thermocouple was mounted on
the tip of the probe. (the white tip on the right side) and the two leads were covered by

ceramic. which was done intentionally by means of no heat transfer between the wires.

Figure 2.12: Mounting of Thermocouple
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Figure 2.13 is the overall setup of both jet supply and the thermocouple. The signals
were amplified by AT&T amplifier and acquired with an DATEL data acquisition
svstem as they were mentioned for pressure measurements. Sampling frequency was set

to SOK. and the gain was 1000.

Amplifier

: & Signal AD
Inlet Flow [_ Conditioner

‘_OE‘ Probe

Pressure Gage
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Figure 2.13: Setup of Jet and Thermocouple for Temperature Measurement

The actual setup was photographed in Figure 2.14. The gas tank and control panel are

missing because of the picture size.
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L}
t

Reference
Thermocouple

Figure 2.14: Actual Setup of Jet and Thermocouple for Temperature Measurement

Directional Response

Several experiments with different alignment were performed to find the directional
response of the thermocouple. The thermocouple was first aligned at the centerline of
the jet. then it was rotated against the centerline so the angle between the jet was
increased from 0" 10 90°. Temperature was found to be constant in the case of the same

jet flow for these different alignments. This helped to reduce the alignment error.
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Chapter III: PIV System and Velocity Measurement

The picture on the left was taken one century ago by Ludwig Prandil. which depicts a
manually rotated blade in a moving flow. The flow is visualized by distributing a
suspension of mica particles on the surface of the water. Prandtl studied the structures of

the tlow in steady as well as in unsteady flow in the arrangement of this experiment.

Figure 3.1: Separated Flow Behind Wing in a Ludwig Prandtl’s Tunnel

(Ratfel. M.. Willert. C.. Kompenhans. J. _Particle Image Velocimetry Springer)

Being able to change a number of parameters of the experiment. such as model. angle of
incidence. flow velocity. steads -unsteady flow. Prandtl gained insight into many basic

features of unsteady flow phenomena. However. only a qualitative description of the
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flow field was possible at that time. No quantitative data about flow velocity could be

achieved then.

After a century. it is now possible to also extract quantitative information about the
instantaneous tlow welocity field exactly tfrom the same kind of images as those
available to Prandtl. The right side of Figure 3.1 gives out the map of instantaneous
velocity field corresponding to the Prandtl’s tunnel. One of the techniques to extract

velocity vectors is called Particle Image Velocimetry or PIV'.

3.1 Principle of Particle Image Velocimetry in Jet Flow Measurement
The PIV system used in our experiment is from TSI. which was the first company to
commercialize PIV" systems worldwide. In the following introduction to PIV techniques.

we will mention TSI because some theories are based on TSI system.

The experimental set-up of a PIV system typically consists of several sub-systems. In
most applications tracer particles have to be added to the flow. These Particles have to
be illuminated in a plane of the flow at least twice within a short time interval. The light
scattered by the particles has to be recorded either on a single frame or on a sequence of
frames. The displacement of the particle images between the light pulses has to be
determined through evaluation of the PIV recordings. In order to be able to handle the
great amount of data that can be collected employing the PIV technique. a sophisticated

post-processing system is required.
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Figure 3.2 brieflyv explains a typical set-up for TSI PIV recording in a jet tlow
measurement. Small tracer particles (talcum) are added to the flow. A plane (light sheet).
about Imm thick within the flow is illuminated by means of a dual laser system(the time
delay between pulses depending on the mean flow velocity and the magnification at
imaging). It is assumed that the tracer particles move with local flow 1elocity between
the two illuminations. The light scattered by the tracer particles is recorded via a high
quality lens either on a single photographical negative or on two separate trames on a
special cross correlation CCD sensor. After development the photographical PIV
recording is digitized by means of a scanner. The output of the CCD sensor is stored in

real time in the memory of a computer. directly.

For evaluation the digital PIV recording is divided in small subareas called
"interrogation areas”. The local displacement vector for the images of the tracer particles
of the first and second illumination is determined for each interrogation area by means
of statistical methods (auto- and cross- correlation). It is assumed that all particles within
one interrogation area have moved homogeneously between the two illuminations. The
projection of the vector of the local flow velocity into the plane of the light sheet (2-
component velocity vector) is calculated taking into account the time delay between the

two illuminations and the magnification at imaging.
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Figure 3.2: Experimental Arrangement for Particle Image Velocimetry in the Jet Flow

Facility
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For evaluation the digital PIV recording i1s divided in small subareas called
“interrogation areas" as mentioned earlier. The local displacement vector for the images
of the tracer particles of the first and second illumination is determined for each
interrogation area by means of statistical methods (auto- and cross- correlation). It is
assumed that all particles within one interrogation area have moved homogeneously
between the two illuminations. The projection of the vector of the local flow velocity
into the plane of the light sheet (2-component velocity vector) is calculated taking into

account the time delay between the two illuminations and the magnification at imaging.

The process of interrogation is repeated for all interrogation areas of the PIV recording.
With modern video cameras PIVCAM 10-30 (IK x 1K sensor elements) it is possible to
capture more than 100 PIV recordings per minute. The evaluation of one video PIV
recording with 3600 instantaneous velocity vectors (depending on the size of the
recording and of the interrogation area) is of the order of a few seconds with standard
computers. If an even faster availability of the data is required for on line monitoring of
the flow. a dedicated hardware processors are commercially available which perform

evaluations of similar quality within fractions of a second.
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3.2 Present PIV Setup

To measure velocity in different jet flows. the jet was adjusted to work under different
conditions. including the powder supply and so on. A panel with all the controls was
designed for this purpose. which was shown in Figure 3.3. Where gas tank supplies all
types of gases. including nitrogen. krypton and helium. Valve 1 controls the flow from
tank: valve 2 controls the flow rate in the main branch: valve 3 controls the pressure to
the powder container: valve 4 allowed the powder injection into the powder container
are shown. As mentioned before. pressure gauge was used to monitor the jet exit
condition. The funnel is used to inject powder into the powder container anytime that the
powders are not enough. To supply the gas uniformly to the jet. the gas tank was
equipped with a pressure regulator that adjusts the pressure leaving that point to be a

constant.

The powder container mixes the powders with incoming gas from the branch flow and
make sure the mixture goes out in a proper proportion to the main flow. There is no
unique way to control the powder supply. therefore. we had to design our own container
that pumps up powders. This task was a challenging and time-consuming part of this
research. The design selected was the most successful one so far. and it was proved to be

very easy to control.
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3.3 Tracer Particles:

It is clear from the principle of PIV as described earlier that PIV. in contrast to
techniques using hot-wire or pressure probes. is based on the direct determination of the
two fundamental dimensions of the velocity: length and time. On the other hand. the
technique measures indirectly. because it is the particle velocity. which is determined
instead of tluid velocity. Theretore. fluid mechanical properties of the particles have to
be checked in order to avoid significant discrepancies between measurements of tluid

and particle motion.

A primary source of error is the influence of gravitational forces if the densities of the
fluid p and the tracer particles p, do not match. Even if it can be neglected for practical
purposes. we will derive the gravitationally induced velocity U, from STOKES drag law
in order to introduce the particle's behavior under acceleration. Therefore. we assume

spherical particles in a viscous fluid at a very low Reyvnolds number. This vields:

D=3zuld, (3.1)
and
vo=ailif, (3.2
; " 18u

where D is the drag exerted on the spherical particle by the viscous flow. g is the
acceleration due to gravity. u is the dynamic viscosity of the tluid. and d, is the diameter

of the particle.
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In analogy to equation (3.2). we can derive an estimate for the velocity lag of a particle

in a continuously accelerating tluid:

~
I
~
s

|
(\
Il
S
3 v
Q
P
W

where L is the particle velocity and a. is the flow acceleration. The step response of

U, typically follows an exponential law if the density of the particle is much greater than

that of the tluid density

(",(l)=L'[l—exp(——I—)] (3.4)
7

with the relaxation time 1, given by

AR ]
\
1]
(oY}
th

If the fluid acceleration is not constant or STOKES drag does not apply (e.g. at higher
tlow velocities) the equations of the particle motion become more difficult to solve. and
the solution is no longer a simple exponential decay of the velocity. Nevertheless. t,
remains a convenient measure for the tendency of particles to attain velocity equilibrium
with the fluid. The result of equation (3.4) is illustrated in figure 3.4 where the time
response of particles with different diameters is shown for a strong deceleration in

airflow.
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Figure 3.4: Time Response of Qil Particles with Different Diameters in a Decelerating

Air Flow

When applving PIV to liquid flows the problems of finding particles with matching
densities are usually not severe. and solid particles with adequate fluid mechanical
properties can often be found. Usually their size can easily be determined before
suspension into the liquid and will not change afterwards. Some of the most often used
tracers are listed in the section below. However. early applications of PIV have already
shown that difficulties arise when providing high quality seeding in gas flows compared
to applications in liquid flows. The problems are similar to those. which are faced when
applying laser Doppler \elocimetry. From equation (3.2) on page 66. it can be seen that
due to the difference in density between the fluid and the tracer particles. the diameter of

the particles should be very small in order to ensure good tracking of the fluid moton.
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On the other hand. the particle diameter should not be too small as light scattering
properties have also to be taken into account as it will be shown in the following section.

Therefore. it is clear that a compromise has to be found.

Table 3.1 Different Powders. Used for the Flow \'isualization.

Name Formula Size[um]  Densitny[kg 1]
Titanium Dioxide 0.3-1.9 4.26
Zinc Oxide Al 1-5x 5.606
Aluminium. spherical Al 1-3 2.699
Aluminium. flakes. highly Al 1-2 2.699

reflective powder

Silicium Dioxide. Powder. Si- I-3 232
tused
Silicon Dioxide. fumed. submicron 232

technical grade

Talcum Powder
Polystyrene Micro Spheres 0.99 1.05
Flourescent Polystyrene 0.99 1.05

Micro Spheres
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Considering the specification of the intended experiments. many of the previously listed
particles or substances had been excluded from the beginning. The high speed of the
flow V=440m s and the diameter of the jet generating tube svstem of “mm result in a
volumetric flow of more than 20 /s This flow cannot be seeded intensively and
responsibly with cigarette smoke. The experience with a smog or fog generator that uses
mineral oil to produce tracer particles tor previous experiments in a wind tunnel did not
give satisfactory results. The fog smells bad and the oil condenses everywhere. The use
of other oil droplets or similar fluids like glvcerin or DOP was dismissed because of the
bad experience with the mineral oil. They would create a laver of viscous liquid in the
tube and on other systems which could not be removed easily. A promising alternative
would have been the use of fast evaporating fluids like alcohol or acetone. These ideas
had been dismissed because it did not seem certain that alcohol or acetone droplets
would not evaporate due to the environment temperature. Additionally both of the fluids
are flammable. To mix them with air and expose this mixture to high temperature is
dangerous. Additionally. the air in the laboratory would have been enriched with the
vapor of the alcohol or the acetone. This would have changed the properties of the gas in

the experiments.

However. considering the above. one of the first design decisions was to use solid tracer
particles. Their main objective Is to make every motion that may be present in the fluid.
visible. Therefore the particles should follow the flow exactly and be sufficiently
reflective to make it visible. To make sure that the particles follow the flow. their size

has to be of the order of 1um and their specific weight should be moderate. Table 3.1
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lists a set of powders of the desired size range. which are white or metallic. nontoxic.

easily available and not excessively expensive.

Titanium dioxide and zink dioxide are two white powders with nearly similar properties.
Titanium dioxide is used as white pigment in commercial paints. It is slightly lighter and
bnghter thin zink dioxide. Both substances are hard and stick a little together. Spherical
Aluminum is a grey. dusty powder. It lumps less than Titanium and Zink Dioxide and
has less than the half specific weight. The disadvantage was the grey. not very bright

color.

The highly reflective Aluminum flakes with a size of 1-2 um and a low specific weight
unites both advantages. the brightness and the low weight. In its container it behaves
nearly like fluid. Unfortunately this powder was labeled as a dangerous material.
Nevertheless. it remains an interesting material for further flow visualization in the

future.

Fused stlicium dioxide is a white powder. similar to titanium tioxide and zinc oxide. Its

size is 1-3 um. a little above the target of 1um. Additionally. it lumps.
The fumed silicon Dioxide is submicron and very light. It comes in a very airy state. in

which it has more than ten times the volume of the other powders. It is reminiscent of

very fine dust of mineral wool.
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Talcum powder is a white. soft powder with a size of about one micron. It doesn't lump
as much as the other white powders. Here baby powder that contains more than 90 %o

talcum powder was used instead of the pure talcum.

Polystyrene Spheres have the advantage that their low weight and the defined size. They
were also available in a flourescent version. Their disadvantage was the extremely high

price of $389 g for the plain but not flourescent particles.

Apart from the aluminium flakes and the polystyrene spheres. all the above-mentioned
powders were tested after a working particle seeding svstem had been set up. These tests
were performed with pressurized air. The jet generating tube system was installed in the
shock tube to protect the environment from being polluted. This was also the case for the
camera and the laser that receives the images and illuminates the jet respectively. Good
pictures were taken with the spherical aluminium powder. the fumed silicon dioxide and
the talcum powder. They mixed well with the air. gave a more or less constant particle
concentration and revealed nicely the shape and the structure of the jet. The Titanium
dioxide. the zink oxide and the silicium dioxide did not deliver such good results. They
stuck together. built lumps in the tubes and in the mixing unit and delivered a very
unstead) particie concentration in the jet. Using low pressure to create a not too fast jet.
the best images were taken with fumed silica. But tuming to higher pressure in order to
create a high speed jet. the high initial volume of the fumed silica made it impossible to
load the mixing unit with a quantity that would be sufficient to seed a high volumetric

flow over about a minutes.
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Johnson Baby powder mainly was used in this experiment although the experience with
cheaper brands was not worse. and easily attained with the talcum powder. The results
were satisfving in such a manner that the further use of the much more expensive
aluminum powder was dismissed. The talcum powder was the choice at the moment.
The photographs. which are the results of these comparative experiments. are shown in

details in later sections.

3.4 Insight NT Software

Insight NT is the software package from TSI. used as the interface of PIV. The software
package contains all the laser operation. setup. image control. svnchronization and
postprocessing. Without the package. it is impossible to go into the details of the jet

flow. The manual can be obtained from TSI with all the information.
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3.8 Images

This section shows some pictures tahen during the experiments. including the overview,

the autocorrelation images crosscorrelation images. and the resultant velocity vectors.

3.5.1 Jet Structure

Prior to the detailed vetoaity measurement tor jet tlow, the overali structure of the {low
was captured by our the high resolution PIVOANL [0-30 camera. Figure 3.5 shows a
nitrogen jet issuing into air at Mach 0.6, The structure captured by PIVCAM camera

gives us an qualitative insight for the jet.

Figure 3.3: Nitrogen Jet at Mach 0.6
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3.5.2 Autocorrelation Images

The following picture was taken for nitrogen jet at Mach 0.6. The double pulse was set
as Sus. and the picture size is 4cm N 4em (Figure 3.6 removed some parts in the vertical

direction to show more details.

It can be seen that the particles in this picture are shown in pairs. because the same
particle or particle structure was illuminated twice at ditferent locations. This is how
[nsight NT sottware uses autocorrelation scheme 1o extract velocity in different

interrogation zones.

Figure 3.6. Autocorrelation Image of Nitrogen et at Mach Number 0.6
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Velocity can be extracted from these images with double exposure. The same technique
can be used tor helium and krypton: The tollowing two images show not only the image.

but the resultant veloain tield.

Figure 3.7: Autocorrelation Image of Helium Jet at Mach Number 0.3

Figure 3.7 shows the autocorrelation image similar to Figure 3.6 which is for nitrogen.
Because of the small particles. the image is not as clear as that from the nitrogen jet. but

the computer algorithm can recognize these particles by light intensity .
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Figure 53.8: Resultant Velocity Vectors tfrom Helium Jet at Mach Number 0.3

Figure 3.8 indicates the resultant velocity etracted tfrom Figure 3.7 by Insight NT
sottware. The vectors show both the direction and magnitude of the velocity localls. The

existing sparse is because of insutticient seeding at the corresponding location.

Frgure 3.9 Autocorrelation for Krnvpton Jet at Mach Number 0.3
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Figure 5.9 shows the resultant velocity vectors from the corresponding experiment. for

which the particles are shown in the picture.

Comparing all three types of jets. krypton jet has the best properties for seeding.
Because the density is high enough to carry big structure of particles. While it is
different for helium. which explains why with helium jet. the particles were not shown

clearly.

3.5.3 Crosscorrelation Images

The following tw o images were taken for nitrogen jet issuing into air at a Mach number
of 0.3, If we overlap these two images. we could see the same particle shows up in
different locations. which will make the same images as that from autocorrelation. The
movement of particles from one image to the other will allow us 10 extract the velocity

in that interrogation zone.
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Figure 3.10: Crosscorrelation Images for Nitrogen Jet at Mach Number 0.3

The resultant velocity vector field 1s shown below in Figure 3.11.
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Figure 3.11: Resultant Velocity tor Nitrogen fet at Mach Number 0.3

There are more available vectors extracted tfrom the two images in Ficure 3.10. which
proves that the crosscorrelation has a better signal-to-noise ratio. Theretore. for low

speed measurement. we prefer to use crosscorrelation instead of autocorrelation.
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Advantages of PIV (Particle Image Velocimetry) Technology

This technigue develops rapidly and it is used in jet flows research widelv. For vears.
Pitot tube pressure measurement. Laser Images. Laser Doppler Anemometer. and

Hotwire were used. Introduction to PIV was placed in Appendis B.

I'here are several advantages for using a PIV measurement.

Nonintrusive velocity measurement. [n contrast to techniques tor the measurement of
flow velocities emploving probes as pressure tubes or hot wires. the PIV technique being
an optical technique works nonintrusively. This allows the application of PIV even in
high speed flows with shocks or in boundary lasers close to the wall. where the flow
may be disturbed by the presence of probes. The Hot-Wire needs to be placed in the

flow. therefore. it will intrude in the flow.

Whole field technique. PIV is a technique. which allows us to record images of large
parts of flow ficlds in a variety of applications in gaseous and liquid media and to extract
the velocity information out of these images. This feature is unique to the PIV technique.
Except Doppler global velocimetry (DGV). which is a new technique particularly
appropriate tor high speed air flows. all other technigues for velocity measurements
allow only the measurement of the velocity of the flow at a single point. however in
most cases this happens with a high temporal resolution. Instantaneous image capture

and high spatial resolution at PIV allow the detection of spatial structures even in
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unsteady flow fields. Whole field technique allows us to detect not only the interior of

the jet tflow. but also the edges.

Time delay between illumination pulses. The time delay between the illumination
pulses must be long enough to be able to determine the displacement between the
images of the tracer particles with sufficient resolution and short enough 1o avoid
particles with an out-of-plane velocity component leaving the light sheet between
subsequent illuminations. PIV has conquered the difficulty for particles to move otf the

desired plane because of its extremely shont time between two frames.
Number of components of the velocity vector. Due to the planar illumination of the

flow field only two (in plane) components of the velocity vector can be determined in

standard PIV (2C-PIV). In our experiment. we need 2 velocity components.
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Chapter IV. Total Pressure Measurement

Having introduced the pressure transducer (refer to Chapter II). measurement of total
pressure was performed both along the centerline direction and the transverse direction.

normal to the centerline. from which the Mach number could be obtained locally. The

next section gives the details.
4.1 Introduction to Mach Number Measurement

To obtain the Mach number from pressure information. the following relation from

Chapter [ was used.

_P;__-(HZ:_I_\{:)*‘ (1.2.9)
P

from which the Mach number can be calculated as.

4 o
=, =y oy (4.1)
\7-1"p

where ambient pressure is used for p. while p, is measured by a pressure transducer.

Thus the only unknown parameter is the gas constant 7 to solve for the Mach number.

The above relation provides the instantaneous values of the Mach number if the values

of 7 were known at the same time. In the case of a nitrogen jet. v is known to be 1.4,
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However instantaneous values of 7 depend on the concentration of the mixture between
the gas and the entrained ambient air in the cases of helium jets and krvpton jets. If it is
assumed that the concentration is 1. the Mach number can be calculated. Although this
assumption seems to be reasonable. at locations closed to the jet exit and in the vicinity
of centerline where exit gas time-averaged. concentrations are expected to be high. At
downstream. where mixing between the gas and the ambient air has increased. the gas
concentration in the mixture is expected to decrease. Therefore. the estimation error may

£0 up.

In order to obtain an estimate of the sensitivity of the results on v. values of the Mach
number have been computed tfrom the corresponding pressure ratios p, p for the values
of v that correspond to the three different gases used in the present experiments. The
results are shown in Figure 4.1. The curves in these figures are indicative of 100%% gas
concentrations. The data in this tigure show that. at low Mach numbers. for a given
pressure ratio the difference between the computed Mach numbers is a little over 3%. At

higher Mach numbers this difference is of the order of 6.6% more than double.
The curves shown can be used only for estimation. To find out the accurate Mach

number. we have to resort to the equations introduced in Chapter | for a mixture

concentration calculation. This method will also be introduced in Chapter VII.
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Mach Number Uncertamties

Po/Ps

Figure 4.1: Mach Number Uncertainties Due to Different Gas Constant

4.2 Pressure Transducer Calibration

In order to relate the voltage output to the pressure on the surface of the pressure
transducer. the measuring system had to be calibrated. Accordingly. the pressure probe
was mounted in a pressurized tank. inside which. the tank pressure was regulated with a
pressure regulator and displayed on a test pressure gauge mounted on the tank. Table 4.1
lists the corresponding pressure and voltage values. Recall from Chapter Il that one 3-

transducer probe was introduced.
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Table 4.1 Calibration Data of the Pressure Probe

Pressure Bottom transducer : Middle transducer Top transducer
(pst) | (Volt) (Volr) (Volty
0 009s 0.020 0457
6 | 0.263 0.143 0612
10 0.436 0.281 0.753
14 0.642 ! 0.464 0.946
20 0.960 ‘ 0.728 1.194
23 1.176 0.950 1.393
30 1.432 1.137 1.596
33 1.654 | 1360 1,790

The linear relation between input pressure and output voltage leads to the following
formula:

P=e,V-e¢, (4.2)
Where P is the pressure input while V is the voltage output. e, is the sensitivity. and e, is

the DC offset from the amplifier. which has to be balanced prior to each experiment.

Given a series of P and V. e;and ¢, can be found by lecast square fitting. With the data
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given in Table 4.1 for the three transducer probe. the relation for all three pressure
transducers is given.

Bottom Transducer P=21.434V-0.3521

Middle Transducer P=24.833V-0.1722

Top Transducer P=25.255V-10.094

The calibration for all three transducers is plotted in Figure 4.2. The linearity property
can be seen from all of the three transducers. Each transducer has a different slope.
meaning that they have individual sensitivity. as they will give ditferent output voltage

even with the same pressure input.

Calibration of Pressure Transducers
y |
32
g 2t
(=]
a
0 "—@— mddle tranducer
. - & Bottom Transducer
e . - @ - Top Transducer
0 40 [ ]
oC 2 ca o] ce 10 v2 14 *6 18
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Figure 4.2: Calibration of 3 Transducers by Least Square Fitting
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Typical Pressure Signal and the Power Spectrum

A typical reduced signal from the pressure probe is shown in Figure 4.3. The signal was

taken for nitrogen jet at x. D=17 along the centerline with jet exit Mach number M;=0.6.

152
Fressure Signal for Nitrogen Jet at Mach 0 6 (x'D=17)

o

146 1

P (ps)

14 4

11 13
t(ms)

Figure 4.3: Pressure Signal from Kulite Transducer for Nitrogen Jet at Exit Mach

Number M;=0.6
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An FFT was performed based on the previous signal and the corresponding power

spectrum is shown in Figure 4.4. The dominant frequency of the jet flow is at 20.000 Hz.

where the peak power is found.
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Figure 4.4: Power Spectrum for Nitrogen Jet Flow at Exit Mach Mumber M;=0.6.

xD=17
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4.3 Centerline Pressure Measurement

With the pre-calibrated pressure transducer. the centerline pressure for three types of jets
at various Mach numbers was measured. The following section lists some fundamental

results from the measurements with both mean properties and fluctuations.

Figure 4.5(a) on page 92 indicates how pressure changes along the centerline of a
nitrogen jet at different Mach numbers 0.5. 0.6. and 0.9. It can be seen that the pressure
for Mach number 0.9 jet increases first then starts decreasing. The starting point of
decay changes for different Mach numbers. For M;=0.9 jets. the starting point is the
latest. meaning that when the exit Mach number increases. the decav starts further

downstream.

To discuss further ditferences between these three curves. a new term decay rate

(symbolized by D;) has to be defined.

From the observation of numerous such graphs obtained by the pressure measurements.
referring to Figure 4.5(b). it was found that if the range for anyv curve is splitted into 4
zones. then different phenomena could be found in these individual zones. The zone
close the maximum data range. for example the zone between line a and b. which
divides the Mach number 0.9 curve. has an increase of pressure. then a decrease. but
overall. the pressure does not vary too much against location. The zone close to the

minimum data range. for example the zone between d and e. has usually a decrease
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through the end. However. this change is limited. because the pressure in this zone is
approaching ambient. therefore. overall it’s close to ambient. which means the change in
this zone against location is not much either. Great changes can be found in the two
zones located in the middle of the four. i.e. one zone between b and c. the other zone
between ¢ and d. The change against location in these two zones. compared to the other
two. is obvious. So this is where the actual decay happens. which is the reason that this
zone is called transition zone. Thus a term Dy is defined as the maximum rate of total

pressure change in these two zones.

dp.
" dx

Instead of using each individual local slope. that varies with location. equation (4.3) uses
a mean value which can be approximated. As shown in Figure 4.5(b). 5 lines. a. b. c. d.
and intersect with the pressure cune from M;=0.9. Line b and d which constrains the
decay rate definition zone. have two intersections with this curve. so the line labeled 1
that passes the two intersections defines one rate that can be used to approximate the

decay rate D,.

The same procedure was repeated for the other two curves for M;=0.6 and M;=0.3
respectivelyv. then another two lines 2 and 3 were obtained that approximated the decay
rate of M;=0.6 and M;=0.3 jets. Thus a comparison of decay rate between the three
cunes is possible. In the following part. decay rate D, has been considered without these

auxiliary lines shown on the curves.
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Figure 4.5(b): Concept of Decay Rate
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It can be seen from Figure 4.5(b) that the decay rate for M;=0.9 jet is the highest.
meaning that Mach 0.9 jet slows down the fastest along the centerline against the
distance from the jet exit. Mach 0.3 jet slows down at the slowest rate along the jet

centerline.

It might be interesting to compare the Mach number distribution along the centerline.
Figure 4.5 (c) indicates the decay of Mach number for nitrogen jets at 3 different Mach

numbers. Note M | indicates the centerline Mach number of the jet flow.
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Figure 4.5(¢c): Decay of Mach Number for Nitrogen Jets at 3 Mach Numbers
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The change can be interpreted as the compressibility effect. When nitrogen jet is at a low
Mach number less than 0.3. it is usually considered as an incompressible flow. This type
of flow does not mix well with the ambient air. so the decay is very slow. When Mach
number changes from 0.3 to 0.9. the compressibility increases. and the Revnolds number

as well. Correspondingly the flow mixes well with ambient air. so the decay is faster.

Figure 4.6 and Figure 4.7 indicate how pressure changes along the centerline ot a helium
jet and a krypton jet at different Mach numbers 0.3. 0.6. and 0.9 (for krvpton jet. M;=0.9
was not presented). It can be seen again that the starting point for decay at M;=0.9 is the
latest. This means that when the exit Mach number increases. the decay starts further
downstream. Also we notice that the decay rate for M;=0.9 is also the highest as

compared to nitrogen jets. This means that Mach 0.9 jet slows down the fastest.
The interesting fact on krypton jet is that the pressure is not changing significantly.

Therefore. the pressure decay rate is slow. This will be clearer if the comparison was

made to nitrogen jets and helium jets.
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Figure 4.6: Decay of Pressure for Helium Jets
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Figure 4.7: Decay of Pressure for Knvpton Jets

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Total Pressure Measurement 96

Now that the data for all tvpes of is are obtained. those jets with the same Mach number
are compared. Figure 4.8 and Figure 4.9 indicate at the same exit Mach number M;=0.3

and 0.6 respectively. how the decay rate differs from each other.

The comparison for three tyvpes of jets. despite of the exit Mach number M. indicated
that the decay rate for krvpton is the slowest. while it is the fastest in the case of helium.
As the condition was kept the same. the effect from the compressibility effect has been
removed. The difference between these three jets is now the density or density ratio to
ambient air of the jet. When density ratio increases. the mixing with ambient air is not

obvious.

7ar Centerline Pressure of Different Jets at Jet Exit M=0 3
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Figure 4.8: Pressure Comparison of Different Jets at M;=0.3
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Centerfine pressure of different jets at Jet Exit M=0.6
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Figure 4.9: Different Jets Comparison at M;=0.6

It seemed that the mean pressure information showed the compressibility effect and
density effect. Will the same effect exist in the fluctuation data? The following part will

analyze the data for fluctuation.

Figure 4.10 indicates the standard deviation of the pressure fluctuations measured in
helium jets at three different Mach numbers. normalized by ;M (or p.}77). It can be

seen that except for the exit Mach number 0.9 jet. all jets had their fluctuations going up

then down from the jet exit except for krypton. that goes down from the start. This can
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be explained by considering some of the physics. At the exit of the jet. there is no
mixing with the air vet. which leads to very low fluctuation. When the distance trom the
exit increases. more and more mixing is in process. therefore. the fluctuation becomes
higher than the one compared at the exit of the jet. Further downstream. the jet dies out.
so there is only a small fluctuation. The peak of pressure fluctuation for different Mach
numbers occurs at a different location depending on the Mach number.

020 Ppressure Fluctuation for Helum Jets at different Exit Mach number

018 .

3 4 5 6 7 e g 10' 2

x/D

Figure 4.10: Pressure Fluctuation of Helium Jets at Different Mach Numbers

Figure 4.11 and 4.12 indicate the pressure fluctuations of nitrogen jets and kryvpton jet
respectively at three different Mach numbers. normalized by ;pMf~ (or p.I'7). As the

helium jets. the fluctuation goes up then down from the jet exit.
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020 { Pressure Fluctuation for Nitrogen Jets at different Exit Mach number
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Figure 4.11: Centerline Pressure Fluctuations of Nitrogen Jets
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Figure 4.12: Centerline Pressure Fluctuations of Krypton Jets
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Figure 4.13 and 4.14 indicate the pressure fluctuations of different jets at the same Mach
number 0.3 and 0.6 respectively. normalized by .M * (or p.}77). The peak fluctuation

is detected at different locations for the three different jets depending on the jet flow

density. At higher density. the peak is reached closer to the jet exit and vice versa.
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Figure 4.13: Comparison of Pressure Fluctuation for M;=0.3 Jets
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Figure 4.14: Comparison of Pressure Fluctuation for M;=0.6 Jets

From the above results. one conclusion that can be made here is that the compressibility

or Mach number plays a key role in the development of turbulent jets.

From the comparison for different jets. we come to the conclusion that density ratio is

also affecting the development of turbulent jets.
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4.4 Transverse Pressure Measurement

Besides pressure profile along the centerline. transverse profiles were also obtained
through the experiments. Due to the low availability of krypton gas. the experiments for
krypton were not carried out. So the transverse pressure results include only helium and

knpton pressure profiles.

Three locations along the centerline were chosen for trans\erse pressure measurements.
x D=8.14. x D=13.86. x D=19.57 respectively. Here x is the distance from the jet exit.
while D is the diameter of the jet. which is 7mm. For each location. the probe is moving
perpendicular to the jet centerline at 2mm step away from the jet centerline. Therefore.

for three Mach 0.3. 0.6. and 0.9. nine sets of experiments were carried out.

The following part lists all the profiles including pressure. Mach number and

fluctuations. The distance is labeled v in these graphs because it is along the direction

that is perpendicular to the centerline direction. which was labeled x.
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Figure 4. 15 indicates the transverse profiles of helium jet at M;=0.3. It can be seen that
the pressure is going down when the measurement is taken further off the centerline.
There is large gradient for pressure when the profile is taken closer to the jet (i.e.
x D=8.14 in this case). At locations where v D larger than 1.0. there is only small

pressure change. meaning that the measurement was taken out of the jet flow.
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Figure 4. 15: Transverse Pressure Profiles of Helium Jet at M;=0.3
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Another interesting phenomenon was also found from the above figure. When the profile
is taken further down stream. i.e. x D=13.86. the profile looks more flat. This shows that

the jet flow is spreading and expanding from close to the jet exit to downstream.

Figure 4.16 indicates the transverse profiles of helium jets at M;=0.6. The pressure
changes pretty much the same way as the M;=0.3 jets. Again. large pressure gradient
occurs when the profile is taken closer to the jet exit. Pressure stops going down for the
transverse profile taken at x D=8.14. after v'D is larger than 1.5. meaning the jet edge
has been reached. The other two profiles taken further downstream keep going down and

level after 2.0. showing the measurement were taken within the jet flow.
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Figure 4. 16: Transverse Pressure Profiles of Helium Jet at M;=0.6.
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It can be seen from the pressure profiles that the decrease is different in the v direction,
perpendicular to the centerline. than in the x direction. The decrease is higher when the x
location is chosen to be closes to the exit. The pressure is this case reaches the ambient
pressure in a shorter range. which means that the jet does not spread out widely vet.
Similar behavior can be seen from the fluctuation distribution along the v direction in

the following graphs.

Figure 4.17 indicates the fluctuation profiles of a helium jet at M;=0.3. Figure 4. 18

indicates the fluctuation protiles of a helium jet at M;=0.6.
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Figure 4. 17: Transverse Pressure Fluctuation Profiles of Helium Jet at M;=0.3.
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014 Pressure Fiuctuation Profiles of M=0 6 Helium Jets
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Figure 4. 18: Transverse Pressure Fluctuation Profiles of Helium Jet at M;=0.6.

Figure 4. 19 and Figure 4.20 indicate the transverse pressure and Mach number profiles

of nitrogen jets at M;=0.3. Figure 4.21 and 4.22 indicate the transverse pressure and
Mach number profiles of nitrogen jets at M;=0.9 respectively.
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Figure 4. 19: Transverse Pressure Profiles of Nitrogen Jets at M;=0.3
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Figure 4.20: Transserse Mach Number Profiles of Nitrogen Jets at M;=0.3
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Figure 4.21: Transverse Pressure Profiles of Nitrogen Jets at M;=0.9
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Figure 4.22: Transverse Mach Number Profiles of Nitrogen Jets at M;=0.9
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4. 23: Pressure Fluctuation Profiles of Nitrogen Jets at M;=0.3
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Figure 4. 24: Pressure Fluctuation Profiles of Nitrogen Jets at M,=0.9
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Now that the transverse pressure profile is obtained. the comparison between the same

jet at different Mach numbers can be used to look for Mach number effect.
Figure 4.25 compares the pressure profiles of nitrogen jets at 2 Different Mach
Numbers. the data was taken at x'D=8.14. It can be seen that the decrease in the

transverse direction is higher in the case of a higher Mach number.

Pressure Profiles of Nitrogen jets at 2 Different Mach Number. x¥D=8.14
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Figure 4.25: Pressure Profiles of Nitrogen Jets at two Different Mach Numbers.
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Figure 4.26 compares the pressure profiles of nitrogen jets at 3 Different Mach

Numbers. the data was taken at x D=19.57. It can be seen that the decrease is higher in

the case of higher Mach number again.

1527f

151

P, (psi)

149

148

147

146 |

150 |

145

Figure 4.26:

Pressure Profiles of Nitrogen jets at 3 Different Mach Number. ¥D=19 57

a

—e— M=09.
. - M=06.
Iy ) - @ :03

y/D
Pressure Profiles of Nitrogen Jets at Three Different Mach Numbers.
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It can be concluded once again that the Mach number effect does exist in turbulent jets.

When the compressibility is higher. or the Mach number is higher. the flow decays faster.
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To find out if the Reynolds number is the key factor on turbulent jets. two pressure
signals are compared. From Table 1.2. two jets at about the same Revnolds number were
chosen. helium at M;=0.9 and krypton at M;=0.3. The figure below shows the
comparison of the pressure along the centerline. Similar behavior hasn’t been found out
between these two jets. therefore. Reynolds number could not be considered as a key
factor for the flow in this Mach number range. Further evidence for Revnolds number

effect will be discussed in the velocity measurement.

Comparison of Pressure Between Same Reynolds Numbers

25t . ‘

—— Krypton at M=0 3
- Helum at M=0 9

P, (psi)

Figure 4.27: Comparison of Pressure Between the Same Revnolds Number Jets
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The r.m.s. (root mean square ) of pressure fluctuations was compared with DNS results
as shown in Figure 4.28. The two curves from DNS were plotted at the exit surtace with
x'D=0 and v/D>0.5. where measurement of fluctuations happened outside of the jet

potential core. Four curves from the experiments were plotted at x D=8.14. All signals

were normalized by 3p A~ .

It can be seen that the r.m.s. fluctuations decrease as the distance off the centerline
increases. They also decrease as the exit Mach number increasing. This difference
between these curves happens mainly because the measurements were taken at different

X locations. The difference between helium jets and nitrogen jets is due to the density

effect.
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Figure 4.28: Comparison of Pressure Fluctuation with DNS Results
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4.5 Spreading Rate

Spreading rate is an imponant parameter characterizing the mixing in jet tflows. If
spreading rate is large. then the fet tlow entrains ambient fluid which is indicative of
strong mining. As been introduced in Chapter 1. the spreading rate was detined by the

spreading of the halt points where velocity is half of that at the centerline.

As the jet tflow is going downstream. the tluid is spreading in the lateral direction. This
is evident not only in the velocity profiles. but in other parameters as well. such as the
pressurc. which was obsenved from the transverse total pressure measurements. So it is
also possible to define the spreading rate based on the total pressure change. To be
consistent with the velocity-detined spreading rate. the relation between the total
pressure and the velocity has to be analy zed. so that the pressure-defined spreading rate

could be compared with the one from the velocity.

Recall equation (1.2.9) from Chapter 1.

| N
Lo im0
P

When the jet flow is subsonic. the above equation may be approximated by Taylor’s

expansion as follows.
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or

- D ['
PP _Z__ 4.4

where p, — p is the gauge pressure because p is the ambient or static pressure. Sonic

speed u can be treated as a constant. which depends only on temperature. and the
vaniations of temperature were measured in a very small range. (Will be shown in

Chapter V1)

It can be seen from equation (4.4) that if velocity becomes half. then p, — p changes to

one quarter of itself. Therefore. if the total pressure signal on the transverse direction is
reduced by the ambient pressure. then starting from the centerline on the transverse
direction towards the edge of the jet flow. the point that is one quarter of the
corresponding pressure could be read as the jet flow edge. With several points read. the

Jet edge is determined from the total pressure signals. and so is the spreading rate.

Such procedure was performed on the nitrogen jet at the exit Mach number 0.9. The
result of the spreading rate. as shown in Figure 4.29. is 0.082. Helium jets were also
analyzed and the results for both types of jets were compared with existing data from the

velocity-defined spreading rate as shown in Figure 4.30.
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Figure 4.29: Spreading Rate of Nitrogen Jets at M;=0.9
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Figure 4.30: Spreading Rate Comparison Based on Density Ratio

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Total Pressure Measurement 17

4.6 Summan

The pressure distribution along the centerline and in the transverse direction gives us
interesting information. The centerline pressure was obsenved to increase tirst betore it
starts its decay for helium and nitrogen only. The reason is the potential core of the jet
How. which is close to the jet exit. where the flow is accelerated without mixing with
ambient air. As the location \ along the centerline goes downstream. the potential core
shrinks. due to more and more mixing with ambient air. Because of the viscous etfect.
the edge of the potential core forms a new boundary that separates the jet tlow and the
mixture. The boundary is “compressed™ by the mixture out of it. And the compression
trom the ambient flow becomes larger when the location is turther away from the exit.
because the mixing is increasing with the location. As the entrainment of ambient air is
not rapid enough to “leak™ the tlow inside the core. the velocity inside goes up because
of continuity. with the distance increasing. which leads to the effect that the pressure

inside the potential core goes up.

In the krypton cases. where this was not observed. the explanation is that this increase
happens very close to the jet exit. The pressure probe could not go too close to the jet
exit as it will obstruct the flow. This was one of the disadvantages discussed in the
Chapter | as the introduction of experimental approach. Fortunately. the increase was
captured by the PIV measurement. which will be shown in the following Chapter. So it
is believed that the pressure will rise first then drop along the centerline for the present

Jet flows,
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In such phenomenon. the pressure increases were not observed in the transverse
direction. along which. the pressure keeps dropping to ambient pressure. There is a
difference between these transverse pressure distributions: when the location chosen on
the centerline is farther from the jet exit. then the transverse pressure distribution lasts
longer before it reaches to the ambient pressure. This on the one hand means that the
measurement was taken inside the jet flow. so the pressure does not drop to ambient vet.

on the other hand it shows that the jet flow is still developing.

As the exit Mach number changes for the same jet flow. i.e. the nitrogen jets at M;=0.3.
0.6. and 0.9. the decay rate of pressure indicates when the exit Mach number is higher.
the decay is faster: while when the exit Mach number is lower. the decay is slower. If the
decav rate is faster. the mixing with ambient is said to be better. and vice versa. This
phenomenon takes place when the major difference between these cases is the exit Mach
number. Therefore. it could be concluded that Mach number is one important parameter
for this type of jet flows at an exit Mach number range from 0.3 to 0.9. Experiments
with helium jets and krypton jets all showed the same results. which gave us a solid

conclusion for the Mach number effect (or compressibility effect).

One thing that should be mentioned is that for the same gas. when the exit Mach number
changes. the gas density changes as well because the local temperature changes. We may
wonder if this change is enough to cause density effects of the tvpe investigated here.

Reviewing Table 1.2. which lists the exit density information. it can be seen for the same
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tyvpe of gas. there is slightly difference on density when used under different exit Mach
numbers. However. such small difference. (i.e. for krypton jets at M;=0.3 and M,=0.6,
the percentage difference is 3%0) itself will account for such a great difference in the
pressure decay. it is not reasonable. Therefore. Mach number is still the key parameter

for the jet mixing. As to the density difference. it will be discussed in the following part.

Mach number effects have been documented here in cases of constant density ratios.
However. in the cases that other gases with different density are used. what could be the
difference? This was resolved by using different gases under the same exit Mach number.
Again. interesting results were found. which shows the difference when the gas used was
changed to another one. The major difference shown was that when the density ratio
changed. the pressure decay rate changed dramatically. So we concluded that the density
effect. as well as the Mach number effect is a key factor of jet flows. In most cases. both

effects show up. therefore a combination of both effects is expected.

More proof that the Mach number effect and density effect comes from the
measurements of total pressure fluctuations. The fluctuations showed above also offered
a possible comparison for the Mach number and density ratio effects. It was shown that
fluctuations increase along the centerline to a certain peoint and then starts decayving. The
reason is that inside the potential core. no mixing is happening that will lead to large
disturbance or fluctuations. However. out of the core. where mixing is more intense. the
fluctuations become stronger. There's a difference between the level of fluctuations at

ditferent exit Mach number and different gases used. in addition. the level of
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fluctuations might decrease with increased exit Mach numbers. The position of

maximum total pressure fluctuation is not the same in all cases investigated here.

To see the Reynolds number effect. some jets with the same level of Reynolds numbers
were examined. No direct evidence from the pressure information that shows a relation
to the Revnolds number. (refer to Figure 4.27) So further research has to be done to find

out the Reynolds number effect under constant Mach number and density ratio.
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Chapter V. Results from Velocity Measurement

With the PIV setup introduced in Chapter III. velocity experiments were carried out with

different gases issuing into air at various Mach numbers.

As 1t was discussed in Chapter IV, the pressure probe could not go too close to the jet
exit to take measurement of the total pressure as it obstructs the flow. This shows that

PIV is a better solution to resolve the detailed jet flows.

5.1 Spreading Rate Measurement

In order to sece the jet flow pattern. and the spreading of jet structure. jet images were
taken with single Nd:YAG laser illuminating the flow field in Aerodvnamics Laboratory.
CCNY. Images shown in Figure 5.1 were from three types of jets running at M;=0.9.
Notice that tracer particles were used for visualization. therefore. the particle

concentration could give the spreading rate information.
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1. Helium jet

2. Air Jet

3. Knpton Jet

Figure 5.1: Images Taken for Different Jets at M;=0.9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Results from Velocity Measurement 123

To find the spreading rate. the edge enhancement software package Image] 1.26 was

used. Here's a brief introduction to the powerful software.

Imagel is a public domain Java image processing program inspired by NIH Image for
different operation systems including windows. The author. Wavne Rasband

(wavne a codon.nth.gov). is at the Research Services Branch. National Institute of

Mental Health. Bethesda. Marvland. USA. The software can be downloaded from

hutp: 'rsb.info.nih.gov. ij download.htmi

It runs. either as an online applet or as a downloadable application. on any computer
with a Java 1.1 or later virtual machine. It can display. edit. analyvze. process. save and
print 8-bit. 16-bit and 32-bit images. It can read many image formats including TIFF.
GIF. JPEG. BMP. DICOM. FITS and "raw". It supports "stacks". a series of images that
share a single window-. It is multithreaded. so time-consuming operations such as image
file reading can be performed in parallel with other operations. It can calculate area and
pixel value statistics of user-defined selections. It can measure distances and angles. It
can create density histograms and line profile plots. It supports standard image
processing functions such as contrast manipulation. sharpening. smoothing. edge
detection and median filtering. It does geometric transformations such as scaling.
rotation and flips. Image can be zoomed up to 32:1 and down to 1:32. All analysis and
processing functions are available at any magnification factor. The program supports

any number of windows (images) simultaneously. limited onlv by available memory.
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Spatial calibration is available to provide real world dimensional measurements in units

such as millimeters. Density or gray scale calibration is also available.

Figure 5.2 is the software interface running on Windows 2000 Operation System.

ETET =11 x]
File Edit Image Analyze Plugins Window Help

Bolgo~ smuon Coteshtes | |
Rectanguiar selectic  Sharpen
Find Edges Ctri+ShiftF
Equalze

_

Notse ’
Shadows 4
Binary »
Math >

Fiters »

image C alculator
Subtract Background
Repeat Command Ctri«ShifteR

Figure 5.2: ImageJ 1.26 Software Interface
To extract spreading edge. simply open the files with any images similar to those in

Figure 5.1. then sharpen them using the Process menu. until the edges wanted are shown

clearly. Then. from the Process menu again. choose Find Edge function to find the jet
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edges. and the angle between the edges as well. Everything is digitized and measured by

the software.

To compare the results with existing data. our data was plotted with existing data
together. Figure 5.3 indicates all previous work and our data. which are illustrated by
inverse triangle symbols. Density ratio refers to gas density divided by air density.
therefore. for nitrogen gas. the ratio is close to 1. Spreading rate refers to the angle
between the edge of jet flow and its centerline. This angle was measured after the jet
structure was captured by camera. The spreading rates obtained through total pressure

measurements are also listed.

Spreading Rate Comparison
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025 A Mawdew & Reed (1963) ;
L @  Smex & Soligriac (1968) ;
« Ikawa & Kubota (1975) E
-¥-. Present Data from Pressure |
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g
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000 . :
10°° 10°* 10 °

Figure 5.3: Spreading Rate Based on Density Ratio
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The difterence between the results obtained from total pressure measurements and the
concentration measurements is due to a different reading technique. The determination
scheme for mixing layer from pressure measurements was introduced in Chapter [V. The
concentration scheme is based on the light intensity. When the light intensity becomes
3% of the maximum light intensity of the image. it is considered 10 be the spreading
laver. It can be seen that different definitions of spreading rate may result in small

change.

If three jets were plotted together. the difference could be displayed. The particle
concentration for krypton is the highest. while for helium. the least. meaning that
velocity changes it's spreading at different jet flow conditions. The captured images
indicated that the spreading rate of the jets is 0.2 for the helium jet. 0.11 for the nitrogen
and 0.05 for the krvpton jet. Figure 5.4 shows the difference for three types of jets at
Mach number 0.9. Helium. nitrogen and krypton are located off to each other. meaning

that when different gases issue into air. their spreading rate is also different.

We expected that the experiments for spreading rate would give us some more evidence
to support the compressibility and density effect. instead of Reynolds number effect. To
achieve this. different images of jet profiles were put together for comparison. However.
the basic findings showed us only the density effect. There is a distinct difference among
jets with different gases. For instance. the krypton jets in any exit Mach number give us

a thin line. inside which particles can be found. This implies that the krypton jets do not
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spread out easily at any Mach number or Reynolds number. In contrast. helium jets. no
matter at which Mach number or Reynolds number. spread in a wide range. The
spreading region for nitrogen jets is between helium jets and krypton jets. independent

of Mach number.

Helium

Nitrogen

Helium

Figure 5.4: Spreading Rate of Three Different Jets

It seems to us that for the spreading rate. density effect plays an important role here.
This conclusion is supported by Papamoschou. D. and Roshko [74]. who gave a few
speculations. Mach number effect was also reported in the same work. but further

investigations on this effect are needed.
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5.2 Centerline Velocity Measurement

Crosscorrelation and Autocorrelation were used for velocity measurements. The theory
was introduced in Chapter IIl. The results will be displaved for both cases of

measurements schemes.

Crosscorrelation has the best signal-to-noise ratio among all the PIV techniques. but due
to hardware limitations. the minimum time difference between 2 laser shots can be set as
small as 4.5 us. But for flow faster than 250m’s. smaller time difference is necessary.
Therefore. autocorrelation was chosen for these cases. The minimum time difference
that can be set is 200 ns. which is not supposed to be used so far. From our experiments.
the autocorrelation works perfectly at very high speed up to 300 m's. At low speed. sav
for krypton. there is no problem using either autocorrelation or crosscorrelation. but
crosscorrelation will be better because of the noise problem. Both results from nitrogen

jets are shown later.

The Camera used in PIV measurements has very high resolution. however. because of
the extremely small size of tracer particles. the picture size cannot be enlarged by much.
therefore. 4cm was chosen as the picture size. Particles captured can be shown clearly on
this field for vector processing. To have the view of the whole field or velocity vectors.

pictures captured at different location are patched together. This is done tfor both
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crosscorrelation and autocorrelation. Qur concern is focused on autocorrelation because
it works under different cases. also it is convenient for comparison between different

jets.

The following graphs were all obtained from our experiments. Because of the easy
availability of nitrogen. both Crosscorrelation and Autocorrelation were performed using
this gas. However. when the velocity goes above 300m s or above. Crosscorrelation does
not work well due to the laser pulse setup. We then turmed to the use of autocorrelation

method.

To venfv the PIV technique. the resultant velocity from PIV measurement was
compared to another technique. the pressure probe. The following table shows the
comparison between the results from both techniques. The measuring point was chosen
to be close to the jet exit. where small fluctuations (compared to velocity) are expected.
and the pressure probe does not disturb the flow. [t can be seen that the results agree

well with each other.

Table 5.1 Comparison of Exit Velocity Between Two Types of Experiments

Nitrogen at M;=0.3 : M;=0.6 M;=0.9 ;
PIV 106 ms | 200 m's | 350 m's |
Pressure Probe 104 m:s ' 199 m's 270 m’s
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Results from Crosscorrelation

Now that the picture size for PIV measurements is limited by 4cm X 4cm because of the
resolution requirement. enough information could not be obtained by one shot only. To
solve this problem. several pictures were taken along the centerline direction: each
having an interval of 4cm. then these pictures were patched together to show the
complete flow field. Later results show that there is no velocity discrepancy among these

pictures. which supported the use of the PIV system.

Figure 5.5 illustrates the velocity distribution along centerline of a nitrogen jet at Mach
number 0.3. starting from the jet exit. The velocity was shown to increase after the exit.
then decay continuously. The same result for Mach number 0.6 jets is displayved in

Figure 3.6. but the increasing part is missing because of resolution setup.

The decay rate of velocity was seen to be faster when the velocity is larger. while slower
when the velocity is smaller. The result is not a surprise after the pressure measurements.

for which the explanation is due to the compressibility effect. So the same comments are

applied.
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Figure 5.5: Mean Velocity at the Centerline of a Nitrogen Jet at M,;=0.3 by Crosscorrelation
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Figure 5.6: Mean Velocity at the Centerline of a Nitrogen Jet at M;=0.6 by Crosscorrelation
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For higher Mach number flows. crosscorrelation techniques cannot be used to extract
velocity information due to high uncenainties and low data validation rate. Therefore.
autocorrelation technique was used at M;=0.6 and 0.9. In order to evaluate the two
techniques. velocity measurement at M;=0.3 were also obtained by autocorrelation.
Figure 5.7 compares velocity data obtained by both autocorrelation and crosscorrelation
techniques in the case of nitrogen jets at M;=0.5. There is agreement between the two
data sets. indicating that the signal to noise ratio is acceptable when autocorrelation
techniques are used. Also. it shows the experiment repeatability is good enough to allow
us to perform the rest of the measurements. The following results presented are all from

autocorrelation technique.

Auto-correlation & Cross-Correlation Techniques for Mach 0.3 Nitrogen Jets
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Figure 5.7: Comparison of Autocorrelation and Crosscorrelation Techniques for Mach

0.3 Nitrogen Jets
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Figure 5.8 shows the velocity data along the centerline obtained by autocorrelation in the

case of nitrogen jets. at three different Mach numbers. All distributions indicate flow

acceleration close to the exit. which is due to viscous effects at the edges of the jet where

the flow has low velocity values.
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Figure 5.8: Mean Centerline Velocity Obtained by Autocorrelation for Nitrogen Jets at

M;=0.5.0.6 & 0.9

Figure 5.9 shows the velocity distribution along the centerline of the nitrogen jet at

Mach 0.3. 0.6 & 0.9. obtained by autocorrelation. The data are non-dimensionalized by

the exit velocity Uj. This comparison shows that the velocity decav is faster for M;=0.3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Results from Velocity Measurement 134

jets. but further analysis is needed to determine the effect of Mach number on the decay

rate of subsonic jets.

137 Companson for Normalized Nitrogen Jets
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Figure 53.9: Normalized Velocity Along the Centerline of Nitrogen Jets at M;=0.3. 0.6 &

0.9. Obtained by Autocorrelation.

To visualize the jet exit more clearly. more dense velocity vectors were extracted at this
location. Figure 5.10 shows how the velocity is distributed for nitrogen jets along the
centerline close to the jet exit with higher resolution. As it can be seen. the time that the

velocity reaches the peak is different for these three jets. Because of the potential core
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effect. usually when the jet has a higher exit velocity. the velocity peak is achieved at a

further downstream location. This was verified by our experiments.

Exit Velocity Comparison of all Nitrogen Jets
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Figure 5.10: Exit Velocity Along the Centerline of Nitrogen Jets at M;=0.3. 0.6 & 0.9

Figure 5.11 and 5.12 displayed the comparison for Mach number 0.6 and 0.9 jets
respectively with previous existing data. It can be seen that the agreement was
satisfactory for both exit Mach numbers. The difference at the exit is believed to be
because of the exit conditions. according to Boersma & Lele [10]. The downstream
difference in Figure 5.12 is mainly because of the potential core length. which in our

work lasts longer.
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Figure 5.11: Comparison of Centerline Velocity for Nitrogen Jets at M;=0.6
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Figure 5.12: Comparison of Centerline Velocity for Nitrogen Jets at M;=0.9
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Figure 5.13 illustrates the velocity distribution along the jet centerline of a helium jet at
M;=0.3. from autocorrelation. Judging from the images taken. large amount of particles
were found to be lost from one exposure to the other. which leads to a low data

validation rate. This requires more image pairs for averaging.

Velocity Profile of Helium Jets at M=0.3
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Figure 5.13: Autocorrelation of Helium Jets at M;=0.3

For Mach 0.6 & 0.9 helium jets. the measurement was not very successful because of
too much turbulence existing in this type of flow. which has very good mixing with
ambient air. So the measurement technique is still under development. and the major

change would be the particie size.
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Figure 5.14 indicates the Autocorrelation for krvpton jet at M,=0.3. Different from
nitrogen jet and helium jet. krypton jet changes in its velocity very slowly along the jet

centerline. which is similar to the pressure measurement.
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Figure 5.14: Autocorrelation of Krypton Jets at M;=0.3

Because of the high density of this type of jets. the seeding particles follow the jet flow
very well. Therefore. it is very easy to control the seeding. Also due to the very high
density. there is nearly no mixing with ambient air. Thus the turbulence level is very

low. which allows simple measurements.
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Figure 5.15 shows a comparison of the measured centerline velocity U, in the cases of
helium. nitrogen and krypton jets at Mach number 0.3. The difference of velocity values
among the three data sets at locations very close to the jet exit are due to the different
value of the speed of sound in each of the three gases. Further downstream. the three
flows seem to have the same velocity. It can be seen that for helium jet at M;=0.3. three
different regions can be distinguished. The first region is located close to the exit where
the flow accelerates. The second region is characterized by a fast decay that is indicative
of intense mixing with the ambient air and the third region further downstream. which is
characterized by a slow decay rate. There is also some scattering in these data. which
could be a result of intense turbulence activities. The same graph also shows the decay
rate of the centerline velocity data for krypton jets. indicating a linear variation with x D.
a behavior. which has also been found in the Mach number distribution along the
centerline. Because of the high density of this type of jets. the seeding particles follow
the jet flow very well. Therefore. it is very easy to control the seeding. Also due to the
very high density difference. there is nearly no mixing with ambient air. Thus the
turbulence is very low. which simplifies the effort of measuring velocity by using PIV

techniques.
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Figure 5.15: Comparison of Centerline Velocity for Different Jets at M;=0.3.
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The centerline velocity data normalized by the exit velocity U are shown in Figure 5.16.
This graph clearly indicates the different decay rates of the three jets. Helium jets decay

much faster than the other two jets. Kryvpton jets show the slowest decav rate.
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Figure 3.16: Comparison of Normalized Centerline Velocity for Different Jets at

M;=0.3.
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Again. to visualize the jet exit more clearly. more dense velocity vectors were extracted.
Figure 5.17 shows how the velocity is distributed along the centerline close to the jet
exit with higher resolution for different jets. As can be seen. the time that the velocity
reaches to the peak is different for these three jets. because of the density effect. When

the jet flow has a higher density. the velocity peak is achieved closer to the jet exit.

Exit Velocity along the Centerline of All Jets at M=0.3
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Figure 5.17: Exit Velocity Along the Centerline of All Jets at M;=0.3
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5.3 Transverse Velocity Measurement

The transverse velocity distribution was obtained by PIV measurements with other than
centerline velocity information. Thanks to the PIV images. which cover a 4cm by 4cm
region. we can extract transverse velocity without taking measurements again. A few

transverse velocity profiles are listed here.

Figure 5.18 illustrates the velocity profile of krvpton jets at M;=0.3. It can be seen that
the velocity is symmetric along the centerline of the jet (v/D=0). Gaussian distribution
fitting was performed and it works well with the existing data for this type of

distribution. [103]
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Figure 5.18: Transverse Velocity Profile of Krypton Jets at M;=0.3
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Figure 5.19 illustrates the velocity profile of helium jets at M;=0.3. The symmetric
property still exists in helium jets. But different from krypton jets. the velocity profile
for helium is still developing here. therefore. the middle part has almost the same
velocity. But a large velocity gradient can be seen on the edge of the profile. where the

mixing happens.
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Figure 5.19: Transverse Velocity Profile of Helium Jets at M;=0.3.
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Figure 5.20 illustrates velocity profile of nitrogen jets at M;=0.3. The shape is very

similar the krypton jets. The velocity profile at this location is still developing.
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Figure 5.20: Transverse Velocity Profile of Nitrogen Jets at M;=0.3.
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5.4 Downstream Region

Axisymmetric jets have been the subjects of continuous research for several decades.
and much information on the mixing characteristics of various configuration exists. The
knowledge obtained from observing this basic flow has been useful in gaining insight
into many engineering problems. Circular turbulent jets in particular are involved in
many practical systems because of there ability to provide high mixing rates in simple
and safe configurations. This far field behavior and the attainment of self-similarity has

drawn much of the attention focused on jet flows recently.

As was discussed in Chapter L. for jet flows after the transition zone. the mean velocity
along the axis of the jet conforms to the x™'. [81] The same phenomenon was observed in

our experiments. and the decay constant was calculated and compared.

Data obtained in the downstream regions of krypton jets at M;=0.3. nitrogen jets at
M;=0.3 and M;=0.6 are shown below. Since U is proportional 10 x"'. then Uc/U; must
be proportional to x™'. So the coefficient between these two terms are defined as decay
coefficient. For instance. in Figure 5.21. the curve fited for Uy/Uc is
v=0.0711x~0.3548. then the decay constant is 1/0.0711=14.06. Figure 5.22. 5.23. and
5.24 listed the self-similar regions for nitrogen jets at exit Mach number M;=0.3. 0.6.

and 0.9 respectively.
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Self-Similar Region of Krypton Jets at M=0.3
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Figure 5.21: Self-Similar Region of Knpton Jets at M,=0.3
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Figure 5.22: Self-Similar Region of Nitrogen Jets at M;=0.3
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Figure 5.23: Self-Similar Region of Nitrogen Jets at M;=0.6
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Figure 5.24: Self-Similar Region of Nitrogen Jets at M;=0.9
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The computed decay rates were calculated and compared with existing experiments. The

comparison is listed in Table 5.2. Notice that. all the references that are discussed on air

jets. Uj is in relation to the exit velocity and D is the diameter of the exit.

Table 5.2 Comparison of Velocity Decay Constant with References

References

W&F Rodi  Capp Capp P&L

[102] . [81] | [14] [14] [66]

Present Results

SN—

. | i
| JetGas  Air Air  Air Air Air ‘ Knypton | Nitrogen Ji
Revnolds <10 §7.000 . <10°  <10° 11.000 545.000 33.000 74.000 | lzz.oooi

Number M=03 M=03 M=0.6 M, =09
Cams) 51 101 56 36 27 57 05 199 a8 |
R B R 7070 70
Method T SHW ~SHW  SHW _ LDA Homire  PIV PV PIV PIV
Decn 357 59 59 . 5§ 606 1306 611 743 822

 Constant

The decay rate for nitrogen jets at M;=0.3 is very close to P & L [88]. but as for M;=0.6

jets. because of the compressibility effect. the constant becomes larger. The same reason

applies for M;=0.9 jets. This validates the conclusion made after the comparison of
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normalized velocity for nitrogen jets at the three Mach numbers that the normalized
velocity seemed to have a slower decay rate at a higher exit Mach number. For krypton
Jets. the constant is not in the same range. because of the extremely slow mixing with the

ambient.

The comparison data mentioned above were plotted together with the existing data from
references. as shown in Figure 5.25. It can be seen that the linear development regions
have been reached regardless of what types of jets were used. Again. knvpton jets
showed a distinct velocity decay pattern. The difference seen in all the jet flows is
mainly because of the jet exit condition. such as the exit diameter. gas used. and so on.
The slope of each curve stands for the inverse of the decay rate. so a higher slope means
a slower decay.

8 Comparison of Jet Self-Similarity Regions

Nitrogen Re=34.000 M=0 3
Nitrogen Re=122.000 M=0 8 L
Nitrogen Re=74.000. M=0 6 ‘

= Krypton Re=45.000. M=0 3 ‘

W & F Re=100.000 (1969)
Ferdman & Otugen (2000) .
Panchapakesan & Lumley (1993) ! Ry

it

+"

U,/ue,

Figure 5.25: Comparison of Downstream Regions
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8.5 Summary
The pressure measurement in Chapter IV. as was discussed. could not offer detailed
information for vefocity tield. Theretore. the PIV method was used for investigating the

details. without intruding in the flow field.

The results obtained with the PIV technique showed the velocity along the centerline of
the jet flow and the profile in the transverse direction. The centerline velocity
distribution illustrates that the velocity. similar to the results from pressure
measurements. increases in the potential core. and then starts decreasing. As was
discussed in previous Chapter. this increase is due to the reduction of the cross section of
the potential core. The peak velocity for nitrogen gas being issued into the ambient air
was shown to take place at ditterent locations. depending on the exit Mach number.
When the exit Mach number was higher. the peak was obsernved further downstream.
which indicates that the potential core lasts longer. After the potential core. as velocity
decays. it can be seen that the decay rate D varies with the corresponding exit Mach
number. The decay rate is higher when the exit Mach number is higher. i.e. tor nitrogen
jet flow running at three exit Mach numbers. the decay rate was found to be the highest
in the case of the Mach number M;=0.9 jet. Again the Mach number effect then was

verified to exist by velocity measurement.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Results from Velocity Measurement 152

Velocity was also compared for different gases being issued into still air at the same exit
Mach number. The velocity decay rate was also found to be varyving with the gases used.
In the case of the helium jet. the decay rate was found to be much higher than the other
two cases. This indicates better mixing with the ambient air. Density effect is the cause

for the great difference.

The transverse PIV measurement offered three profiles of velocity for nitrogen jets.
krypton jets. and helium jets. The location off the jet exit was chosen to be x’'D=8.14.
The profiles showed firstly that the circular jet flow is axisvmmetric. Secondly the edge
of each profile (the corresponding location for the jet flows is also on the edge). showed
great velocity gradients compared to the center portion in the case of the helium jets.
meaning that the helium jets had better mixing with the ambient. Physically. the change
was due to the viscous effect from the free interface where the jet flow edge is located.
Lastly. the shape of the profile illustrates the flow property at that chosen x/D location.
The shape of the krypton profile was observed to be like a bell shape. or Gaussian
distribution. From the incompressible jet theory [94]. incompressible jets reach this
shape or reach to self-similar state after a distance of 8 diameters of flow development.
Thus it seemed that the krvpton jets have reached such state because the velocity is self-
preserving. and it might be treated as an incompressible fluid flow. For helium and
nitrogen jets. it can be seen that at this chosen location. the jet flow is still developing.

So it could be concluded that the density effect does exist.
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Self-similar region was found for krypton jets running at M; =0.3. nitrogen jets running
at M; =0.3. 0.6. and 0.9 respectively. Krypton jets were found to reach such state the
earliest. They were followed by the M;=0.3 jets and M;=0.6 jets. There seemed to be a
transition from incompressible flow to compressible flow for this starting point of the
self-similar region. Thus the Mach number effects are responsible for the difference. The
self-similar region was not found for helium jets within 40 times of the jet diameter. [67]
So it can be concluded that the density ratio affects the jet decay in its self-similar region.
The decay constants for velocity in the self-similar region were found and compared to
some existing references. The results for krypton jets were found to have big gap from

air jets due to the fact of its incompressible properties.

PIV measurements were also attempted in the helium and kryvpton. Due to restricted
availability of krypton gas. only data for exit Mach number 0.3 are presented. The lack
of high rate of validated data led to a poor quality images. In the case of helium jets at
exit Mach number 0.6 and 0.9. It appears that the reason for this behavior is the high
velocity fluctuations which are present in the mixing zone close to the exit. which drive

the particles away from the illumination plane.

Our last discussion addresses the PIV technique. which has been used for a decade. But
due to the difficulties of seeding and laser illuminating. this technology used to be
limited to low speed flows. These difficulties were conquered by the TSI PIV system.
which allows the Mach number to be more than 4.0 and the velocity to be more than

1300m s [30]. The use of PIV in our experiment is a successful example. The
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comparison between the two types of correlation techniques and the comparison
between the PIV measurement and Pitot tube measurement have fully proved these

conclusions.
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Chapter V1. Results from Total Temperature Measurement

Thermocouple was used to measure total temperature distribution of three different
turbulent jets running at 0.3. 0.6. and 0.9. As introduced before. J type thermocouple
with diameter 0.25mm was used in the experiments. because this thermocouple has high

frequency response and thus is suitable for turbulent jet temperature measurement.

6.1 Thermocouple Calibration

Before the thermocouple was put to use. calibration was performed in order to extract
correct total temperature information. Table 6.1 lists the calibration temperature and the

corresponding signal output from computer.

Table 6.1 Thermocouple Calibration Data

‘ - Gain ! Filename | Mean Signal " Temperature (°C) |
Ice - 1000 ' ICE 451287 0.4 !
Room 1000 ' ROOM 5 -3144 | 22.0
Boiling ' 1000 "BOILING = 164469 ' 99.2
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Assume there is linear relation between total temperature and the signal output,

T,=al"+b (6.1)
where Ty is the total temperature. while Iis the signal output from computer. a and b are
constants that need to be calibrated. Figure 6.1 shows the least square fitting for total

temperature 7 and signal output ",

Thermocoupie Calibration

100

80

60t y = 0.0161x + 72.73

ar
30}

20F

-5000 4000  -3000  -2000  -1000 0 1000 2000
signal

Figure 6.1: Thermocouple Calibration
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It can be secen from the picture that the relation for temperature and signal is perfectly
linear. The corresponding coefficients a and b were found to be.

a=0.161.b=72.73

So the relation between temperature and voltage output is.

T, =0.1611"+72.73

From the experiments. we can obtain the voltage output information for each individual

experiment. then the corresponding temperature is extracted.

The sampling frequency used was 50K Hz: the amplifier gain was 1000: and the sample

size was 80K.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Results from Total Temperature Measurement 158

6.2 Centerline Temperature Measurement

Temperature measurements were taken along the centerline of nitrogen jets at M;= 0.3.

0.6. and 0.9: knypton jets at M;= 0.3: helium jets at 0.3. 0.6. and 0.9 respectively.

Figure 6.2 illustrates centerline temperature of nitrogen jets at Mach number 0.3. Total
temperature and static temperature has large difference close to the jet exit because of
the potential core. inside which the velocity is very high. It can be seen that the total

temperature overall is steady. close to ambient temperature (24°C).

BT Total and Static Temperature for Nitrogen Jet at M;=0 3
2 | 'M _ —e
'y
N ~
23 .
—_— &
5
< 22t
2
3
2 .
g_ . == {Otal temperature .
E ‘& static temperature .
~ 20} .
19
a
18 .
1 6 11 16 21 26
x/D

Figure 6.2: Centerline Temperature Of Nitrogen Jets At Mach 0.3
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Figure 6.3 illustrates the centerline total temperature of krypton jets at M;=0.3. It can be
seen that the temperature is almost constant throughout all the locations measured. It is
believed that because of the low mixing with ambient air. total temperature does not

have a difference from the ambient temperature.

30 Krypton Jets at Mach 0.3
2871

261
24

22t ——

201

Ty (°C)

8}

16

0 5 10 15 20 25 30
x/D

Figure 6.3: Centerline Total Temperature Distribution Of Krypton Jets At M;=0.3

Figure 6.4 and 6.5 illustrates centerline temperature of nitrogen jets at exit Mach number
0.6 and 0.9. Because of extremely high velocity at the jet exit. the total temperature and
static temperature have the larger gap near to the jet exit compared to the M;=0.3 jets.
The static temperature right out of the jet exit for M;=0.9 jet has a temperature below the

freezing point.
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Temperature (°C)

[ Total and Static Temperature of Nitrogen Jet at M;=0.6

[ =g total temperature
- static temperature

x/D

Figure 6.4: Centerline Temperature Of Nitrogen Jets At Mach 0.6
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Figure 6.5: Centerline Temperature Of Nitrogen Jets At Mach 0.9
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Figure 6.6 displays the static temperature for nitrogen jets at different Mach numbers.
The temperature level recovers to ambient temperature after a certain distance for each

jet. Mach 0.9 jet is found to have the largest slope.

Static Temperature for Nitrogen Jet atM;=03.06 & 0.9

25t
Room Temperature .g-~--@---@c--Q--"
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15t
)
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[

06

xD

Figure 6.6: Comparison Of Static Temperature Measurement For Nitrogen Jets At

Different Mach Number
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Figure 6.7 illustrates the centerline total temperature of Helium jets at M;=0.3. 0.6, and
0.9. It can be seen that the total temperature increases first then decreases. This total
temperature increase is believed to happen because of the heat exchange with the

ambient air and will be explained later in this section.

" Total Temperature Distribution of Helium Jets at M=0.3.06& 09
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Figure 6.7: Centerline Total Temperature Distribution Of Helium Jets At M;=0.3. 0.6.

And 0.9
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6.3 Transverse Temperature Measurement

Having known the pressure along the centerline. it will be helpful if the transverse
temperature profile is obtained. Figure 6.8 indicates the transverse temperature
distribution for helium jets. It can be seen from Figure 6.8 that the temperature is the
highest in the centerline of the jet flow due to the highest velocity at the centerline. On
both edges of the jet flow. the mixing lowered down the temperature. Across the jet flow
edge. the temperature is recovering to ambient temperature. and so it is shown in the

transverse direction that the temperature is increasing.

Temperature Profile for Helium Jets at Different Mach Numbers. x/D=8.14
31 -
29 ll‘ “ —— M=03 '
27| R T, VY
. “ ‘ -e-- M09
— 25 " ) .‘ ‘\
& ; %
= 23 . W
21} ! '._'.
191 . . N . ' "-.‘ *
I3 . ]
! - Py .
17 ~ o » ‘.
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teg.-®7 RN RN
15
-2 -1 0 1 2
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Figure 6.8: Temperature Profile For Helium Jet At Different Mach Numbers. X'D=8.14
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Figure 6.9 shows the transverse temperature distribution for nitrogen jets. Similar
phenomenon was found for the temperature distribution. The total temperature at the
centerline has the maximum \alue. then it decrcases to a point below ambient
temperature where the distance oft the centerline becomes larger. When this distance

becomes large enough. the temperature rises to approach the ambient temperature.

Temperature Profile for Nitrogen Jets at Different Mach Numbers. x/D=8 14

29 »

27 SN

25 ll - 1)
G 23 : -\
’:(:) a ' .« .
‘:-.; * - - - ' ' ¢
= ,l ‘\ . * .

L ) Y .’
16 * \. ’.’ .\‘ "
" o —a— M=03 .
- M=0 6 -
15 -@-- M=0g9
2 1 0 1 2
y/D

Figure 6.9: Temperature Profile For Nitrogen Jets At Different Mach Numbers.

X D=8.14

The explanation to the temperature change is as follows.
The jet tlow from the gas tank is expanding inside the insulated jet pipe from the same

ambicnt temperature T . which is Kept as a constant during the adiabatic process until the
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gas is injected into the still air. The relation between total temperature and static

temperature for isentropic flows is

-

I

T=T -3¢
=*r

(6.2)

where T is static temperature: T, is total temperature: " is the velocity and G, is the heat

capacity. which is treated as a constant.

It can be seen that if velocity is high. then the corresponding static temperature T is low.
In the case of helium jets running at exit Mach number 0.9. the static temperature is
67°C below the ambient temperature. Thus after the jet flow is running inside the still air.
there is a temperature gradient from the ambient to the inside of the jet flow. Such

gradient will result in a temperature change. Recall equation (1.2.4) and rewrite.

DT | Dp k & ér d éu

— () =

DI pC, DI pC. & & pC. ex

It can be seen clearly that a negative temperature gradient along the transverse direction
will increase the jet flow energy and bring up the static temperature. Thus the total
temperature will rise above the ambient temperature. This explained why the

temperature level was seen to increase without being heated. The different rise in total

-

. cT
and temperature gradient —.
cx

r !

temperature can be explained by the diffusivity

According to equation (1.2.4) on page 9. larger diffusivity or larger temperature gradient

can cause a higher temperature change. Helium has the maximum diffusivity of the three
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gases. moreover. the static temperature gradient from the ambient to the jet flow is the
largest in this case. therefore. the maximum temperature change was found in the helium

jets running at M;=0.9.

The heat transfer between the ambient air and the jet flow. is shown in Figure 6.9. The
static temperature is below ambient temperature. which is the reason for heat exchange
to happen between the ambient air and jet flows. Such heat exchange will lead to a lower
total temperature on the ambient air as it loses energy. therefore. one part between the
center of the jet flow and the edge of the jet flow has seen to have a lower temperature

despite the kinetic temperature generated by the velocity.

Heat Flux Tamb
Potential Far Field
Core
\ I /
T, v
i X

Transition Zone

Heat Flux Tamb

Figure 6.10: Schematic Heat Transfer Between Jet Flow And Ambient Air
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6.4 Summary

Total temperature measurements were performed originally for the purpose of finding
out the concentration distribution in the cases of helium and krypton gases used in the
experiments. [t was shown later that the temperature information itselt could explain a

few phenomena of the jet flows.

The total temperature consists of two components. the static temperature and kinetic
temperature from the kinetic energy part. Whichever component’s change will result in a
corresponding change for the total temperature. For this reason. it was seen in the
potential core. the temperature increases with velocity increasing. the same as the results
trom the pressure measurements. [t is interesting to check the etffect from the jet mixing
with the ambient air. Starting from the centerline. the total temperature is higher because
of the high velocity. no mixing is in this region: however. going out of the potential core
towards the jet flow edge. the total temperature decreases due to the change in velocity
as the jet tlow is mining with ambient. which results in a decrease in the total
temperature. At a later stage. the total temperature out of the jet flow is rising to ambient

temperature.

Static temperature was calculated from the total temperature for nitrogen jets by
equation (1.2.7) by utilizing the Mach number results from total pressure measurements.
The results showed that the static temperature downstream is increasing to the ambient

temperature.
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Chapter VII. Obtaining Other Parameters

In the last three Chapters. the total pressure. total temperature. and velocity information
was obtained directly by experiments. The results explained most of the jet flows and the
turbulence involved. However. some other parameters. such as concentration. Mach
number. and density. which cannot be measured directly. are also important parameters

of jet flows.

7.1 Formulate Concentration

As it was discussed in Chapter IV Total Pressure measurement. if the jet flow is
different from the ambient. then it is impossible to extract the Mach number from the
total pressure information due only to the uncertain properties of the mixture. Therefore.
more measurements on total temperature (Chapter VI) and velocity (Chapter VII) were

taken in order to resolve the mixture uncertainty.

Assume that we have the instantaneous total pressure P,. total temperature T, and

velocity V for any fixed measurement point. then concentration x. Mach number M. and
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density p can be developed by the relations in Chapter I. To clarify this. some necessary

equations are brought in from Chapter I as follows.

)

l-

C,T+—;=con.€l (1.2.7a)

[ : . X
he—=h =CT, ==L Po_ 7 pr (1.2.8)

2 ' v —1 /-lpu 7 -1
T y-11" y-1. .
i R =]+ AYA 1.2.
T 2 RT 2 (=1

. T3 LT

&:(__) ' and —p-J—:(—‘) b (1.2.12)

p T p T

2 7=l 25

p 2

y—1 =
P =Ly (1.2.14)

Combining equations (1.2.7a) and (1.2.8). the relation between total temperature and

static temperature is obtained.

I
Cf'T+T= C},TU (7.1)

So static temperature. based on total temperature and velocity is derived as follows.

I
2C,

(7.2)

r=T,-
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Thus equation (1.2.12) can be expressed by three parameters P,. T,. and I, which were

obtained from experiments.

(7.3)

where Pi. To. and V can be measured. while P is the static pressure. equivalent to the
ambient pressure. So from equation (7.3). if C, was known. then 7 could be derived. and
vice versa. Unfortunately. none is available because both parameters depend on the
mixture. However. if one relation can be found between these two parameters. then it

will be easy to find out both the heat capacity C, and the gas constant v.

Since both C, and v depend on the mole fraction of gases in the mixture. for example. in
case of the helium jet issuing into air. assume that the mole fraction is c. then both C,
and vy are defined as follows.
y=cyy+ll-c)y, (7.4)
C.=c-C, +(-c)C, (7.5)
where.
7+ 15 the gas constant for helium: y, is the gas constant of air: C ,, is the heat capacity

for helium. and C, is the heat capacity for air. They are all constants and available on

any thermodynamics reference book.
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If equation (7.4) and (7.5) are substituted into equation (7.3). then the concentration ¢ is
formulated. To find the concentration. a program is needed to let ¢ go from O to 1. If any
value of ¢ satisfies the equation (7.3). then the concentration is determined. Appendix IV

has the program for concentration calculation.

Once concentration is defined. the static temperature can be derived from equation (7.2).

T=T -4_ (7.2)
2C.

With

Ps o+ 22t yyy (1.2.13)

P 2

The Mach number can be calculated.

R vei
M=, —[=) -1 7.6
\7-1 ( P ] (7.6)
The density can be calculated by
P
=— 7.7
P RT (7.7)

where.

R=c-R,+(l-c)-R (7.8)

d

with Ry being the specific gas constant for helium. while R, being the specific gas

constant for air.
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The total density is obtained by

y=1, ) '
%.—.[]4»’/’ M'} (1.2.14)

All the above parameters were programmed in Appendix D.

For krypton jets. if y.: C,. . and Ry are replaced by »,: C,.. and Rk respectively.
then the concentration. Mach number. static density and total density also become

available. Furthermore. this method can be used for any jet flow.
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Discussion

As mentioned before. the formulas developed rely on the condition that all the
parameters. Py. To. and F can be measured instantaneously. However. it is impossible to
take all the measurements together for everything. as they will interfere with each other.
By applying the mean values obtained by experimental data in equation (7.3). (7.4).

(7.5). the mean concentration can be calculated as follows.

{, ;\}
ARIACII
p \T] ‘F—£—|

",
:f=:-:/;ﬁ-+(l-z)-:/; (7.10)
C.=cC. -l-clc, (7.11)

The Symbol ¢ is used here to show the difference from the real mean concentration ¢

which should be obtained through each individual concentration. The difference between

¢ and ¢ is calculation error. and will be further discussed in C hapter V1II.
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7.2 Results for Concentration, Density, and Mach number

With the program developed in previous section. centerline concentration. density. and

Mach number were obtained for krvpton jets at M=0.3.

Figure 7.1 displays the centerline concentration distribution of knvpton jets at 0.3. It can
be seen that close to the jet exit. there is potential core. so the concentration does not

change by much and so on. While after that. the concentration decays very quickly.

U Centerline Concentration of Krypton Jets at M=0 3
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Figure 7.1: Centerline Concentration Distribution of Krypton Jets at M=0.3
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Figure 7.2 shows the Centerline Mach number distribution. and it was compared with
the Mach number from total pressure Po. It can be seen that there is good agreement

between the method introduced above and the estimated Mach number.

Comparison of Centerline Mach Number of Krypton Jets at M;=0.3
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Figure 7.2: Centerline Mach Distribution of Krypton Jets at M=0.3
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Figure 7.3 indicates the Centerline Density Distribution. It can be seen that within the
potential core. the density does not vary by much. while beyond that. it decreases rapidly

to ambient unlike in helium jets.

Centerline Density of Krypton Jets at M=0 3
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Figure 7.3: Centerline Density Distribution of Krypton Jets at M=0.3
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Figure 7.4 shows the static temperature distribution.

» Centerline Temperature Distribution of Krypton Jets at M=0.3
22 room temperature

2+

20

T(°C)

18

S

Figure 7.4: Centerline Temperature Distribution of Krypton Jets at M=0.3

The following results are from helium jet flows. The results were obtained as before by
programming. based on the three measured quantities. total pressure. total temperature.

and velocity.
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Figure 7.5 displays the centerline concentration distribution of helium jets. It can be seen
that close to the jet exit. there is potential core. so the concentration does not change too

much. While after that. the concentration decays very quickly.

-
~

Concentration Distribution of Helium Jet at M=0.3

200 10 25 18 50 2675 3500
x0

Figure 7.5: Centerline Concentration Distribution of Helium Jets at M=0.3

Figure 7.6 shows the Centerline Mach number Distribution and it was compared to the
Mach number obtained by a total pressure estimate. [t can be seen that the centerline
Mach number has good agreement at the jet exit. But at downstream. because of the
mixing. the pressure estimate does not provide correct information. Figure 7.7 indicates
the Centerline Density Distribution. It can be seen that within the potential core. the

density does not vary too much. while after that. it increases rapidly to ambient.
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0sy
Comparison of Centerline Mach Number of Helium Jets at M=0.3
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Figure 7.6: Centerline Mach Distribution of Helium Jets at M=0.3
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Figure 7.7: Centerline Density Distribution of Helium Jets at M=0.3
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Summary

The method uses three measured quantities. the total pressure. total temperature. and
velocity 10 find out the rest of the parameters including concentration and so on to our
interest. This requires all the measurement techniques to be accurate. so that the
accumulated error associated with the concentration will not have a large impact on the
results. The results from concentration calculation showed that the concentration inside
the potential core keeps a constant value of 1. then it starns deca)'ixlng at a certain point.
The concentration decay rate for helium is also faster than that of krypton. At a distance
of x’'D=33 for helium jets. the concentration is close to 0. which means the helium

spreads out quickly. In conclusion. the method gives reasonable results for concentration.

In order to validate all the previous experiments. Energy Balance was achieved with all

the quantities obtained by means of experiments and formulas. (Refer to Appendix V)
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Chapter VIIL. Error Analysis

In Chapter IV. the following equation was used to calculate the mean Mach number for

nitrogen jets. because the gas constant y =1.4 stays the same throughout the entire flow
field.

1

P -1,,..5
_»=(1+L’_.w-) ! (1.2.13)

Where. P is static pressure. which is also ambient pressure. therefore.
P =147 psi
P, is total pressure. measured by the pressure transducer. Consider turbulence.

P=P+P

'

Where. F is the mean total pressure. while P, is the turbulence or total pressure
fluctuation. Mach number can be calculated from equation (1.2.13) based on the total

pressure signal. Thus mean Mach number is available. which is A/ . However. because

of turbulence. P, might go less than ambient pressure. then it is impossible to find out

the Mach number based with the above equation. Fortunately we can always find out FO

and through the given relation between P, and M to calculate the corresponding Mach

number. We call it \=I which is the mean Mach number that is obtained by applying

mean total pressure -FT (refer to Chapter IV).
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= 3 Fl—_l
M= [ -1
Vot

The difference between 1/ and Mf is the calculation error since we are using M

instead of M .

Another source of Mach number error comes from the measuring svstem as uncertainty.

such as the transducer itself. the data acquisition board. and the software resolution.

8.1 Error analysis for mean Mach Number Obtained through equation

P, v — .o
=(l+171.t1‘)"' (1.2.13)

o

¢ Uncertainty

Rewrite the given equation (1.2.13):

R 4 1nf1+7”l_wij 8.1.1)
P y-1\ 2

or

kg y -1

"/ - \ -

InP,-lnP=

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Error Analvsis 183

Differentiate Eq. (8.1.2)

7 -1

2M oM

Then s = 8.1.3
vy MY 2 e (8.5
Apply » = 1.4 into Eq (8.1.3). then
oM ([ 1 1\ OP,
—’=L 5 *—J—‘— (8.1.4)
M 14M° 7)) P,

oF, . : ) . .
—~ is the uncertainty from the measuring system including the pressure transducer.

[
data acquisition board. and amplifier. Each uncertainty was given by the manufacturer.
Pressure transducer has an uncertainty u;=0.5%. data acquisition board has an
uncertainty u>=10"2"*=0.06%. the amplifier has a much lower uncertainty u;= 0.01%. So

overall.

SP, — - . :
— = ~ud +ud =30.005 0.0006° +0.0001° = 0.5%

Table 8.1 lists the uncentainties at different Mach numbers based on this assumption.
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Table 8.1 Uncertainties at Different Mach Numbers

M 03 04 05 0607 08]09 10
&Y 05 330 1150 1.06 080 063 051 043
Vo) . i ! : ‘

|
i |

iV; ‘ é ! !

!
|
1
|

It can be seen that the larger the Mach number is. the more accuracy is expected. The

uncertainties showed here are in a reasonable range.
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Calculation Error

As it was explained in the beginning of this Chapter. the calculation error is shown
because ofthe calculation method used. The following equation was used to calculate the

mean Mach number which was supposed to be obtained from the Mach number signal.

E—“—:(]-&-L:—l_‘lf:)’“: (]2.13)
p -

The calculation error is analyzed by rewriting the above equation

=f(Pn) (8.1.5)

As we know £, varies slightly against A, . which is the mean value of total pressure.

i

Assume that

then we can expand f(P,) at FU with Taylor expansion as follows.

rey= B e, =B )Ly (B -B <. 816
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This formula can be applied to each individual P, obtained by pressure transducer so we

have.

fP = FB )= £ Ry Py - P )+ 1B By - P

f( P°5 )= f(F’)‘ f'(Pf' )’l_f '(Pu: - F)* %f.(P" )!.";, (Pu: -Fu)'

B = e 1By (B - B )+ 2 172y, (B, - B

Sum up all the samples and then divide by N.

SR+ IR+ + [(R,) _ (5 . I —
‘ it = 7(R)+ rp)- T2 (P - P,)

S AL N (IR

Notice M = f(P,). so the above formula vields.

1=]

V=M SRy, X B -+ Py Y5 - )

1=}

or

“;:' .S (8.1.7)
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where.

S = (PO, —E) is the varniance. _t? and M were defined at the beginning of this

1
‘\. =l
chapter. as the mean Mach number from the mean total pressure and from the individual

total pressure respectively.

To get the calculation error. (P, ¥z 1s needed. which can be obtained through the

Taylor's Expansion. First. by rewriting equation (8.1.5).

i i

I'e f- “\’: -1 =
py=i—2 [ B] _1!' - 2 (2" ! (8.1.8
17 il PJ if w-l[[l’) -
J J
Taking the derivative of Eq. (8.1.8).
1
- G Cp
. - l “R, N - 0 h
L RN 01V LT R N4
\r-1 2 |[LP) | y P, P
L ]
|
r il 2 !
/——1 1 (P Y- P Y -
7(P)= __l(__(‘.) _]AI _F] 1.9
(P)= > |l 7 (8.1.9)

Taking another derivative.
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1
l i =t TR
. v-11 1 - -1 /P~ 1
p)= L2, -_)[_Gj SR Al N (N
()\- ;/{2 P J y P P3+
l L
lr/P -l ‘-;- \ \-l ]
[EA N R Y TA L
L\P/ ‘ . Y NPy P'i
or
lr-/ N .]-: : -2 - =
. PRI A PY Ty -1 iR (P
f(R)= 4 ’-—l — -1 = : —_ ¢|_") -1
TV 2 y'P"LP/. J!\P} > (7 \ P
L
(8.1.10)
Apply P, =P,
7T (mY Ey T a m m
P — 2 -1 2 =L LCH R
e R I

(8.1.11)
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plotted in Figure 8.1. It can be seen that f"(Fo)P: is very small (<1) and it becomes

smaller when pressure increases.

The calculation error for the Mach number is.

| .
5/ (R, -S

(8.1.12)

o2H——

f(F)P?
o
R

PyP

Figure 8.1: Coefficient of Tavlor Expansion Changes with Pressure Ratio
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Two extreme cases. M=0.3 and M=0.9 were calculated for the maximum and minimum

calculation error.

When M=0.9.

-

P -S7 =0.5x(-0.25)% ; =-0.00156

M=M=

19| ~—

or in percentage error of 0.17%

When M=0.3.

M-M-= 0.4

14.7

LBy ST =0.5x(~1.0)x —— = -0.000925

19| —

or in percentage error of 0.31%
Calculation errors between M=0.9 and 0.3 should also be between 0.17% and 0.31%.

Obviously. this scheme of the Mach number calculation is very accurate. It can also

avoid the turbulence calculation. which is difficult to estimate in our case.
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8.2 Error Analysis For Concentration

In Chapter VILI. the following equation was used to calculate the concentration.

P, (T, Voot ,
— = = = — 9
Po\T) E (821
2,
where,
v=c-y.+(1-¢c) ¥, (8.2.2)
C,=cC, +(-c)C, (8.2.3)

p- 75-%,-C,.and C ~ are constants. while £,. 7, . and I" were obtained through

different experiments. ¢ is the concentration.

Eq (8.2.1) is used to find out concentration. The following part will discuss the
corresponding system uncertainty and calculation error. similar to the previous part for

the Mach number calculation.
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Uncertainty

Rewriting Eq (8.2.1).

( )
WPz T, |
P 7-1 -
\U 2CrJ
or

. ;'3

InP-InP, =—"—.In/1-

g [ zc,"rgj (8.2.4)

- / + .
P, 7 -1 2C, T, v —1 1 V-
2C, T,
or
zai' - é.Cf - ?E
oF, Oy b= y 1 oc, 0
L [ . i (8.2.5)
- ) 26,1, ) 7-1 2C T, _
2C, T,

Notice. both €. and 7 are functions of x. Rearranging Eq (8.2.5).
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/ Jo \
ln{l—’C . | . i p_ﬂ_o:[:l
- 2C.T, v I 1 oC. oP, v 1 T,
(r-1) Cy-126T ¥ Co R -l (8.26)
2C.T, 2C.T,

From Eq (8.2.2) and (8.2.3). we have.

oy :(/L —"/Jli‘ (8.2.7)

Substitute Eq (8.2.7) and (8.2.8) into Eq (8.2.6).

, oy _

LT e, -c) P T
(r -1y S [ )

, (»=102C, T 1=~ (»-1)-2C,T, 11— ——.

o \ -C!"TI )— k 2C;,T(‘ )

................ (8.2.9)

: . 6P, O oT,
Since the sign of Tl and—T—’ are unknown. we need to find out the maximum

J
uncertainty of concentration x. This will result in an enlargement on the error several

times. But as an estimate. it helps us understand the experiments.
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|&)0; / L: ,"/"O‘Vi ioTo'\l
B e T
I Z(I/—l)-C,,,T(,-EI—’CT | ‘ v
o < v <Col) (8.2.10)
1 \ T
4 ' !
in| 1~ —— - (» 7, . '
T =) yvidc,, -c)
i Y1 < T T T 2 N
| (/ ) 2(/—1)-(‘;,'7:, (l—-—l——!
1 T !
' rfo 1

where 7. C, have to be found out by concentration.

Several cases were tested for the system uncertainty. which is dependent on the
measured parameters. Pressure uncertainty was given in previous part as 0.5%.
Temperature uncertainty was calculated as 0.3%. The velocity uncertainty was given by
TSI in Table 8.2. Based on each uncertainty available. Table 8.3 lists the uncertainty for

several cases with the parameters obtained by measurements.
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Table

8.2 Uncenainty for TSI PIV System

Factor - Random ' Systematic
" Error Error
[llumination interval 0.2%

!
| Photographic magnification : 0.3% )
| Photographic distortion | 0%-0.3% |

Nlumination plane flatness - 0%-0.3% ‘
Illumination plane thickness . 0.1%
; ‘ |
f Scanning-beam time effect 0%-0.2% i
| Seeding not following flow :0.}% }

Combined errors 0.4% ' 0.1-0.8% |

Table 8.3 Uncertainty for Concentration

Jet Type ' Po(psi) @ V(ms) | To (K) ; c : Svstem

, | I I uncertainty :
Knpton 16.16 64.78 294.69 4 1.00 I 5.8%
Knypton 15.41 62.52 . 29472 0.90 7.6%

Helium 16.48

1.00 | 10%
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Calculation Error

It is similar to the previous Mach number analysis. Since P,. 7,. I’ cannot be

measured simultaneously. it is very difficult to find out the concentration signal. We can
only get the mean value for concentration. However. the mean value is important enough
to derive the flow field. The difficulty is not only the three measured parameters. or in

another words. three variables. but also the equation is an implicit equation.

To find out the uncertainty. the following assumptions were made:

Then. Taylor's expansion can be applied again for each individual parameter. Assume

that we have an explicit equation for concentration as follows.

c=fIP.T.}) (8.2.11)
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Apply Tavlor’s expansion at (Pu . f F). Then the following relation is derived

R T N2 Y W (A W
cPhy |- cTy| cl
63 N 53 . ~2 .
Tt A SR A SR A R S
-C.PO-; - C 0-, -C,"—
a2 | -2
;?f | &-F}U-FLQC{1 P -F)G-r)-
CPET,|. -, CP V|
SR/ A o N .
cT,c -
Express individual concentration from (8.2.12):
c-rmr- L m)- L e o) S )
cP, | cT, | ch |
A2 a2 ~2
LET Ve -mF- LS -mp - L e oy
“CPy - “cTy7 | b
C-:l . . ~2
- f (P - P ), -7)- = -,Lf (P, - P )b - 1)
CPCTy| - CPCV |
A T Y
clych |
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e sFri) L o m) L oo L ).
CPy|. cT,| ¢
A O RT e A N SERA Y
“EPy “8T," |- Sl
A T S [ 200 o Nt i R S Y
CPTy | ., PV
alf ( . - _
A T.-T ). -i)- ..
ET eV | (
ET) T eem) L o) S ).
cP,|_ cT,|. cVi
}C'f, (p _p—r-l_c'f;' (r_-r—y-'_fizf‘(; e
R T S N o WL N R ST
CPyCTy -, CPycV |
& f _ _
_ r. -7 ). -1)- ...
ET eV | . He -7
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Sum up from ¢, to ¢, If the concentration was measured N times then the average

concentration could be expressed as.

g cf |1 —. ¢ I - C I \
—Sc=rF.T.1)- ~YpP -P - 37 -7 -l Y
w2 ap,) Y E &T,), v = ar| ¥E
LES s mp-t S Ly S g ey
ep}| VS A A

E:f 1 ‘( re — 5:f ! -

R S -?P)lr -T)- == —S( -P)6 -7)-

cP,c 0‘_'\2 CP,cV ‘:”\Z

cr St T )

If the fluctuation (mean value removed) " of one signal has no correlation with another
fluctuation (mean value removed) «’ . then the product «' «" has a mean value of 0. If

u’ and u' are correlated. then the mean is no longer 0.

Figure 8.2 can be used to explain correlation. The fluctuating variable a has the same
sign as the variable b for most of the time: this makes ab > 0. The variable c. on the
other hand. is uncorrelated with a and b. so that ac = 0 and bc = 0 (note that abz 0.

hc 20 does not necessarily imply that bc 20).
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The correlation coefficient is defined as

"t

uu'
C, ==

o

e
u"-u

If u" and «" have no correlation. C = 0.

i\v/\”‘/\ \’\///\\,
ZAVAY Pasa N

L\/\\/\ N\ MM,
VAR VAR A W

Figure 8.2: Correlated and Uncorrelated Fluctuations

(Tennekes. H. and Lumley. J.L. A First Course in Turbulence Sixteenth Printing)
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Pressure. temperature. and velocity were measured separately. The data was analyzed

for correlation. and no substantial correlation was found. Therefore. the following terms:

62f Ls -P ) _7 ).
epr,), ¥EC T
R Y !

Epoal’ _
Ko h

&

and

&> f e f &

- = I \ —_\: I \ —_ l

"=C‘-l,_:’"T 72(&-1’:) TS A l—Z(Tc -TT‘:‘; 3
_CPO~F..[ -0 0~F. 1 -0[/~f =1

(8.2.14)

where ¢ is the time averaged concentration. while ¢ is calculated from the experimental

data. To find the error of ¢-c . the following terms are needed which will be developed:

AN

(%]

(D7)
U
[ 1]
>
o
T
i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[N ]

Error Analysis 20

By rewriting equation (8.2.1)

[
&Jﬁ)’—":l L | (8.2.1)
P \T ; b -
72, J
.{]-lv}(lnP—lnP)—ln{!’I i ; (8.2.15)
7 U T -
Define as follows.
(1) [
F=F(P.T,.l.c)=1-=(InP-InP,)~In | - —— (8.2.16)
Loy L 2C. T, i
Then full derivative of F is
dF =L ap o SE L CE a0
CP, cT, cl cc
(8.2.17
also. we have
C:f(PmTo-r) (8.2.11)
it follows that.
dc=—fdP Cde - fdl' (8.2.18)
cP, cT, fal
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Substituting (8.2.18) into (8.2.17).

[ - - (eF &
!f_F+iif-\dP” f——+ii|df = (CF CF Cf)dr =0
\ P, ¢cc CPR } \¢l, ¢cc T, ) Yl cc clr
(8.2.19)
therefore.
cP, cF éc  ¢P; ¢P, ¢F cc
cr eF T, é°f ¢ CF ¢T,
e Y .3 (8.2.20b)
cT. cF ce ¢ET; cT, ¢EF éc
& eFeél & f & éF &l
_—= = 8.2.20
2 Féc e F o) (8.2.20¢)

Software Mathematica was used to solve these tedious derivatives. But notice that to

show concentration is a variable instead of a constant. we replaced the symbol ¢ by x in

Mathematica as follows.

fi !
- . } [log(P) - log(P )]‘IOJ 1}(‘”, +(l—rk‘ IT :”

) , llog(P)-tog(P )] -(-7. + 7,)
[(] _X}:’J +x:/h]:

(8.2.21a)
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r =
xC,, +{(1-x)C,, j

v—"

J-[loq( )-log(P, )] log‘»l [
(8.2.21b)

e |
i
épP, “_ xy, +(1-x)
o1
7,
eF e |l 1 [ : !
—_— = _ I !
eT. T, {IL 7, ~(-xp, [l°g(P )-log(P, )]~ lo [ 2 xC., +(]—r¥ .
I'Z
=- - (8.2.21c¢)
2[(1—xk‘ +xC ][1 b WI-T:
re T 2-1(7-xrm+xC!,hEGJ ‘
e e T ] ] - i
Lo lh- |
cl El'ﬂ x/"+(1— yd[[log(P log(P )] logL *[ l—xk ]7:,:[
-
- - - = (8.2.21d)
+xCp]l1- i T,
;_ l( xrm+xc‘h ’

The second order of derivatives are calculated as follows
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eiy & fFep
ép &P, &F éx
le )
s a - _r)‘-/:;_r,v_ X
. é _ P,
P e, -c.) e (P)-toe (PX-7. -7.)
i ) - <k, -xrT

W -} -xC . T _____‘__.:__ —
-[(I K - m] _l ZFI—XK'_‘A - xC ,,TT‘ T

- r <o} - c e - N . [‘»‘S‘-”‘[:l- ws:"’ i] ( r-)

pii vlbcu-C)  ee(P)-tee(P )] -, -7
Pl [ -x)y. ~xr. T

(1 - - A i
-[(l x)C -xC,, -l 3-Rl—xr~°xCP, .T“T |
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Cf & @FET
AT T &F é&x
P ":
241 - o .T*
i RIS 77
r‘Tu B - C - L [loa{ﬁ)_A‘lon(P)l—/ -,)
e = xr"' g e
- - XL .
L 1M=C =Gl ) e -G
. - IR & - .
] L4{“ I, x(’,,} " 2 losic. ,(C]ré r fi-xic .xcf [(l-xx‘mo.wc,,]-r_'r <
1
. = ) i
s , -
2=, - <G ) 1= ! -17-C, °CJ _[logP)~togP k-7, - ».)
X 3["--‘r~:‘»‘(-]'f_ :{“ N f - : =<t - F }
[H xi(' ~xC, ]T }:
- ‘.‘
4 [(1-_xr~-_‘q,~]ff—;_1 a - . -GG _llodP1-lodp -, -,),
R -[“-Xr.u‘.rcm.]l‘._ 'i{l—xrﬂu‘\' } - T [(I x}'/orvr ;

[(I r)(' oxC]T

f-ve, -xc.) -

l':

2 -, -xc) T

:Tl-‘"< R [IOQP) IodP)l-v ov)
1 . (=<t -]

- 12[(1-\'(,,’/"(}-}' l_z [“_r[“-x(‘,.,] T |

{ -

-1%-C+Ca)
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-
r T
. 1=x)C +xG,|-{ 1- ——
&r__eFa @ o=, ”]_ 2-{(1-x)C, +rCT'TJn
a*  aFa o Pl-Cu+C llodP)-todP -7, +7,) }
. l——r)'/ +rvf
1-xIC, +xC,, — = |- I [(
e { 2{i- f“&T}“
. F-C~C) N-C-C)
1 -~ - - - 4
, | B R e B a !
) \*""r’““c"r}_":Bn-xx;,-xc,.,] T s G _I 2j-we -] 7 '

L I
b ] -G -[nogp)-mg;,»,)l_;,“.;_)‘L

Rl xIC,, =xC, ] T‘. T Ji(l o, ~rC}: - & .'T [(I-x);/_ox;/f
i Bl—.t[“,umr(‘,.,] T_ ' t

[“ xC, °tC,..] -

- r:
fi-xc, s} i v e SRR _lodP-todP -7, -]
- "[‘I"km’-‘(}w] T,‘ i“ . “Cmr l- I T [(l—.x','/_, °x."’.r ;
{ [“ A, =G ] T
- 1
. - | . :
- ek ,IC] - e T - -G . -[lugPl-logP,ll-:/_,«;/,)i
2 f1-xic, - 3G T : ‘ [=xh —xrf

EZ{(l—x)(',,*xC,.,f !il—

)
S

2‘[“-Xr~*.((~,,,,]- T: g

)
J
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Several cases were calculated to verify these results. The pressure. temperature. and

velocity fluctuations are also taken into account for the calculation error.

Table 8.4 Calculation Errors for Concentration

Jet Type = Py(psi) V (m's) Ty (K) c - Calculation Error .
Knpton 16.16 64.78 20469  1.00 0.17%
Knpton 1541 62.52 204.72 090 0.46%

{ J

Helium 16.48 251.81 300.19 © 1.00 0.31% i

'. 3 gﬁ’

Helium - 15.09 149.62 296.14 ;. 0.70 2.20% j

it can be seen that the indirect calculation algorithm is very accurate for concentration

calculation.

Discussion:
Density and Mach number were also obtained through equation (8.2.1). so the errors
should be analvzed the same way. If needed. readers can follow the same algorithm to

find out the corresponding errors. Small differences are expected.
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Chapter IX. Conclusions

Experimental studies of compressible turbulent jet flows were conducted in the

Aerodynamics Laboratory. City College of New York.

The experiments have been designed with the objective of increasing the physical
understanding of compressible turbulence and enhance its structure. The behavior of
compressible jets issuing in still air in the absence of shock waves was investigated at
three different subsonic Mach numbers 0.3. 0.6. and 0.9. Helium. nitrogen and krypton
gases were used to generate the jet flows and investigate the effects of density difference

on the structure of turbulence.

Measurements of total pressure. total temperature. and velocity were carried out by
using a high frequency response pressure transducer used as a Pitot tube. thermocouples.

and Particle Image Velocimetry (PIV) techniques respectively.

The decay of the Mach number at the centerline of the axisymmetric jets increases with
increasing the initial Mach number at the exit of the flow for all jets. The decay of mean
velocity at the centerline of the jets is also higher at higher exit Mach numbers.

However. the velocity non-dimensionalized by the exit velocity seems to decrease faster
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at low exit Mach numbers suggesting a reduced mixing with increasing the exit flow

Mach numbers.

Helium jets were found to have the largest spreading rate among the three different gas

jets used in the present investigation. while krypton had the lowest spreading rate.

Total pressure fluctuations appear to decrease with increasing exit flow Mach numbers.

Unusually high turbulence intensities were measured in helium jets issuing in still air.

The results also showed clearly that a potential core exists in the near region to the exit.
inside which the velocity increases along the jet centerline exists for all types of jets.
The viscous effect present in the shear layer. which forms outside of the potential core.
is most probably the cause of this increase. The shearing stress created in this region
reduces the cross sectional area of the potential core. and in return. the velocity inside is
increased. The total pressure increase inside the potential core is due to the velocity
increase. which accounts for the dynamic pressure. The total temperature increase along
the centerline is due to the heat exchange with the ambient air. that has a higher static
temperature than that of the jet flow. Therefore. it is concluded that the jet mixing with

the ambient fluid is not adiabatic.
Compressibility (based on Mach number) and density effect were found to be the key

factors for jet flows in present work. The decay rate from the experimental results

indicate that at a higher exit Mach number. the decay rate is also higher for the three
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quantities measured. Helium jets have better mixing with the ambient air than the
nitrogen jets and krypton jets. The length for the potential core is longer in the case of a
lower jet flow density. i.e.. the helium jet. It is also longer in the case of a higher exit
Mach number. Density effect was also showed to affect the spreading rate. These results
indicate that compressibility and density effects control substantially the development of

the jet.

There is evidence to suggest that since the centerline velocity decay is inversely
proportional to the distance from the jet exit. fullv developed regions further

downstream may exist.

For helium and kryvpton jets. because of their mixing with ambient fluid. Mach number.
density. and concentration are not available directly from our experiments because
properties of the mixture are subject to separate research. Formulas based on the
measured quantities of total pressure. total temperature. and velocity were developed and
programmed to obtain values of concentration. density and Mach numbers in the case of
helium and krypton. The error analysis for this calculation shows that the method gives

results that make good sense.
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Appendix A Derivation of Equations to Calculate Frictional,

Compressible Flow in Ducts

The jet used in this research can be considered as a duct with constant cross-sectional
area. The compressible flow. such as air in a duct is always accompanied by friction.
heat transfer. which will change the flow properties. It is difficult to separate these
factors. however. depending on special cases. the problem may be simplified. If the
process lasts short. then it can be treated as an adiabatic process. which involves no heat
transfer effect. This requires that either the jet itself is short enough. or the jet is
insulated so the thermal effect is negligible. Thus only friction needs to be considered in
this case. Due to friction. the entropy of the svstem will always increase because friction
is associated with the turbulence and viscous shear of molecules of the gas. and the

movement of gas molecules near the wall as well. Refer to reference {82].

There is one important assumption that cannot be omitted: the gas from the jets behaves

as a perfect gas. so that the known relations based on perfect gas can be used directly.
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Consider steady-state one-dimensional flow of a pertect gas with constant specific heats

across a control surtace. as shown in Figure A.1.

Contro! Volume

.f """"""""""" . .
Gas —> —>
Fow —g o 77 "
_’I :—+
— ettt ™
L
(H T 2)
X x—dx
P p-dp
\ V~dVv

Figure A.1: Adiabatic Frictional Flow in a Constant Area Duct

Momentum relationships are expressed by the following equation.

Ap—A(p+dp)—r1 Pdx = pAl (1" +dl"-1") (A.D
where r_ is the shear stress at the walls of the duct and P represents the wetted
perimeter. The friction factor fis related to the shear stress in the flow direction 7, in

the following formula.

= T— (A.2)
P

1 ... . .
where _ pl™ is the dynamic pressure of the stream. The wetted perimeter of the duct P

is defined in terms of the ~hydraulic diameter™ D,, of the duct.
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P=— (A.3)

where P is the cross-sectional area of the duct. Note that for a duct of circular cross

section. D, =D.

These expressions for shear stress and wetted perimeter are substituted in the momentum

equation. and the following is obtained.

TS gyt
+—4'f Pl dx+pl d —=0 (A.4)
hl 7 I -

192 - -

dp

The friction factor fis a function of the Reynolds number of the flow and the roughness
at the boundaries. The Reynolds number is calculated on the basis of the hvdraulic
diameter of the duct. The relationship among /. the Reyvnolds number Re. and the relative
roughness €D is experimentally determined and plotted in Figure A.2. which is called
the Moody diagram. The diagram applies to compressible and incompressible flows. At
large values of Reynolds number for a fixed value of relative roughness. the friction
factor becomes independent of Reynolds number. An expression for calculating the
friction factor for turbulent flow in smooth ducts. which agrees well with Figure A.2. is
the Von Karman-Nikuradse formula.

= -0.8+2log,,(Re37) (A.5)
7
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The Renolds number is defined as Re = I—Q where V is the velocity of the flow. D the
v

tube diameter and v the kinematic viscosity of the fluid. In complete tube diameter and
V' the kinematic viscosity of the fluid. In complete turbulent flow with high Revnolds
numbers. the / becomes independent of the Revnolds number. Because of the high
velocity of the flow and the fact that the flow is seeded with a huge amount of particles.
a complete turbulent flow is supposed. The average friction coetficient fis taken as the
friction coefficient / from the Moody diagram Figure A.2. based on a mean Revnolds

number. taken from the exit velocity and the supply velocity

Other equations necessary to the solution of the problems pertaining to frictional flow in

constant-area ducts are.

Perfect gas.
p=pRT or i’Z=-d—'0*—i7; (A.6)
p p T
Continuity.
Ln—:pl':const or g—e-»d—l,—:O (A.7)
A P I
Energy.
I -
h, = h+— = const or dh+1dl"=0 (A.8)
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Friction Factor, &f

$§8e 8 = B B 2 3 g agsge
g -
byl I XX
. P ™ >
i b ey
! I
X H
+* -
1 ¥ 4
-
3
a H 4
-
b~ Ty -
g * ’
[ r Pty
z -
=
S <+ :g
- T+ S - ::
" + aw :3
< e -
IS 5 ! == 2
| - FL -
-
-« ” »
- ’
= ae
s s
[ ] v -
o -
s -
v l‘
i g H
1 %G ]
- A -
- -
qese=S :
3 8583 8338 & Bggc s e
e g T =

Reistive Roughness, —:)-

Figure A.2: Moody Diagram
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Definition of Mach number.

I~ dM® _di” dT

or —_—=— -

M= —=
JRT AT T

Second law in Thermodynamics.

ds2>0

(A9)

(A.10)

The seven variables A I'p. p. T. s and 4fdx D, appear in the six equations. Egs. From

(A.4) and (A.6) through (A.10). Only one of these variables needs to be specified. and

the other six become the dependent variables. Since the question is how friction affects

flow properties. the term 4/dx’ D,, is often chosen as the independent variable. If the

Mach number is chosen instead as the independent variable. the friction factor may be

expressed directly in terms of Mach number M. To develop the corresponding relations.

divide terms in the momentum equation (A.4) by pressure p as follows.

dp Pl P Al
p D, 2p 2p 1

But since

it follows that.
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From energy relationships. Eq. (A.8). ¢.dT = -d1”* '2. Dividing this equation by c.dT .
substituting ¢, =R (7 -1) and setting M* =1"/7RT gives.

y=1 .dl”
ar _ 7 ',\1-% (A.14)

-

-

By combining this equation with Eq. (A.9). the following is obtained.

A7 dME Oyl L dle

— - M — (A.13)
I - 2 I
or
I- AVE
‘j: = /11 d‘I: (A.16)
I+’ ”‘.W: 1

b Akl (A.17)

But as Eq. (5.11) shows. d7 T can be replaced as follows.

LI N - S_1 .
dp __dV _y-lypdb” _dli” 1 7 l.\.{-) (A.18)

p I 2 ot 22

The dp p term and the 4V>'V'" term in Eq. (A.13) can now be replaced to give.

di” 1yl oy MO ML (A.19)

ity 2 2 D, 2
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Since velocity can be expressed in terms of Mach number. according to Eq. (A.16). this

equation becomes.
AVA . . .
! d [-1=(z=-DM- -+ M- ]+ nll yM-de=0 (A.20)

'*77_1"’: ALl D.

or

i 21-MY) adM
Di apaa?zhyny M

(A.2D)

By similar procedures. expressions for di" 1" dp p. dT T and dp p can be derived. These

variables are then expressed as tunctions of the Mach number.

di' _ dp M- dfdx dM (A22)
e 20-00) Dy Yoy o
) T
dp _ yMIl+(z=DACJAfd 1+ -DMC Y (A23)
P =M Dy g EThye -
i 5
dT  7(z-DM* A fd Mdyv
7=_"((’;- 1)1:) grz_(./—” 71, - (A2
: 4 1+ c.z- A
Entropy changes are determined from.
dT _ . dp _ 7RM* & fdx _RA-A)daM (A.25)

ds=¢c.—~-R
- T

3 v =
P 2 D 4.7 ,41, M
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The second law of thermodynamics states that ds > 0. It is evident from this equation
that the friction coefticient f is positive. Also for subsonic flow the Mach number
increases. and for supersonic flow the Mach number decreases as a result of frictional

flow.

The stagnation pressure can be calculated from.

7=l -7:1
Therefore.
v M- -M- Al
ﬂ__/j 4fdx=_ (17—-11 y dM (A.27)
P: S N PE SV

It 1s evident by comparing Eq. ((A.26) with Eq. (A.27) that changes in entropy and in
stagnation pressure are related as follows.

@ _ 9 (A.28)

R Py
The relative change in stagnation pressure therefore provides an indication of the degree

of irreversibility of the process. Note also that frictional flow results in a reduction of

stagnation pressure regardless of whether the flow is subsonic or supersonic.
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Based on the relations above. relative parameters can be determined by Mach number
only. because dx and f are both positive. The following table A.1 explains how each

parameter changes along the jet's x-direction.

Table A.1 Parameter Changes along the Jet's x-Direction

Parameter Change : Mc<I M>1

dp dx ; <0. decreasing >(. increasing

DV & ' >(. increasing <0. decreasing

dpdx <0. decreasing >(0. increasing

dT dx <0. decreasing >0. increasing |
dM dx >0. increasing <0. decreasing 1:
dpn dx <0. dec.reasing ;
dF dx | <0. decreasing —
ds'dx >(. increasing

L
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Equations relating flow variables

The properties of a fluid at any section of a duct may be related to the properties at any
other section. Equation (A.21) shows how the Mach number changes with displacement
along the duct. By separating the variables and by establishing the limits 1/=\f, at the

entrance of the duct and A\/=1/; at a distance L. the following integral equation applies.

I" 4ﬁi¥ _ f’: 1-V- d.‘[: (A.29)
D, L 3 7=,
i PM=T20 0

By applying the method of partial fractions to the right-hand side. the following fraction

terms are obtained.

1""'1 a2, 2 (A.30)

sMA *Z-} A7)

and by treating the friction factor as a constant. the resulting equation can be integrated

1o give.

4ﬂ = - — —)+ n = = - ) (A'31)
D. ¥ M7 M:I 2y M, v-1.,.
! - l? ‘{‘

N -
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where the average friction coefficient 7 is defined as 7 = % f fdx .

Since friction causes the properties of any flow. whether subsonic or supersonic to
approach those characteristic of Mach 1. this state is chosen as the reference state and it
is denoted by the asterisk (*). Properties of a gas at any section of the duct can therefore
be described cither on an absolute basis or in relationship to the properties at Mach 1. To
express a property in dimensionless form at a particular Mach number. the
corresponding expression is integrated between the limits corresponding to that Mach
number and the limits and corresponding to Mach 1. These properties expressed

nondimensionally in terms of Mach number. are tabulated as follows.

I i v+
r 1 n

o : A32

I V2+(7=-DM- (A7)
p_1 : 7=+l -
e A.

P M\2<( DM (A-22)
L=——Z']—— (A.34)
T 2+(7-h\M-

It ey -nMe

-ﬂ.z—z— ;(‘:_u_ (‘,‘\‘35)
p MY o+l
2 M 71 & (A.36)

[R+(r-DM M-
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Maximum duct Length

When the exit has a flow of Mach number 1. it is said that the duct has the maximum
length Ly,.. because. if the length is longer than L. a shock wave is developed inside
the duct. Therefore Lma can also be defined as follows: for any given fixed Mach
number at the entrance of a duct with length Ln,,. the exit has Mach 1. Eq. (A.30) then it

can be rewritten as.

(1+=¥)\f°

a2
2+ 52

1 M7 o+l
4_/1-.'711\ =] { +‘/+ ln

D, A 2y

(A37)

[f the Mach number at the entrance is changed. the maximum length also changes.

To better understand the maximum length L. variable 7. is defined to replace \f with

the following relation.

where a is the reference sonic speed where velocity is equal to local sonic speed. In

thiscase. I'=za=da".

From the energy equation.

= const {A.39)

—_—
5.
I/-l

or
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I a a a y+la”

T*;/—lzT?;/—l;—'/-lT (A40)
or
a y+1 v-1_.
=t (A41)
a - -
Since
R I':a:
AYA =E—=—7=— (A.42)
a a a
The relation between M and 7. is given by.
. il
M- = P (A43)
1——:‘(2'-‘)
or
. M-
A= — : (A.44)
1+ ° (M- -1
v+
Then Eq. (A.37) can be rewritten as.
4}71'!’"1\ :/+l( ] ] ln l ) A"-
—_= ——1=In—: A4
D, 2y AT LT ( )

4
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Appendix B Details of PIV Technique

This Appendix discusses the general aspects of PIV. including the principle. techniques

used. the rules. laser optics and synchronization. based on TSI PIV system.

The PIV system used in our experiment is a standard system by TSI the first company
to commercialize PIV systems worldwide. In the following introduction of PIV
techniques. TSI will mentioned solely because some theories are based on this TSI

system specifically.

B.1 Principle of Particle Image Velocimetry

The experimental set-up of a PIV system typically consists of several sub-systems. In
most applications tracer particles have to be added to the flow. These Particles have to
be illuminated in a plane of the flow at least twice within a short time interval. The light
scattered by the particles has to be recorded either on a single frame or on a sequence of
frames. The displacement of the particle images between the light pulses has to be
determined through an evaluation of the PIV recordings. In order to be able to handle the
great amount of data which can be collected emploving the PIV technique. sophisticated

post-processing is required.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Details of PIV Technique 227

o First light pulse at t
o Second light pulse at t

Y Imaging optics
Flow direction

Image plane

Figure B.1: Experimental Arrangement for Particle Image Velocimetry in 2 Wind
Tunnel

(Raffel. M.. Willert. C.. Kompenhans. J. Particle Image Velocimetry Springer)

Figure B.1 briefly explains a typical set-up for PIV recording in a wind tunnel. Small
tracer particles are added to the flow. A plane (light sheet) within the flow is illuminated
twice by means of a laser (the time delay between pulses depends on the mean flow
velocity and the magnification at imaging). It is assumed that the tracer particles move
with local flow velocity between the two illuminations. The light scattered by the tracer
particles is recorded via a high quality lens either on a single photographical negative or

on two separate frames on a special cross correlation CCD sensor. After development
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the photographical PIV recording is digitized by means of a scanner. The output of the

CCD sensor is stored in real time directly in the memory of a computer.

For evaluation the digital PIV recording is divided in small subareas called
"interrogation areas”. The local displacement vector for the images of the tracer particles
of the first and second illumination is determined for each interrogation area by means
of statistical methods (auto- and cross- correlation). It is assumed that all particles within
one interrogation area have moved homogeneously between the two illuminations. The
projection of the vector of the local tlow velocity into the plane of the light sheet (2-
component velocity vector) is calculated taking into account the time delay between the

two illuminations and the magnification at imaging.

The process of interrogation is repeated for all interrogation areas of the PIV recording.
With modern video cameras (i.e. 1k x 1k sensor elements) it is possible to capture more
than 100 PIV recordings per minute. The evaluation of one video PIV recording with
3600 instantaneous velocity vectors (depending on the size of the recording and of the
interrogation area) is of the order of a few seconds with standard computers. if even
faster availability of the data is required for on line monitoring of the flow. dedicated
hardware processors are commercially available which can perform evaluations of

similar quality within fractions of a second.
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B.2 Lasers and Optics

In a PIV experiment. lasers are used to produce the high-energyv pulsed lightsheet for
taking PIV photographs of small particle images. TSI has developed the PIV syvstem

using three types of lasers: Argon lon laser. Single’'Double Pulsed Nd:YAG laser. and

Dual Nd:YAG laser.

Two Nd:YAG Lasers

In the two-laser configuration one laser fires first. then the other fires after a time delay.
This allows from either one short or long pulse separation with the full power of each
laser. The beams from the two lasers illuminate the same flow field at a different time in
order to capture the particle movement. Several Nd:YAG laser manufactures make PIV
laser systems with two laser cavities and beam combination optics built into a single
box. The TSI Model 610010 Beam Combination Optics can be used to combine the laser

beams from two Continuum Surelite Nd:YAG lasers.

Double Pulsed Nd:YAG

An alternative to using two Nd:YAG lasers is the double pulsed Nd:YAG laser. The
double pulsed Nd:YAG laser fires the Q-Switch twice during a single flashlamp
discharge. The double pulsed laser has the advantage of being easier to align than a two-
laser system. The Q-Switch delay time must be set with the time between pulses (AT) to

get two equal energy pulses. A double pulsed laser can produce two pulses with about
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1'3 the single pulse energy of the laser single pulsed. The pulse energy is a function of
the time between pulses and the energy declining with increase time between pulses.
The maximum time between pulses with a double pulsed laser is about 200 us. This

makes the double pulsed laser appropriate for flows with velocities of | m s or higher.

Lightsheet Optics

The flow in a PIV experiment is illuminated with a pulsed laser lightsheet. Typically. a
collimated laser beam is transmitted through a cyvlindrical lens to diverge the beam in the
height direction and a spherical lens is used to control the thickness of the lightsheet.
Figure B.2 shows the lightsheet optics. The camera usually is focused near the lightsheet

waist. at the focal length of the spherical lens.

The cylindrical lens has a negative focal length and diverges the beam. Small focal
lengths diverge the lightsheet faster than longer focal lengths. The focal length of the
spherical lens is much longer than the cyvlindrical lens making the selection of the
spherical and cylindrical lenses independent of each other. The spherical lens was
selected to provide the proper-sized lightsheet thickness where the photograph was

taken. The cyvlindrical lens was selected to give the proper lightsheet height at that point.
When selecting the lightsheet dimensions. keep in mind that the larger the cross

sectional area is. the lower the light intensity is. To expose the particles. the light

intensity must be high enough. The photograph can be taken anvwhere along the
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lightsheet. but usually the best place is at the focal distance of the spherical lens near the
lightsheet thickness waist. where the lightsheet is the thinnest. so the light intensity is

higher.

When selecting the lightsheet dimensions. we must also consider the variation in the
beam intensity over the photograph area. A typical problem arises when getting the
thinnest lightsheet. then a short focal length spherical lens is used. Since the thickness
divergence is larger for short focal-length lenses. there may be a large difference in

intensity due to the lightsheet thickness.

B wein
Top View
rm
—_— - —— -
Side View o _
— iR
| / 1
Cyflindrical Sphesical
L?{*“"‘"" Lore Lo

Figure B.2: Lightsheet Optics
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B.3 Synchronization

In TSI system. Model 610050 Synchronizer provides the timing and the sequence of
events while taking a PIV photograph. Having all of the components working together is
critical a good photograph to capture and to render a good PIV image. Each of the
components requires some time to operate and only by sequencing properly. good

photograph can be obtained.

There are however. a couple of cases where sequencing the operation of the equipment
by a Synchronizer is not really necessary. One such case is when using an Argon ion
laser that is operating in the continuous pulse mode. Here. svnchronization is not
necessary because the laser is always pulsing. and the camera can capture the image at
any time. The number of pulses depends on the camera's shutter speed. For instance. if
the laser is pulsing with 1 ms between pulses and the camera shutter is set for 130 sec.
33 ms exposure then camera records about 33 pulses. However. since image shifting

cannot be used. the determination of flow direction is not possible.

In very low-speed flows case. using a video camera without a svnchronization is
possible for measurement. For instance. the Model RS-170 system with 30 frames per
second image capture rate is used. and the particle is not moving very much within the
1'30 second. then the laser lightsheet does not have to be pulsed and by cross correlating

two frames. mavbe several camera frames apart. then the velocities can be measured.
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However. in cases where the laser is being double pulsed or image shifting is being used.
we have to ensure that all the parts are working together. The following sections

describe the tiring sequence for all the PIV components.

Timing Requirements for PIV Components

The tollowing discusses the timing requirements for each PI\" component.

e Nd:YAG Lasers

Nd:YAG lasers require two signals to create a laser pulse: the first one triggers the
flashlamp. and the second signal opens the Q-Switch that pulses the laser. With single.
double pulsed lasers. the second pulse is created by Q-Switching the other Marx bank in
the laser. With dual. Nd:YAG laser systems. each laser receives a flashlamp and W-

Switch signal. The delay time from tlashlamp to Q-Switch is usually 130 to 200 ps.

e Cameras

The PIV syvstem can operate with a variety of cameras. Cameras with external triggers
and mechanical shutters such as 35mm and KODAK™' and MEGAPIMS™ cameras are
triggered by the Synchronizer to start the exposure. When the mechanical shutter is fully

open the camera signals the Synchronizer camera shutter feedback to flash the laser.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Details of PIV Technique 234

Other externally triggered cameras without a flash synchronization can also be used with
the Svnchronizer. The Synchronizer triggers the camera and then waits for the

programmed Pulse Delay time before firing the laser.

¢ Without Image Shifting
The sequence of events for capturing a series of frames without image shifting is:

1. Synchronizer triggers the camera to start exposure

1J

. Camera starts exposure and triggers the Synchronizer then the shutter is open with the

flash sync output

(O ]

. Synchronizer sends fire signals to the laser for the first pulse.

4. Synchronizer waits the selected pulse separation time

h

. Svnchronizer sends signals for the second pulse of light.

6. The camera shutter closes at the end of the exposure time.

7. Camera winds up the film to the next frame or outputs the video data.

8. Repeat the sequence for the number of frames to capture. The camera must be ready

for the next exposure to trigger before the frame rate time or an error will occur.
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B.4 Post Processing
Post Processing refers to the analysis of the velocity vector field after the vectors have
been extracted from the PIV image. Post processing consists of two basic functions—

vector editing and computing flow properties.

Vector editing is necessary because some wrong peaks mav be chosen as the velocity
peak. In vector fields with 1.000 points. ninety-nine percent correct vectors still give 10
wrong vectors. During the image processing the signal-to-noise ratio at each spot must
pass the threshold values to be considered a valid peak. Usually these thresholds are set
to filter out most of the bad points. but if the thresholds are too high to filter out all the

bad points. many good points are also eliminated.

In post processing. the vectors are compared against the neighboring vectors. Vectors
that vary by more than the validation tolerance from the neighborhood average. are
removed. This neighborhood check enforces continuity' on the flow. Places that are left
empty can be filled in by interpolating the neighboring vectors to get the best estimate of

the velocity at that point.
After the vector has been validated and the missing points filled in. the properties of the

flow can be computed. Measuring the flow properties like vorticity from the accurate

vector field data is one of the key reasons for performing PIV measurements. The post
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processing module computes vorticity. five strain rates. and the velocity magnitude.

These parameters can be displaved by color-coding the arrows or by contour displays.
The post processing is performed using another Windows application called

DATASHOW for Windows. On UNIX systems. post processing can be done from

within the INSIGHT program.
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B.S PIV Techniques

Knowing the principle of PIV. we may develop a few techniques to perform velocity
measurement. Three of these techniques are popular. Autocorrelation, 1-frame
Crosscorelation and 2-frame Crosscorrelation. l-frame Crosscorrelation is more
complicated and requires the Image Shifter to remove ambiguity. therefore. it is not used

in our experiment.

B.S.1: Autocorrelation

To better understand autocorrelation. computing autocorrelation with convolutions is
shown here as an example. Figure B.3 shows direct correlation between one frame and

itself.

In the convolution method. two copies of the interrogation spot are used. One image is
overlaid on top of the other with a pixel offset corresponding to the displacement being
checked. The autocorrelation function is the sum of the products of the aligned pixel
values. The summation of pixel intensity products is computed for each displacement of
the correlation being checked. Graphing the summation at each offset gives the

autocorrelation function.
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Figure B.3: Direct Correlation

Correlation by convolution can be done using two positive transparencies and an
overhead projector. Each of the positive transparencies has a black background with
clear particle images. The light passes through areas where two particle images are lined
up while in areas where a particle image aligns with the black background of the other

transparency. no light is transmitted. The total light transmitted through both
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transparencies is the correlation function.

When the two transparencies are overlaid with no displacement. all of the particle
images from the first transparency are aligned with a particle image in the second
transparency and light is transmitted. This is the zero peak and produces the strongest

correlation possible.

To measure the correlation for a given particle displacement. the second transparency is
translated by the particle displacement distance relative to the first transparency. The
transmitted light through the transparencies is the correlation at that displacement. To
compute the autocorrelation function each pessible displacement is tried and the results
are plotted on a graph. The displacement with the highest correlation is the particle

image displacement.

Autocorrelation Using FFTs

Having scen the particle tracking and convolution methods of performing
autocorrelation. let us now examine how INSIGHT NT performs autocorrelation using
FFTs. The following is a non-mathematical explanation of how 2D FFTs are performed

with the INSIGHT NT software.

A two-dimension FFT is a one-dimensional FFT performed on each column of data

followed by a one-dimensional FFT on each row of data. The input image data is real.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Details of PIV Technique 240

the FFT output is complex. with real and imaginary components. The complex FFT
output data is converted into the real power spectrum. without the phase information.
The power spectrum contains the information about the distance between particle

images. while the phase contains information about the particle location.

B.5.2: 2-Frame Crosscorrelation

2-frame crosscorrelation uses two image frames with one pulse of light on each frame.
The flow velocity is found by measuring the distance that the particles have traveled
from frame 1 to frame 2. With 2-frame crosscorrelation. only the images from laser
pulse 1 are on frame 1. and only second laser pulse images are on frame 2. This
complete separation of the particle images allows the velocity to be without directional
ambiguity. Image shifting is not required to resolve the directional ambiguity for 2-
frame crosscorrelation. Zero-velocity does not exist of 2-frame crosscorrelation
techniques. Since the particle image is recorded on two image frames. a particle with
zero velocity shows up on both image frames at the same location can be measured. the

velocity will be zero.

The signal-to-noise ratio of 2-frame crosscorrelation is the best among all the correlation
methods. This is because only first particle images are in the image window 1 and only
second particle images are in image window 2. There is NO overlapping of first and

second particle images as in the case with single image frame system.
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The limitation of using 2-frame crosscorrelation is in the effective image capture rate. or
frame rate. The particle must move less than one-fourth of the interrogation spot in the
time between the first and second laser pulses. The framing rate for 335mm film cameras.
and many high resolution CCD cameras. makes the 2-frame crosscorrelation PIV not
practical. With standard RS-170. the time between frames is 33 ms. or 30 Hz. With
CCD. the time between frames is 40 ms. or 25 Hz. The time interval of 33 ms between
images is only useful for low velocity flows. To increase the effective frame rate. “frame
straddling™ is used. In frame straddling the laser is pulsed at the end of the first exposure
period and then at the start of the second exposure period. This allows short time
intervals between pulses for high velocity flows to be measured. When frame straddling
is used with a 30-Hz camera. two image frames are required for each measurement and
the flow sampling rate is 15 Hz. For best results. a camera that can capture a picture.
then move the image into memory and starts integrating the next image frame quickly is
desired. The movement of charge between the photosensitive pixels and memory must
be very fast for high-speed 2-frame cross-correlation. The time it takes from the end of
one exposure period and the start of the next exposure period determines the maximum
flow velocity that can be measured. The time 1t takes to readout the image from the CCD

to the computer determines the frame rate or how frequently the flow can be sampled.
This power spectrum that result from the 2D FFT is a computed Young's Fringe pattern.

The particle displacements are in the frequency domain. In many early PIV analysis

systems. the Young's Fringe was optically obtained using a HeNe laser to illuminate a
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PIV transparency. This processing technique was used primarily because less computing
power was available at that time. With Young's Fringe patterns as the input image only.
a single 2D FFT is computed to get the autocorrelation. An inverse 2D FFT and power

spectrum on the Young's Fringe pattern produces the autocorrelation.

The power spectrum is computed from the sum of the squares of the real and imaginary
components. The square root of the computed power spectrum should be used to get the
same scaling factors for the peak intensities to compare the direction correlation
techniques with FFT correlation. Calculating the square root of the computer power
spectrum was skipped to save processing time. It does not affect which peak is selected
as the displacement peak. but it does change the relative peak intensities and the signal-

to-noise ratio numbers.

One difference between processing the data using direct correlation methods and FFT
correlation processing method is aliasing. With the particle tracking histogram
technique. the maximum displacement is the full interrogation spot size. With the
correlation by convolution the maximum displacement is limited 1o the displacements
checked. In both these cases if the displacement is too large the particle pair peak is
unlikely to be measured. With FFT autocorrelation displacements. from two particle
image diameters up to half the interrogation spot are measured correctly. Displacements

between half to the full spot size are measured in the wrong location.
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Displacements larger than half the spot are in an aliased position in the autocorrelation.
With these large displacements. the peak moves back towards the center. The true
displacement is the distance to the edge of the autocorrelation plus the distance from the
edge to the peak. The peak location measured as the distance from the center to the peak
is not the true distance. Because of the danger of aliasing. the autocorrelation is not
searched to the edges for peaks. With the outer 18 of the autocorrelation not searched
displacements from 3 8 to 5 8 the spot are not allowed. This leaves only displacements
trom 58 to 1 spot that can be measured in an alias position. Care must be taken to set up

the processing parameters so that these very large displacements do not happen.
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B.6 Rules of Correlations

This section gives some guidelines on optimizing experiment for best PIV results. To get
the best results from a PIV experiment. the image capture and the interrogation zone
must match the flow. Typically. the parameters that can be set to optimize the
measurement are: the time between laser pulses (dT): interrogation spot size: photograph
magnification: lightsheet dimensions: seed particle and seed concentration. With these
parameters in mind. the following rules were developed. Since the difference between
autocorrelation and crosscorrelation is only the storage for images. the rules are about

the same. Therefore we list only the rules for autocorrelation.

Rule-of-Thumb for Autocorrelation PIV Analysis

Rule 1: Interrogation spot size should be small enough so that one vector describes the
flow within that spot.

Rule 2: There should be more than ten particle image pairs per interrogation spot.

Rule 3: Maximum in plane displacements should be less than % of the interrogation spot
size.

Rule 4: Maximum out-of-plane displacement should be less than 'z of the lightsheet
thickness.

Rule 5: Minimum in-plane displacement should be two particle-image diameters.

Rule 6: Exposure must be large enough to clearly show the particles.
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Rule 1: Interrogation-Spot Size Should be Small Enough For One Vector to

Describe Flow for That Spot

Velocity Gradient

Input Image Autocorreiation

. ./.r— Chosen Displacement
®
: ™ -. -\

RN

N\ Particie Pairs
Not Overlapping

Figure B.4: Error from Velocity Gradient

Rule 2: Should Have More than Ten Particle Image Pairs Per Interrogation Spot

The percentage of correct velocity measurements as a function of the number of particle
pairs has been established by Keane and Adrian. Their results are shown in Figure B.S5.
These results show that the percentage of correct velocity measurements correlates
strongly with the number of particle image pairs in the spot. (This work also takes lost
pairs. and Rules 3 and 4 into account.) As the concentration increases bevond one per

spot. the percentage of valid measurements increases. This is because many pairs of
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particle images contribute to the displacement peak. The noise peaks caused by the
correlation of the images of different particles decrease relative to the displacement

peak. The loss of some pairs is tolerable because many others pairs are still creating the

displacement peak.

Valid Data vs Number of Particle Pairs
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§
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Figure B.5: Correlation of Correct Velocity Measurements with The Number of Particle

Images

Particle image concentrations with an average of one per interrogation spot produce the

most erroneous measurements. This is because there is a high probability of having two
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pairs. or one and a half pairs or two half pairs in the interrogation spot. With two pairs of
particles of equal size. the correlation for the distance between the two particles is as
strong as the distance between the first and second image. With two pairs of particles of
equal size. the wrong measurement is made fifty-percent of the time. With these low
concentrations. a single particle that crosses the interrogation spot boundary can cause
wrong measurements to be made. Figure B.6 illustrates these errors for low particle-

image concentration images.

The percentage of correct velocity measurements increases with decreasing particle
image concentrations from an average of one pair per spot down to very low
concentrations. This is because where a pair of particles is found. it is unlikely that a
second particle will also be in that same spot to cause confusion about the correct
pairing. A velocity measurement is only possible where a pair of particles is found.
threfore very low seeding concentration pictures produce sparse vector fields. If the goal
of the experiment is to measure the flow on a high resolution grid. low seeding
concentrations must be avoided. This increasing correct vectors with decreasing particle
concentrations lead us to assume that the processor is set to reject areas with very low
signals and that it can distinguish between the grav scale variations in background light

and the particle images.
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Interrogation Errors
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Figure B.6: Interrogation Errors

Effective seeding can be increased by increasing the interrogation spot size. With a
larger interrogation spot there are more pairs per spot. When you increase the spot make
sure that you are not violating the velocity gradient requirement of Rule 1. Decreasing
the interrogation spot gives more velocity vectors with the same interrogation spot

overlap. For high-resolution work and for investigating small flow structures. you should

select small interrogation spots.
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Rule 3: Maximum In-Plane Displacements Should Be Less than One-Fourth

Interrogation Spot Size

This maximum displacement is a compromise between two parameters: Large

displacements for the best percent of reading accuracy and small displacements to

minimize lost pairs.

Lost Pairs, in Plane Motion

Lost Pair Area, Y Displacement

Displacement
\ dX _ Vector
\ gy
|
First images |
Lost Pair
YSpot in this Area
Area X
are Paired / Displacement

— XSpot _____

%Paired = (1-dX/XSpot) * ( 1 - dy/ YSpot) * 100%

Figure B.7: Lost Pairs
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As explained before. the velocity is measured by finding the location of the particle
displacement peak. The location of the peak is measured with centroid or curve fit to a
fraction of a pixel. The accuracy of the PIV measurement is a percent of full scale. or a
number of pixels. The peak location error is the same wherever it is located. near the
center zero velocity peak or near the edge. With large displacements the peak location
error is a smaller percent on the reading than small displacement peaks. The absolute
maximum displacement that gives the correct displacement is half of the interrogation
spot. If large displacements are used. the FFT aliases. the peak location. and the

measured peak give the wrong velocity.

Lost pairs refers to particles that are inside the interrogation spot for only one laser
pulse. In-plane motion causes particles to move across the spot border. Fast moving
particles are more likely to lose a pair than in the case of slow particles. Lost pairs create
a velocity bias towards slow velocity flow. The lost pair estimation is given in Rule 4.
The compromise between these two objectives is 14 spot displacement. to give good

pairing and to give accuracy of the system.
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Rule 4: Maximum Out-of-Plane Displacement Should be Less Than One-Fourth of

Lightsheet Thickness

This rule is established to keep the lost pairs (due to out-of-plane motion) to an
acceptable level. In many experiments the lightsheet is about | mm thick and the
interrogation spot is Imm x Imm. With this 1mm cube measurement volume. the
restrictions on out-of-plane displacement is no greater than the in-plane displacement.
With both in-plane and out-of-plane displacements considered. the estimated percentage

of particles with pairs in the interrogation spot is:

Percentage Paired=(1-dX Xspot)*(1-dY “YSpot)*(1-dZ Thick)*100%
where

Percentage Paired= Percent of particles with a pair in the interrogation spot
dX=Particle image displacement in X direction

dY=Particle image displacement in Y direction

dZ=Particle image displacement is Z direction. out of plane motion
XSpot=Interrogation spot size in X direction

Y Spot=Interrogation spot size in Y direction

Thick=Lightsheet thickness
When the maximum one-fourth interrogation spot and lightsheet thickness image

displacement is used. an average of 42% of the particle images are paired. The seeding

concentration must be increased for the lost pairs to get the same results. For one-fourth
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spot displacements in all three directions. the required seeding concentration is ten pairs

per spot divided by the .42 paired. which is equal to 24 pairs per spot.

Rule §: Minimum In Plane Displacement Should Be Two Particle Image Diameters
If the particle image displacement is less than two particle image diameters. the image
would be one elliptical particle image instead of two particle images. The
autocorrelation zero peak and displacement peaks must be separated to accurately
measure the centroid of the displacement peak. If the peaks overlap. the centroid will

include some of the zero peak and bias the measurement towards zero displacement.

Figures B.8 and B.9 show the autocorrelation at two points in a turbulent flow. The
displacement at the first spot is about two particle-image diameters. In the
autocorrelation. the displacement peak has separated from the central zero peak. This

point gives a good velocity measurement.
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Figure B.8: Autocorrelation at Two Points in a Turbulent Flow

Figure B.9 shows an interrogation spot with about one particle-image diameter
displacement. Here the displacement peak is connected to the central zero peak
producing a single oval central peak. When the displacement peak blends into the zero
peak. \elocity measurement crror occurs. In this case the measured velocity is the

distance between particles and not the particle image displacement.
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Figure B.9: An interrogation Spot with One Particle-image Diameter Displacement

Rule 6: Exposure Should be Large Enough To Show Particles

There are many tactors that determine the exposure. These are:

1. Laser energy

2. Lightsheet dimensions

‘s)

- Camera Focal length number
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4

. Photograph magnification

th

. Film Speed and resolution

o))

. Particle size. and

~J

. Particle matenal

The PIVCALC program uses all the above experimental parameters. except particle

scattering parameters. to compute the lightsheet intensity and camera exposure.

Regarding particle scattering. the particle size and material determine the scattered light
power in the image of each particle. The particle scattering is in the Mie regime for most
PIV applications. Mie scattering is complex and the scattered energy varies greatly with
scattering direction. particle size. and particle index of refection. The complexity of Mie
scattering makes 1t difficult to make general statements about how much exposure is
required for a given experiment. In most applications. the correct exposure can be found

through trial and error.

It is difficult to quantifv the parameters that affect exposure and come up with a clear
recommendation. Generally. vou can use a 3-Watt Argon lon laser for water flows that
have low velocities. Use a Nd:YAG laser for higher velocity flows. especially for air

flows with micron-sized seed particles.
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B.7 Characteristics of PIV

With the introduction above. we outlined the characteristics of PIV measurement.

e Nonintrusive velocity measurement. In contrast to techniques for the measurement
of flow velocities emploving probes as pressure tubes or hot wires. the PIV
technique being an optical technique works nonintrusively. This allows the
application of PIV even in high speed tlows with shocks or in boundary lavers close

to the wall. where the flow may be disturbed by the presence of probes.

¢ Indirect velocity measurement. In the same way as with laser Doppler velocimetry
the PIV technique measures the velocity of a fluid element indirectly by means of
measuring the velocity of tracer particles within the flow. which in most applications
have been added to the flow before the experiment started. In two phase flows the
particles are already present in the flow. In such a case it will be possible to measure
the velocity of the particles themselves as well as the velocity of the fluid (o be

additionally seeded with small tracer particles).

¢  Whole field technique. PIV is a technique which allows one to record images of
large parts of flow fields in a variety of applications in gaseous and liquid media and
to extract the velocity information out of these images. This feature is unique to the

PIV technique. Except Doppler global velocimetry (DGV). which is a new technique
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particularly appropriate for high speed air flows. All other techniques for velocity
measurements allow only the measurement of the velocity of the tlow at a single
point. and in most cases with a high temporal resolution. With PIV the spatial
resolution is large. whereas the temporal resolution (frame rate of recording PIV im-
ages) is limited due to technical restrictions. These features must be observed if
comparing results obtained by PIV with those obtained with traditional techniques.
Instantaneous image capture and high spatial resolution at PIV allow the detection of

spatial structures even in unsteady flow fields.

e Velocity lag. The need to employ tracer particles for the measurement of the flow
velocity requires us to check carefully on each experiment whether the particles will
faithfully follow the motion of the fluid elements. At least to the extent required by

the objectives of the investigation. Small particles will follow the flow better.

e [llumination. For applications in gas flows a high power light source for
illumination is required in order for the light scattered by the tiny tracer particles to
expose the photographic film or the video sensor. However. the need to utilize larger
particles because of their better light scattering efficiency is in contradiction to the
demand to have as small particles as possible in order that theyv follow the flow
faithfully. In most applications a compromise has to be found. In liquid flows larger
particles can usually be accepted which scatter much more light. Thus. light sources

of considerably lower peak power can be used here.
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¢ Duration of illumination pulse. The duration of the illumination light pulse must be
short enough so that the motion of the particles is "frozen" during the pulse exposure

in order to avoid blurring of the image ("no streaks”).

e Time delay between illumination pulses. The time delay between the illumination
pulses must be long enough to be able to determine the displacement between the
images of the tracer particles with sufficient resolution. and short enough to avoid
particles with an out-of-plane velocity component from leaving the light sheet

between subsequent illuminations.

e Distribution of tracer particles in the flow. At qualitative flow visualization
certain areas of the flow are made visible by marking a stream tube in the flow with
tracer particles (smoke. dve). According to the location of the seeding device the
tracers will be entrained in specific areas of the flow (boundary layers. wakes behind
models. etc.). The structure and the temporal evolution of these structures can be
studied by means of qualitative flow visualization. For PIV the situation is different:
a homogeneous distribution of the medium density is desired for high quality PIV
recordings in order to obtain optimal evaluation. No structures of the flow field can

be detected on a PIV recording of high quality.
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¢ Density of images of tracer particles on the PIV recording. Qualitatively three
different types of image density can be distinguished. which is illustrated in Figure
B.10. In the case of low image density (Figure B.10a). the images of individual
particles can be detected and images corresponding to the same particle originating
from different illuminations can be identified. Low image density requires tracking
methods for evaluation. Theretore. this situation is referred to as “particle tracking
velocimetny *. abbreviated "PTV". In the case of medium image density (Figure B.10
b) the images of individual particles can be detected as well. However. it is no longer
possible to identify image pairs by visual inspection of the recording. Medium image
density is required to apply the standard statistical PIV evaluation techniques. In the
case of high image density (figure B.10c) it is not even possible to detect individual
images as they overlap in most cases and form speckles. This situation is called
"laser speckle velocimetry” (LSV). a term which has been used at the beginning of
the 80°s for the medium image density case as well. as the (optical) evaluation

techniques were quite similar for both situations.

e Number of components of the velocity vector. Due to the planar illumination of
the flow field only two (in plane) components of the velocity vector can be
determined in standard PIV (2C-PIV). Methods are already available to extract the
third component of the velocity vector as well (stereo techniques. dual-plane PIV.
holographic recording). This would be labeled 3C-PIV. Both methods work in planar

domains of the flow field (2D-PIV).
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Number of illuminations per recording. For both photographic and video techniques.
we have to distinguish whether it is possible to store images of the tracer particles on
different frames for each illumination. or whether all particle images due to the different

illuminations are stored on a single frame.

(a)

Fig. B.10: The Three Modes of Particle Image Density: (a) Low (PTV). (b) Medium

(PIN'). and (c) High Image Density (LSV).

Extension of observation volume. In the most general way an extension of the
observation volume is possible by means of holographic techniques (3D-PIV). Other
methods such as establishing several parallel light sheets in a volume or scanning a

volume in a temporal sequence would be referred to as 2~1D-PIV.

Extension in time. By means of repetitively working cameras it is already possible to

record temporal sequences of PIV recordings. However. as the repetition rate of pulse
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lasers and cameras is limited. it is not possible to record fast enough as it would be

required due to the temporal scales of most tflows.

Size of interrogation area. The size of the interrogation area at evaluation must be
small enough for velocity gradients to have no significant influence on the results.
Furthermore. it determines the number of independent velocity vectors. Therefore the
maximum spatial resolution of the velocity map can be obtained at a given spatial

resolution of the sensor emploved for recording.

Repeatability of evaluation. In PIV full information about the flow velocity field
(except the time delay between pulses and magnification at imaging) is stored during
recording time at a very early stage of data reduction. This leads to a very interesting
feature that on PIV recordings. information can easily be exchanged for evaluation and
post processing with others. employving different techniques. The information about the
flow velocity field completely contained in the PIV recording can be exploited later on.
in quite a different way from what it had originally been planned without the need of

repeating the experiment.

In this section the main features of the PIV technique have been described briefly to
support a general understanding of its unique features. PIV' offers new insights in fluid
mechanics especially in unsteady flows as it allows to capture of whole velocity field
instantaneously. Together with other quantitative flow visualization techniques giving

information about other important physical quantities of a fluid such as density.
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temperature. concentration. etc.. which are already well known and widely used. and
new optical methods for the measurement of quantities on the surface of a model such as
pressure or deformation. a more complete experimental description of a complex flow
field will be possible and will be available for comparison with the results of numerical

calculations in future.
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Appendix C Program Jet Exit Pressure

The following is the Fortran program for Gauge pressure. which is used to control the

exit Mach number.

program main

real ms_in. ms_exit
real ms_in_max. ms_in_min

¢ gama=1.667 for helium
¢ gama=1.24 for knypton
¢ gama=1.4 for nitrogen

print*." This program is used to find the gage pressure”
print*." at which the required exit mach number of the
print*."” jet has been achieved”

ms_in_max=0.99
ms_in_min=0.01

print*. "gama=1.667 for helium”

print*. "gama=1.24 for krypton”

print*. "gama=1.4 for nitrogen”

print*. "input gas constand gama:"
read(*.*)gama

print*. "ms_exit=0.3"

print*. "ms_exit=0.6"

print*. "ms_exit=0.9"

print*. "input required mach number at exit:"
read(*.*)ms_exit

fbar=0.0068

dh=0.277

tube 1=6.7-13.6-30*dh

p_exit=14.7
p_star=sqrt((gama~1)'(2~(gama-1)*ms_exit**2))
p_star=p_exit*ms_exit p_star

print*. "p_star=". p_star
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111 continue
ms_in=(ms_in_max-ms_in_min) 2.0

errorl=(1-(gama-1)2*ms_exit**2)/(1-(gama-1)2*ms_in_max**2)
errorl =(gama-1)'2 gama®*log(ms_in_max**2'ms_exit**2*errorl)
error]=(1 ms_in_max**2-1 ms_exit**2)/gama-error]

error] =4*fbar*tube_| dh-error!l

¢  print*. "errorl=", errorl

error2=(1-(gama-1)2*ms_exit**2) (1-(gama-1)2*ms_in_min**2)
error2=(gama~1)2 gama*log(ms_in_min**2 'ms_exit**2*error2)
error2=(1'ms_in_min**2-1 ms_exit**2) gama-error2
error2=4*fbar*tube_| dh-error2

¢ prnt*. "error2=", error2

error=(1~(gama-1)"2*ms_exit**2) (1 ~(gama-1)2*ms_in**2)
error=(gama-1) 2'gama*log(ms_in**2'ms_exit**2*error)
error=(1'ms_in**2-1'ms_exit**2)/gama-error
error=4*fbar*tube_| dh-error

print*. “error=". error
if(errorl.ge.0.0.and.error.ge.0.0) then
ms_in_max=ms_in
ms_in_min=ms_in_min

end if

ifterrorl.ge.0.0.and.error.le.0.0) then
ms_in_max=ms_in_max
ms_in_min=ms_in

end if

if(errorl.le.0.0.and.error.ge.0.0) then
ms_In_max=ms_in_max
ms_in_min=ms_in

end if
iflerrorl.le.0.0.and.error.1.0.0) then

ms_in_max=ms_in
ms_in_min=ms_in_min
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end if
p_in=sqrt((gama~1)/(2+(gama-1)*ms_in**2))
p_in=p_star*p_in'ms_in

p_gage=p_in-14.7

if(abs(error).ge.0.0001) goto 111

print*. "p_gage="_ p_gage
pause |

222 stop
end
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Appendix D Program Concentration

The following is the Fortran program used to find concentration. mach number and

density from a mixture.

program main

¢ This program is used to find out the density & mixture quantities
¢ with given total pressure. total temperature & velocity

dimension error(0:1000)
real mach

print*. "1. Helium gama=1.667"
print*. "2. Nitrogen gama=1.4"
print*. "3. Knnpton gama=1.24"
print*. "Which gas is from the Jet(1. 2 or 3)?"
read(*.*) num_gas
print*. "What is the distance (cm)”
read(*.*) dist

if(num_gas.eq.1) then
gama_gas=1.667

cp_gas=5188.5

R_gas=2077

end if

if(num_gas.eq.2) then

gama_gas=1.4
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cp_gas=1003.5
R_gas=287

end if
if(num_gas.eq.3) then

gama_gas=1.24
cp_gas=3113.5
R_gas=99

end if

print*. "Input total pres(psi). total temp(C). velocity(m’s)"
read(*.*)pres_total. Temp_total. vel
Temp_total=Temp_total-273.15

gama_amb=1.4
c¢p_amb=1003.5
R_amb=287

pres_amb=14.7

error_least=1000

do 10 1=0. 1000
x=float(I)- 1000

gama=x*gama_gas~(1.0-x)*gama_amb
cp=x*cp_gas+(1.0-x)*cp_amb

error(I)=Temp_total’(Temp_total-vel*vel’2.0/cp)
error([)=pres_total/pres_amb-error(I)**(gama'(gama-1.0))
print*. error(l)

¢ The following finds the least error
if(abs(error(])).It.error_leastjthen
error_least=abs(error(I))
gama_final=gama
cp_final=cp
x_final=x

end if

10 continue
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gama=gama_final
cp=cp_final

x=x_final
R=x*R_gas—(1.0-x)*R_amb

30 print*. "x.gama.cp.R.error”. x. gama. cp. R. error_least

pause 3

temp_static=Temp_total-vel**22.0.cp

mach=(pres_total pres_amb)**(1.0-1.0.gama)-1.0
mach=sqrt(2.0 (gama-1.0)*mach)

ro_static=pres_amb*101325:14.7 R'temp_static
ro_total=ro_static*(1.0—(gama-1)2*mach**2)**(1.0/(gama-1.0))
open(9.file="param.txt". status="old". access="append")

write(9.100) dist'0.7. x. mach. ro_static. ro_total
100 format(1x. S(1x. f10.4))

close(9)
pause 4

stop
end
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Appendix E Energy Balance

As being mentioned in Chapter VII. one method of validating the jet flow is by means of

Energy Balance. which will be introduced as below-.

Consider the jet flow modeled in Figure E.1. The jet flow is issuing into still air with the
exit diameter 7mm. One cone with the centerline overlapping with the jet flow centerline
and o planes perpendicular to the centerline. one of which is at the jet exit plane.

while the other is at any downstream location. were chosen to form the control volume.

e -
”.zoul

E

oul

Figure E.1: Energy Balance Concept
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Outside of the control volume. the condition is the same as the ambient. If both planes
have known conditions. such as velocity. density. and total temperature. the

corresponding mass flow rates. shown in Figure E.1 as m,_ and m , respectively. will
also be available by integration of pV over the cross sectional area. where p is the
density and V is the velocity. Thus the entrained mass flow rate m can be obtained by
continuity.

m,=m._ -m (E.1)

So the mass in the control volume is balanced. it is then possible to verify
correspondingly if the energy in the control volume is also balanced. that is to show

E = Euu.’ - EIH (E':)
One example based on Mach number 0.9 nitrogen jet is given below to demonstrate the
whole procedure to verify energy balance in the jet flow. The right side plane of the

control volume was selected at x'D=8.14.

To calculate static temperature. density and velocity. the following formulas are used.

—'=§£T“—} (E.3)
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- P E.4
PERT (£4)
= \2CT,-1) (E.5)

With the known quantities. total pressure and total temperature from our experiments.

static temperature. density and velocity are obtained for the mass and energy calculation.

m, =pl'4=001498 kg s
i, = [ pl2ardr =0.1311 ke's
m =m, -m,=0.1361kg's
E=mC.T,=42119)s
E, =m,C.T =4635]s

E. = f PV T, 2ardr = 45203 T s

[t can be seen that the energy entering the control volume from both the jet exit and the
entrainment is slightly (4%) larger than that from the outgoing energy. which illustrates

a good balance.
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