NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



A -

NASA Contractor Report 165136

EFFECTS OF AXISYMMETRIC CONTRACTIONS
ON TURBULENCE OF VARIOUS SCALES

Jimmy Tan-atichat, Hassan M. Nagib and Robert E. Drubka

Nlinois Institute of Technology
Chicago, Illinois
(NASA-CR-165136) EFFECTS OF AXISYMMETRIC N80-32328

CONTRACTIONS ON TUKBULENCE OF VARIOUS SCALES
Final Report (Illinois Inst. of Tech.)

376 p HC A17/MF A0 CSCL 01aA Onclas
G3/92 287217

September 1980

—r
FE

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Lewis Research Center
Under Grant NSG-3220




I A g SRSkl Mt 0 L

TABLE OF CONTENTS

Page

LIST OF SmBOLS . L] L L ] L ] L L] . L] L ] L] L J L] L e L * [ ] L ] L d Vii
snnmy - L ] L [ ] [ ] L J L L L L] L L L 4 L L [ ] L ] L L J L ] L] L4 L J L Xi

CHAPTER
I L] IMRODUCTION [ ] 3 L ] L ] L J L ] ® . L L ] L] L] * L ] L ] L] L] * 1
Background and Motivation « 6 v s s o o @ 4
Objectives L ] L ] L] o L] L ] * Ll L L ) . L [ ] L] l L ] L ] 14

II. EXPERIMENTAL FACILITIES AND INSTRUMENTATION . 17

Wind-Tunnei Characteristics . . « ¢« « ¢« « « 17
Grid Characteristics . ¢« ¢ v ¢« ¢ ¢« o ¢« o« o« o 18
Design and Construction of Contractions . . 19
Instrumentation . . ¢ ¢ o o ¢ ¢ o o ¢ o+ o 21

Analog Signal Processirng
Signal-Conditioning for Digital
Data Acquisition

III. PRELIMINARY INVESTIGATIONS . o « « « o o o o o 25

Mean-Velocity and Turbulence-Intensity

Prcfiles of Test Flow Conditions . . . . . 25
Mean-Velocity and Turbulence-Intensity

Profiles Downstream of Contractions . . . 27

Contraction-Ratio Effect
Length-to-Diameter Ratio Effect
Contraction-Shape Effect

Streamwise Development of Mean Velocity
and Turbulence through a Contraction . . . 30

Small-scale Turbulence
Large-scale Turbulence

IV. DIGITAL DATA ACQUISITION AND PROCESSING
TECHN IQUES L ] L L ] L L] L L . L] L ] L] L] L L] . L] . L ] 3 4

Data Acquisition . +« « ¢« ¢ ¢ ¢« ¢ ¢ o ¢ o o o 34
Data ProceSSing .« « o« o« o « o« o o o s « o o« 40

iii PRECEDING PAGE BLANK NOT FILMED




CHAPTER Page
V. TEST FLOW CONDITIONS . . o« « s o o o « » o « o 41

Turbulence-Energy Decay . « « o« « o o o « o 42

Isotropy, Integral Length Scales
and ReynOldS Stresses e o o6 o ® e & ® o » 44

EFFECTS OF TURBULENCE SCALES ON FLOW
DURING AND AFTER A CONTRACTION . . « « + « o+ . 49

Turbulence Energy Components . . « « « « « « 50
Isotropy and Integral Length Scales . . . . 54

CONTRACTION RATIO EFFECTS . . » o o « ¢« » « « 58

Small-scale Turbulence Flow Conditions . . . 59
Medium-scale Turbulence Flow Conditions . . 64
Large-scale Turbulence Flow Conditions . . . 66
Summary of Contraction Ratio Effects . . . . 68

TURBULENCE SCALES EFFECTS . ¢ « ¢ ¢ o o » o o« 11
Milé Contraction Ratio « « « ¢« o« o o « « « « 11

Moderate Contraction Ratio . « ¢« ¢ o« o« « « « 13
High Contraction Ratio « ¢« « « « o o « o « « 16

CONTRACTION LENGTH AND SHAPE EFFECTS . « . . « 1718
Length Ratio Effect . ¢« o ¢ o« ¢ ¢ o o « « o 19

Small~scale Incoming Turbulence
Large-scale Incoming Turbulence

Matched-Cubic versus Fifth-Order . . . . . . 86

Test Flow Condition: Small-scale
Turbulence

Test Flow Condition: Large-scale
Turbulence

OFF-AXIS DATA OF FLOW THROUGH
A CONTRACTION e e o o e o e o o o * e s ® e . 92

SAMPLES OF DETAILED STATISTICAL DATA . . . . =« 96
Turbulence-scale Effects . « « « « o o o o » 101

Contraction Ratio Effects . . . . o o o o 102
Statistical Data On- and Off- AXlS e o o o o 104

iv




CHAPTER
XII.,

XIII.

XIV.
APPENDIX

A,

ATTEMPTS AT NORMALIZING THE DATA . . . .

Normalizing the Radial Component . .
Normalizing. the Streamwise Component .

DISCUSSION AND SUMMARY RESULTS . . . . .

Turbulence Reduction Efficiency
of Contractions . . . « ¢ ¢ ¢ ¢ o

Length~-to-Diameter Ratio Effects

Area Ratio Effects

Comparison with Classical

Rapid Distortion Theory

A First-Order Correction for

Viscous Dissjipation . . . « « « « &
Turbulence Energy Ratios

of Contractions . . . « ¢« ¢ ¢« « o &

Area Ratio Effects
Turbulence Length Scale Effects

Summary of Empirical Formulas . . . .

SUMMARY AND CONCLUSIONS . . « ¢« o o o &

DESIGN AND CONSTRUCTION OF TEST SECTIONS
AND CONTRACTIONS ¢ ¢ ¢ ¢ ¢ ¢ o ¢ o & o o

WIND-TUNNEL MODIFICATIONS . . . « « .« .
DATA CALIBRATION AND LINEARIZETION . . .
PROBE VIBRATION REDUCTION . . . . « . .
CONTRACTION DESIGN PROGRAM . . . . . . .

FIGURES . ] [ ] . . . . . . . . . [ . .

BIBL IOGRAPHY . . o L] L] L] . . . . . Ld . L] L] L] L] .

Page
187

116
113

119

120

126
130

136
140

157
161
164
169
174

184

362




R i 1L

S

Symbol
Ao'Al' «cs 0 )A3
Ca

ce,C1,...,Cl0

(o

H

Je,Jl,...,35

LIST OF SYMBOLS

Definition

Hot-wire calibration polynomial coeffi-
cients

Effective contraction aresa ratio = ﬁe/ﬁi
Contractic. designation; See Figure 3

Contraction area ratio
= (inlet area)/(outlet area)

Inside diameter of test section;
inlet diametet'of~cqntractigns

Wire diameter of screéns
Anemometer output voltage
Hot-wire'yaw dependence function
Hot-wire calibration function
Grid designation; See Figure 2

Contraction length

Longitudinal integral length scale ﬁTu
Lateral integral length scale = UT,

Grid mesh size

RMS of total turbulent kinetic energy
Grid mesh Reynolds number = ﬁiM/V
Microscale Reynolds number = u'l}/v
Radial distance from axis of symmetry

Radius of contraction contour at x

Separation distance between turbulence-
generating grid and inlet to contraction

Integral time scale for velocity component
in the streamwise direction
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Symbol

u,u

U,0(x)

i

Definition

Integral time scale for velocity component
in the radial direction

Time; thickness of turbulence-
generating grid (Figure 2)

Nominal free-stream velocity
Streamwise mean velocity

RMS of velocity fluctuations in the
streamwise direction

Radicl velocity

RMS of velocity fluctuations in the
radial direction

Reynolds stress between streamwise
component of velocity and a component
normal to the axis of symmetry

Direction parallel to axis of symmetry
of test section and contraction; origin
is at contraction inlet, positive
downstream

Direction parallel to axis of symmetry
of test section and contraction; origin
is at downstream end of turbulence-
generating grid, positive downstream

Virtual origin of turbulence

Vertical axis, perpendicular to x direction;
origin on axis of symmetry, positive up

Horizontal direction in a right-handed
Cartesian coordinate system; origin on
axis of symmetry

Angle between hot-wire sensor and
arbitrary axis

Instantaneous flow angle with respect to
an arbitrary axis

Total turbulence_reduction efficiency
= \'q'/U)e/(q'/U)i
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Symbol Definition
n Corrected total turbulence reduction ;
efficiency = n/(n)c=1 §
n Streamwise turbulence reduction efficiency 1
u = (u'/0) /(u'/0).
€ i
ﬁu Corrected streamwiie turbulence reduction
efficiency = n./(n)) .,
n Radial turbulence reduction efficiency
v = (v'/0) _/(v'/U),
e i
Ny Corrected radial turbulence reduction
efficiency = n,/(n,) __,
A Taylor microscale
u Total Eurbglence kineti. energy ratio
F L [ ]
q'./a';
W Corrected total turbulence kinetic
energy ratio = u/(w) __,
Mo Streamwise tBrbu}ence kinetic energy
ratio = u'/u'y
e i
ﬁu Corrected streamwise turbulence kinetic
en io =
ergy ratio pu/(pu)c___1
y Radial turgulence kinetic energy ratio
v = 12 /gt
= v'T /vy
e 1
ﬁv Corrected radial turbulence kinetic energy
ratio = p /(n ) .,
v Kinematic viscosity
3 Non-dimensional inflection-point location
of the contraction in the x-direction
= (x/L)
Zzero curvature
c Grid solidity = closed area/total area
T Time delay in auto- and cross-covariance
functions

Y

Damping factor of the op-amp low pass filters
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Subscripts

Definition
Value at exit of contraction
Value at inlet to contraction

Overbar = average value, time average value
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SUMMARY

Recent intensified research in jet-engine ncvise
abatement and in laminar flow control utilize facilities
that can benefit a great deal from a better fundamental
understanding of turbulent flow in contracting streams.
Such understanding is vital for any attempts towards the
management and control of turbulence in these and many other
applications. Of particular importance is the question qf
how the variation of turbulence scales may affect the flow
through and downstream of contractions.

The present study examines digitally acgjuired and
processed results from an experimental investigation of
grid-generated turbulence of various scales through and
downstream of axisymmetric contractions for a wide range of
initial conditions and contraction geometry. Parameters for
this study include the contraction area ratio, the
contraction length-to-diameter ratio, and the contraction
shape. The effects of a contraction on turbulence were
indicated by changes in the turbulent kinetic energy, its
distribution among the velocity components, its
characteristic length scales, and the Reynolds stress, as
well as spectra, coherence and correlation functions. key
physical parameters and dominant mechanisms involved in the
contraction process were established. By applying a
first-order correction to account for the viscous

dissipation, the subsequent comparison with the predictions
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of rapid distortion theory led to far more consistent
interpretations than those reached by the vast number of
previous experiments.

In the course of this study, the effects of a
contraction on grid-generated turbulence have been
investigated with 9 matched-cubic contractions ranging in
area ratio from 2 to 36, and in length-to-inlet diameter
ratio from 8,25 to 1.50. 1In addition, a fifth-order
contraction was utilized for studying the contour shape
effect. Thirteen homogeneous and nearly isotropic test flow
conditions were generated with streamwise turbulence
intensities in the range 1.4 % < u'/0 < 3.9 % and initial
non-dimensional longitudinal and lateral integral length
scales in the ranges of 0.02 < Luj/Di < 0.882 and
0.01 < L,;/D; < 0.037, respectively. The ratio between the
longitudinal and lateral length scale was about 2.3 in all
test flow conditions, rendering approximately isotropic
initial turbulence conditions. Turbulence Reynolds numbers,
Ry, ranging from 2.3 to 31 were achieved using mesh Reynolds
numbers in the range 270 < Ry € 8138. Key features of this
experiment include powering the wind tunnel with compressed
air to eliminate minutc extraneous velocity fluctuations
caused by the blower fan blades which amplify in a
contracting stream and affect the components of turbulent
kinetic energy unequally, along with the use of both digital
and analog instrumentation to achieve a higher quality of

the recorded data. On-line analog signal processing was

xii




used to monitor the flow conditions during digital data
acquisition to ensure that only data of high quality were
recorded. Digital processing of the data enabled the use of
elaborate calibration and correction schemes for very high
accuracy. Non-ideal probe characteristics and very low
frequency velocity variations, which were easily corrected
digitally, would have lead to substantial errors with the
use of analog processing alone.

Results indicate that the extent to which the
turbulence is altered by the contraction depends on the
incoming turbulence scales, the total strain experienced by
the fluid, as well as the contraction ratio and the strain
rate. Varying the turbulence integral scale influences the
transverse turbulence components more than the streamwise
component. In general, the larger tne turbulence scale, the
lesser the reduction in the turbulence intensity of the
transverse components. For any given contraction ratic,
there is an optimum initial turbulence scale for maximum
turbulence reduction. This optimum length scale decreases
with increasing contraction ratios. Best agreement with
rapid distortion theory is obtained for large-scale
turbulence where viscous decay over the contraction length
is negligible, even though small scale assumptions are
utilized in the theory. When a first-order correction for
the viscous decay is applied to the reéults, good agreement
between experimental data and rapid distortion theory is

obtaineu fcr the transverse components and the total

xiii




turbulent kinetic energy for turbulence of all scales. The
atreamwise component doecs not agree with theory primarily
because of the turbulence production and inter-component
energy transfer caused by the large difference between the
lateral and streamwise fluctuating velocity components.
This results in an increase in the energy of the streamwise

component as the contraction ratio increases rather than the

decrease predicted by rapid distortion theory, which is a
§ linear theory. This investigation has extended our
fundamental understanding of turbulence‘under strain and
; provided a library of detailed turbulence data for

; comparison with the computer modeling of such complex

turbulent flows.
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CHAPTER 1
INTRODUCTION

The problems of reducing free-stream turbulence and of
improving isotropy characteristics for grid-generated
turbulence in wind tunnels have been the subjects of
numerous research investigatinns over the past few decades,.
It ic often desirable to improve the degree of isot.-opy of
grid-gencrated turbulence by using a mild contraction in
order to enhance the validity of comparisons between
experiments on grid-generated turbulence and theories based
on isotropic turbulence. On the other hand, attainment cf a
uniform flow with low turbulence intensities is of utmost
importance in many experimental fluid dynamics and practical
aeronautical problems. Experiments in transition to
turbulence and on laminar flow control on airfoils are
typical examples of situatiorns that require the turbulence
intensity to be at least below 0.1%. Such low tuibulence
levels could be achieved by careful selection of turbulence
manipulators in the settling chamber[l-S]* and through the
use of a carefully designed contraction ahead of the test
section of the wind tunnel to further reduce the relative
turbulence levels,

Many problems of practical importance can also venefit

from an improve<d understanding of the effects of stream

*Number(s) in brackets refer to numbered references
in the bibliography.
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contraction or strain on turbulence. For example, recent
intensified research in jet-engine noise abatement,
employing simulations of in-flight conditions on test stanis
and in anechoic chambers utilizes facilities that can
benefit immensely from a better fundamental understanding of
turbulent flows in contracting streams. In particular,
differences between measured noise spectra of jet-engine fan
intakes recorded on test stands and those obtained from
in-flight cdata cause a great deal of concern to intake fan
designers vho are trying to quiet these jet intakes by
reducing the fan-generated noise. According to the recent
excellent review by Feiler and Groeneweg[7] the main
discrepancy 2ppears to be due tc the presence of high-energy
pure-tone noise a2t the fundamental blade-passing frequency
which only exists on static ground tests and can be reduced
by increasing the forward speed in a wind-tunnel simulation.
Broad-band noise smitted by the fans seemed to be controlled
by different mechanisms and is not affected significantly by
forward velocity.

In order to place correct emphasis on the design of
noise suppression treatments to these fan intakes, or to
optimize the fzn and blades design, fundamental questions
concerning the behavior of inflow characteristics will have
to be 1swered. Several causes have been suggested for the
discrepancy between flight noise measurements and ground
tests. In flight, the inflow condition is clean and has a

small effective contraction ratio so that ingested




atmospheric disturbances pass through the inlet with little
scale or intensity changes. In ground static tests, however,
the inflow undergoes a very large contraction. The
disturbances created by the flow passing nearby
protuberances and support structures, ac well as any
atmospheric turbulence, undergo tremendous distortion and
elongate along the flow streamlines. Once inside the duct
they interact with the fan rotor for a number of revolutions
resulting in tone noise. Highly localized disturbances such
as the presence of "ground" vortices has also been suggested
as another possible cause of tone noise. Recent experiments
at I.I.T. suggest that the proximity of any other surfaces
in addition to the ground, e.g., walls and ceiling of
anechoic chambers, where vorticity is generated can lead to
the development of these vortices. The vortices are often
unsteady and intermittent; i.e., they meander around the fan
inlet plane near the side where vorticity is suppliecd by a
neighboring surface.

Bcfore successful methods or techniques for adequate
simulation of flight behavior in ground static tests can be
implemented, basic questions concerning inflow contraction
and turbulence characteristics must be investigated in
detail to determine the effects of contraction ratio (i.e.,
differences between flight and static conditions) on
different scales of turbulence (i.e., scale effect of
different inflow disturbances). Such understanding is also

vital for any attempts toward management and control of




turbulence in this and numerous other applications. Of
particular importance is the question of how the variation
of initial turbulence scales affects the flow through and

downstream of contractions.

Background and Motivation

Over the years a number of publications have dealt with
the design and use 0:" a contraction to reduce turbulence in
wind tunnels[8-16]. More recently researchers have also
utilized mild contractions to improve the isotropy of
turbulence generated by grids[17-19], observed the decay cf
isotropic and anisotropic turbulence downstream of a
contraction[35], and studied effects of different
contraction shapes[20,.1] as well as contraction
ratios[22,23] on free~stream turbulence.

Uberoi and Wallis([17] found that the degree of isotropy
of grid turbulence could be modified, so that turbulence

would be nearly isotropic, by the use of a small contraction

(c=1.25). However, at some distance downstream of the
contraction, the u'/v' ratio tends toward its anisotropic
pre-contraction value. Because measurements could be made
only over a limited distance downstream of the contraction,
they used grids of progressively smaller mesh sizes to
extend the x/M range and found that for a fixed contraction,
the effect of the contraction on turbulence decreases with
decreasing mesh sizes and that in all three cases (3 grid

mesh sizes), the uz/v2 ratio tends to return to its original
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pre-contraction value. The turbulence generated by the
small-mesh grid exhibited more of a return than those
generated by the large-mesh grid. These results point to
the important role of turbulence scales in affecting
turbulence characteristics through a contraction since
turbulence generated by different mesh grids contain
different ranges of scales.

Their work[17] was contradicted by the experiment of

Comte-Bellot and Corrsin[18] who used a similar contraction
(c=1.27) to modify the distribution of turbulence energy for
several grid-generated turbulent flows. Square-rod biplane
grids with mesh sizes of 2.54, 5.08, and 10.16 cm and a
roghd—rod biplane grid with a mesh size of 5.08 cm were use€ad
t¢ generate the turbulence. In addition, a "disk grid" with
a mesh size of 5.08 cm was also utilized to check the
sensitivity of the turbulence generated to the geometry of
the grid used. 1In all cases they found[19] that once
altered by the contraction, the distribution of energy
between the streamwise and the lateral components did not
return to pre-contraction values with increasing downstream

distance. Although the range of mesh and turbulence

Reynolds numbers were overlapping between the experimencs of
Uberoi and Wallis[17] and of Comte-Bellot and Corfsin[lS],
no integral length scale information was available from
Reference [17]. On the other hand, while extensive

turbulence decay characteristics were shown, limited scale

E growth characteristics were reported by Reference [19].




S T TET T T ————

Therefore, it is possible that differences in turbulence
characteristics, especially the predominant turbulence
scales, between the two experiments resulted in the
conflicting conclusions.

A recent study of nearly isotropic turbulence in the
"final period"™ of decay by Bennett and Corrsin[l18] indicated
that the effectiveness in modifying the degree of isotropy
in grid-generated turbulence using mild contractions
diminishes as the turbulence Reynolds number R, decreases.
However, this result was based on limited experimental data.
The main thrust of investigations discussed above was to
improve the u'/v' isotropy of grid-generated turbulence by
using mild contractions so that a more valid comparison
between experiments on grid-generated turbulence and
theories of isotropic turbulence can be made.

The effects of contraction geometry on non-isotropic
free-stream turbulence were studied by Klein and Ramjee[20]
using two families of axisymmetric contractions (Thwaites's
contour[33] and Batchelor and Shaw's contour[34]) with four
contractions each. All contractions had a contraction ratio
of 18 but the length-to-inlet diameter varied from 8.5 to
1.5, Contractions designed with Thwaites's contour(33] had
a gradual initial variation in cross-sectional aresa and a
rather rapid change in the mid section followed by & gradual
tapering off towards the exit plane. Those designed.
according to Batchelor and Shaw's contour([34] had a very

rapid change in cross-sectional area at the inlet for the




sake of having a gradual variation towards the outlet.
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Inlet flow separation is more likely with the latter
contractions[34], eswecially the short ones. In these
experiments, non-isotropy of the initial turbulence resulted
from the air flowing through a bellmouth entry and a
high-solidity screen.

Their conclusions, based on a single and probably
highly non-homogeneous initial upstream condition, were:
For anisotropic turbulence with an initial u'z/v'2=3, the
turbulent kinetic energy in both longitudinal and radial
components increases substantially along the contractions;
the degree of anisotropy at the contraction outlet was the
same as that at the inlet; and that neither the contour
shape nor the length-to-diameter ratio had any influence on
the variation of the turbulent kinetic energy! We
conjecture that extraneous fluctuations caused by the
suspected flow separations may be contaminating some of
their results. According to them[20), the only parameter of
importance was the contraction ratio and in this respect

Klein and Ramjee[2f] concluded that non-isotropic turbulence

behaved in a way predicted by linear theory which was .

»

derived using isotropic assumptions!

In a similar study on shape effects of a contraction on
turbulence, Hussain and Ramjee[21] conducted an experiment
with four axisymmetric contractions (all of them with c=11)
of very different shapes and fairly short length-to-inlet

diameter ratios (8.3 < L/D < @.7). Three of them, namely,
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Batchelor and Shaw contour(34], ASME high 8 series contour,
and ASME low 8 series contour, had extremely rapid ;:ea
variation near the inlet which .8 again likely to cause
large upstream influence, flow separation and consequently
increased turbulence levels. When normalized with its value
at the inlet, the streamwise component of turbulence kinetic
energy through the contraction, shown in Figure l8c of
Reference [21], demonstrates this increased turbulence for
the ASME low B nozzle which had the highest area vétiation at
the inlet. The initial turbulence intensity in this
experiment was also atnormally high-{greater th;h 5¥<for
both streamwise and radial componéﬂfs), thus tL. free-stream
turbulence may not have been hbmoééneous. However, an
important observation that Hué;ain and Ramjee[21] made
pointed to the fact that the effects of a contraction appear
to be directly related to pre-contraction turbulence
intensity. They recommend that these effects warrant
further systematic investigations since their experiment was
conducted with a single upstream condition. We suspected
that not only is the pté—contraction turbulence intensity
relevant but also that the turbulence structure and scales
play an extremely important role in affecting the
post-contraction flow characteristics.

In studies which dealt with the contraction ratio as an
independent parameter, Uberoi{22], who used three square
cross-section contractions with area ratios of 4:1, 9:1 and

16:1, noted that because of differences in the mean velocity
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gradient in the streamwise direction, it is not possible to

predict the performance of cll nozzies wiin contraction
ratios between 1 and 16 from res:its obtained in the 16:1
contraction alone. This recsult is in contradiction with the
finding of Klein and Ramjee[20), who reported that the
change in turbulence energy depends only on the local
contraction ratio,

In a more extensive study of contraction ratio effects,
Ramjee and Husscin[23] investigated axisymmecric

contractions with the large area ratios of 11, 22, 44.5, 64,

and 180, fabricated according to the Batchelor and Shaw
contour[34], thus risking flow separation and increased
turbulence production near the upstream end of the nozzle.
They found that both lonyitudinal and lateral components of é i
turbulence energy increase with contraction ratio. 1In
contrast with the prediction of classical linear theory

(Batchelor-Proudmén[24], Ribner-Tucker[25]), a monotonic

increase of the longitudinal turbulent kinetic energy with
increasing contraction ratio was obtained by them
experimentally. However, they admitted that noise and
pressure fluctuations which originated from the boundary
layers and, particularly, from the blower fan blades, which
contribute mainly to the measured longitudinal turbulence
kinetic energy, were not accounted for in any way. Tie
upstream turbulence-generating screen was of a very high
solidity type (0=0.75) which is generally known to produce

non-homogeneous turbulence, e.g., see Reference [3). For
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one contraction (c=11), they also investigated the}
performance using five different upstream screens and found
that the exit turbulence intensities were essentially
independent of the mesh or wire-diameter Reynolds number of
the upstream turbulence-generating screen. Because the wind
tunnel was powered by a blower, it is likely that extraneous
pressure~induced fluctuations caused by the fan blades,
which amplify through contractions, contributed unequally to
the measured streamwise and radial turbulence intensities.
Since contractions reduce the streamwise component of
vortical motions, i.e., turbulence, but amplify
pressure-induced wave-like fluctuations, it is possible that
downstream of the contraction, the measured u' fluctuations
were primarily those caused by the blower fan blades and not
genuine turbulence. Thus the disagreement with linear rapid
distortion theory is not surprising. These conclusions lead
us to question the validity of these results for a better
fundamental understanding of turbulence under contraction.
Theoretical analyses of flow subjected to a rapid
distortion have been carried out in the classical works of
Batchelor and Proudman([24]) and Ribner and Tucker([25] for the
small-scale isotropic turbulence limit. Ribner and Tucker's
analysis[25) was done for an axisymmetric contraction while
Batchelor and Proudman[24] carried out the analysis to
include any arbitrary three-dimensional distortion.
Previous experiments have shown that predictions of this

classical theory[24,25]) hLave been generally poor because

10




assumptions crucial to the derivation of the analytical

results are violated experimentally. A prime example would

be the neglect of viscous dissipation in the analysis., One

other example would be the assumption of asymptotically
small-scale turbulence. However, Goldsteipsand Durbin[26]
have recently extended the theory to include turbulence with
scales comparable to the spatial scale of the mean flow for
asymptotically large contraction ratios in two-dimensional
contractions. Their results predicted a "blocking" effect
of large scale turbulence so that the turbulence energy
downstream of a contraction would be lower than the
predictions of Batchelor and Proudman[24] and Ribner and
Tucker[25] when the upstream turbulence scale is finite.

Another generalization of the theory of Batchelor and
Proudman[24] has been developed by Sreenivasan and
Narasimha[27] to estimate the effect of a sudden but
arbitrary three-dimensional distortion on homogeneous,
initially axisymmetric, rather than isotropic turbulence.
They concluded that for large contractions, their results
show no difference between axisymmetric and isotropic
turbulence as far as the longitudinal energy component is
concerned. However, the increase of radial-component energy
during distortion is over-estimated by isotropic theory if
the initial radial component energy is less than the
longitudinal one.

To avoid difficulties due to non-line ¢ viscous

irteractions, all the above mentioned theories were

11
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developed to hold in very rapid distortions (i.e., no
viscous dissipation). It should be pointed out that the
word "rapid" signifies only that the flow velocity through
the contraction leads to particle transit times small
compared to the turbulence relaxation times. It does not
signify any degree of gentleness of the rate of change of
area through the contraction or any limitations on the
length-to-diameter ratio of the contraction. These two
aspects of contraction design are very important parameters
for the quality of the mean flow, including boundary layer
separation and mean flow uniformity, and in principle can be
incorporated in the "rapid"” distortion theory. The presence
of separation and mean flow nonuniformities lead to the
production of new turbulence which cannot be accounted for
in such a theory. Therefore, Goldstein and Durbin([26]
suggested that their theoretical results could be used to
compare with experiments, contrary to Batchelor and
Proudman's[24] contention that no practical experiments had
a "rapid enough" distortion for linear theory to hold.

Thus, it was interesting to compare the experimental results
to theory, both classical rapid distortion(24,25] and
extensions thereof[26,27]. The above comments may suggest
ways of dealing with experimental results obtained in
conditions for which some of the simplifying assumptions
used in theoretical analyses cannot be met experimentally.
It could also lead to improved correlations betv en theory

and experiment and as a result may enhance our understanding
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of turbulence. ’

Based on the above arguments we conclude that the two
major limitations of the theory as used by Goldstein and-
Durbin[26] are the result of neglecting viscous dissipation
and non-linear interaction, including any inter-component
energy transfer. As the reader will discover from the later
chapters, we have devised a first-order correction to
account for the first of these which leads us to conclude
that the rerainder of the discrepancy with theory is caused
by the latter. This approach provides us with a good
estimate of the role of these different but important
mechanisms in turbulent flows.,

From the literature review of the more relevant
experimental investigations, we concluded that the role
played by upstream turbulence scales in controlling
turbulence characteristics within and downstream of
contractions must be important. While it was often hinted
at, no comprehensive systematic investigation was undertaken
to study the effects of vastly different initial turbulence
scales on contracting flows. As a result, the following
research was propused. Since grid-generated turbulence in a
uniform stream has been the subject of many investigations,
both experimentally and theoretically, it was decided to
study turbulence characteristics in a contracting stream
using grid-generated turbulence and to specifically address
the issue of turbulence scales by generating controlled test

flow conditions that are documented in detail. To extend

13




the usefulness of the results, contraction lengthfto-
diameter ratios as well as contraction ratios were varied
over a wide range which included many cases found in
praétical applications. The range and number of parameters
covered here are more comprehensive than in any previous
investigation on the subject. It is hoped that this study
will enhance our basic understandina of the role played by
various turbulence scales when the flow is contracted. It
also has a direct bearing on the attempted solutions to the
design of flow manipulators for test-stand noise
measurements c¢f jet-engine intakes as well as providing
information vital to the design of high performance wind

tunnel contractions.

Objectives

The main objectives of the present investigation can be

summarized as follows:

1) Generate using grids and document several selected,
homogeneous t.ihulence test-flow conditions
covering a range of length scales and Reynolds
numbers for use as input conditions in various
axisymmetric contractions. The documentation
should include mean velocity and turbulence

intensity information for both the streamwise and

radial components, as well as their development in
the streamwise direction. The turbulence decay

rates, the integral scales, (both longitundinal and

14
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lateral) and the Reynolds stresses should be
determined along a constant area duct, Spectra,
coherence, and correlation functions should also be
calculated from the experimental measurements,
These results may then be used as the reference
conditions to separate the contraction effects from

the measurements outlined in the second objective.

Investigate the sensitivity of turbulent flow
through a wide range of contractions to the
different, documented initial turbulence
conditions, i.e., test-flow conditions. The wide
range of contraction parameters should include
variation of the contraction area ratio, the .
contraction length-to-diameter ratio, and the:
contraction contour shape. The resulting number

and range of independent parameters is more

comprehensive than that used in any previous single

experimental investigation or than the combination
of many of them. Centerline measurements of the
two components of velocity (streamwise and radial)
should be made and accompanied by their
time-averaged statistics as well as some
statistical functions i.e., the same ones
calculated in the first objective. Selected
off-axis and simultaneous two-probe data should

also be collected. The results should be
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summarized in a form useful for both practical

applications as well as basic turbulence research.

3) Compare the experimental results with the rapid
distortion theory to develop a better understanding

of the mechanisms governing turbulence in

contracting (or strained) streams.

‘16

Fw»rwn. e LR
\-H'
s

l




CHAPTER 1II

EXPERIMENTAL FACILITIES AND INSTRUMENTATION

Hind-Tunnel Characteristics

The present investigation was conducted in an
open-circuft wind tunnel, powered by a compressed air
supply, with a 15.4 cm diameter circular test section.
During the diagnostic phase of the present investigation,
this wind tunnel was modified to improve its flow gualities.
Some of these modifications were crucial to the success of
the experiment and their details are discussed in
Appendix B.

Compressed air enters the acousticaliy-treated upstream
cuct after passing through a control valve, and particulate
and oil filters. The duct leads into a settling chamber.
As the flow moves through the settling chamber, it
encounters a series of flow manipulators of different types
and mesh sizes. This array was designed according to
Loehrke and Nagib[l] for flow uniformization and turbulence
reduction before the flow passed through an axisymmetric
25:1 contraction. Complete information on the construction
details can be found in the report by Ahmed et al(4]. The
schematic in Figure 1 shows the arrangement of the test
section, the turbulence generating grid, the contraction
ﬁndet test and the position of the X-wire probe. Tie
test-section length is adjusted by attaching a number of

sections together to form the required length. The sections
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were designed to permit 2.54-cm ihcrements in the length
adjustment (ASO) between the turbulence-generating grid and
the inlet to the contractio., i.e., from so-i to sona cm.
This arrangement facilitates‘the adjustment of the
grid-to-contraction.distance for the different
turbulence-generating grids in order to ensure that
homogeneity and ncsar-isotropy of turbulence are achieved af
the contraction inlet for all test flow conditions. The
values of S used Qith each grid are tabulated in Figure 2.

A right-handed Cattesian_conrdinate system is used in
this experiment with the x~coordinate aligned with the axis
of symmetry. The y-coordinate is oriented vertically and 2
is in the horizontal direction. ~he origin is located oI
the axis of symmetry at the inlet to the contraction.
Positive x and y is in the downstream and upward directions,
respectively. o

A triaxial traversing méchanism that was used to hold
and traverse the X-wire probe was located completely to one
side of the test section so as to minimize any blockage or
flow disturbance effects. The traversing mechanism was
equipped with a digital position indicator and was capable
of positioning the X-probe to within 0.2 mm of desired

location.

Grid Characteristics
A large number of turbulence-generating grids were

tested for turbulence decay, homogeneity and mean-velocity

18
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uniformity characteristiics before final selection of the
grids was made. The cﬂaracterittics of the turbulence
generating grids used upstream of the contractions to
establish the test flow conditions are given in Figure 2.
8ix grids, numbered J0 through J5, were selected to

generate, in combination with different free-stream

ot b « ok

velocities, test flow conditions covering a wide range of
mesh Reynrnolds numbers and integral length scales.

Documentation of the test flow conditions is deferred until

Chapters III and V.

Three basic types of "grids"™ were used. Type A grids, !
J0 and J1, were woven screens with small mesh sizes. Gric
J2 of type B was a punched steel plate with square holes
arranged in a square array. Grids J3 through J5, which have
the largest mesh sizes, were of type C and were also
manufactured by tbhe punched-plate method. These grids have
round holes arrang2d in a triangular array. The mesh size
of all the grids rangec from 0.0847 cm for J@ to 2/54 cm for
JS5. All the grids were chosen to have low solidity (0.33<c
<@.36) so that there is no danger of them exhibiting
anomalous behavior[3]. The thickness t (or the wire
diameter of the screens), and the;selected So along with x/M

for the grids, are also tabulated in Figure 2.

Design and Construction of Contractjions

Ten contractions were designed and constructed for the

present investigation. All the contractions except one were
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of the matched-cubic contour type. The matched-cubic is a
more general case of the simple cubic equation in that the
inflection point can be placed at an aibitrary position
along the contour. 1In a‘éingle cubic-equaﬁion contour, the
matching point is fixed at the midpoint between the inlet
and the outlet of the contraction. This flexibility of
locating the inflection point results in a higher
performance contraction when properly used in the design.
Details of the design and constructicn procedures for these
contractions are presented in Appendix A and in Reference
[16] . The contraction numbers, C8-Cl9, symbols used for-
plotting the results, the type of contraction
(MC=matched-cubic, FO=fifth-order), the non-dimensional
location of the inflection or cubic match point, £, the
contraction area ratio, c, the length-to-inlet diameter
ratio, L/D, and the exit diameter D,, are all tabulated in
Figure 3. The last column in Figure 3 lists the effective
contraction ratio Ca. Note that for short contractions, Ca
is very different from ¢ as in C8 and C9. Upstream
influence of these contractions is very pronounced and the
flow starts to accelerate far upstream of the inlet.

Profile shapes of the contours are shown in Figure 4 for
contractions with an L/D of 1. Contractions with different
length ratios but with an area ratio of 9 are shown in
Figure 5. In addition to the matched-cubic contractions, a
fifth-order contraction was designed and constructed for the

experiment. 1Its profile was designed to have zero curvature
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(2nd derivative) at both the inlet and exit sections. This
subtle shape difference between the matched-cubic and the
fifth~order contraction (see Figure 6) may have a
significant influence on the performance of contractions if

effects are very sensitive to the strain rate.

Instrumentation

Two independent systems of electronic instruments were
utilized to acquire and process the X-wire probe outputs,
The analog signal processing circuitry converts the hot-wire

outputs to signals proportional to the U and V velocity

cormponents. The digital acquisition system, which consists
of an analiog front-end signal pre-processing circuitry and a
digital data acquisition system[32], records digitized
hot-wire signals for later off-line processing. Signals
from the X-wire probe to the two systems were separated at
the cutput of the anemometers, i.e., only the X-probe and

the hot-wire anemometers are common to both.

Analog Signal Processing. The electronic circuitry

used in converting the X-wire signals to U and V velocity
signals is shown schematically in Figure 7. The hot-wire
probe was mounted on a 3-dimensional traversing
mechanism([4,29] capable of positioning the probe to within
0.2 mm of the required coordinates. The power supply
energized the position indicator potentiometers and DVM 1
was used to monitor the reference supply voltage. Another

digital voltmeter was used for position indication. The
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coordinates of the different axes can be read from this
position indicator by switching the x, y or z-axis sélector.
The position signal was also provided as an input to one of
the axes of the x-y recorder for synchronization.

| The X-probe was operated by a pair of DISA
constan£-temperatute anemometers at an overheat ratio of
1.7. The anemometer outputs were linearized by
exponential-type DISA linearizers using a value of 2.2 for
the exponent. DISA auxiliary units functioned as low-pass
filters to reduce electronic noise above 28 kHz. The
signals were then fed into an op-amp sum-and-difference
circuit to separate the U and V velocity components which
were then monitored on a dual-trace oscilloscope and a
2-channel real-time spectrum analyzer. Either U or V can be
selected for a mean~value display on DVM 2 or processed
through the DISA true-rms voltmeter. These signals could
then be recorded on the x-y recorder to obtain direct
profiles in the radial or axial direction of the mean or rms

velocity of either component.

s l-Conditioning for Digital Data A isition.
Analog pre-processing of the X-wire prc¢ie signals was
necessary in order to achieve maximum signal-to-noise ratios
and to prevent aliasing when the sampled digital signals
were transformed into spectra and correlations. Circuitcy
for processing the X-wire signals into an optimized form for

digitizing is shown in Figure 8. Since the
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analog-to-digital (A-D) converter of the acquisition
computer covers a range of + 14 V with 12 bits, the smallest
increment in voltage it can discern is about 5 mV. The
output from hot-wire probes in a typical flow situation
consists of a mean dc component of several volts and a small
superimposed ac (turbulence) component of only a few
millivolts. If turbulence statistics were computed from
digitized but unprocessed hot-wire signals, a poor
signal-to-noise ratio will result because of the
quantization. The solution adopted here was to bias out the
dc comporient of the hot-wire signal and to apply gain to the
ac component so that the ac signal utilized most of the + 10
V range of the A-D converter. This minimizes the effect of
quantization error. The pre~processing described above is
accomplished by the op-amps shown on the left top and bottom
of Figure 8. These op-amps provide dc bias which is
subtracted from the X-wire voltages to cancel out their dc
components. The next two op-amps provide two stages of
amplification with the gain of the second stage being
adjustable by changing the values of RGl and RG2' The
circuitry was calibrated so that the bias and gain applied
to the signals were precisely known for each file of data
acguired. This allowed the accurate reconstruction of the
original signals on the UNIVAC-1106/81 computer prior to
linearization and processing. The 4th-order Butterworth
low-pass filters, required to prevent signal aliasing, were

set to a cut-off frequency of 8 kHz, The filtered signals
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were monitored on a dual-trace oscilloscope to ensure proper ?
bias and gain adjustments before being fed to the A-D -
converters on the acquisition computer (DAPS) for recording
onto industry-standard, 9-track digital tape. The sampling
rate was set at 18.66 kHz and the beginning of each record
was triggered on the same phase of the power line. This
scheme enabled the removal ofrall.éériodic power-line
related noise when the acquired data were processed[32].
Two additional channels of identical instrumentation
except for the anti-aliasing filters were used when signals
from two X-wire probes were acquired. These additional
4th-order filters, shown in Figure 9, were constructed with
low-noise op-amps. Care was taken to match both the
amplitude and phase characteristics of all four channels of
instrumentation. Tests revealed that the processed signals
matched within 9.67dB and the phase difference between them
did not exceed 5o throughout the frequency range of interest
(i.e., at least to 10 kHz). When four channels of signals
were being acquired, the maximum sampling rate available was
11.36 kHz. Therefore, all 4 anti-aliasing filters were set

to low-pass at 5 kHz.
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__ CHAPTER III
PRELIMINARY INVESTIGATIONS

Mean-Velocity and Turbulence-Intensity Profiles
of Test Flow Conditions

Prior to making the final selection of the turbulencei

generating grids to be used in the present investigation, a
large number of them, spanning a wide range of mesh rizes
and solidities, were tested in the uniform cross-sectional
area duct. Mean velocity and the two components of
turbulence intensity were measuréd along the centerline of
the test section to determine the turbulence decay rates.
Radial profiles of mean velocity ard turbulence intensity
were also recorded at several x/M positions using analog
signal-processing instrumentation to check the transverse
uniformity of both the mean velocity and turbulence
intensity. Streamwise turbulence decay rates of the grids
were tabulated for both the longitudinal and radial
components. Although these preliminary results are not
shown here, it was discovered that some grids with
solidities between 44% and 49% exhibited turbulence decay
rates that were substantially lower than others with
solidities below 4#%. These were suspected of having some
anomalous behavior([l1,3) and were, the:efore, excluded from
further consideration.

The lateral profiles of the streamwise velocity and the
two components of turbulence intensity for some of the test

flow conditions are shown in Figures 1@ through 14 in order
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of increasing tu:bulencé‘length scales. Flow conditions
having the same "T" numbers but with &, b, or ¢ suifixés
have similar lateral length scales. However, the condition
with the "a® suffix has a smaller longitudinal length scale
than the one with a suffix "b". The flow condition with a
*c* suffix has an even larger 16ngitudin81 length scale.
This will become clear in Chapter V when the test flow
conditions are presented. Note that the scales of these, as
well as many other figures shown here, are expanded and have
a shifted datum to render them more accurate for the reader.

For the small-scale turbulence conditions T1 and T2b,
Figures 18 and 11 indicate that the turbulence intensities
are very uniform for both the streamwise and radial
components except for the flow very close to the test
section wall. The mean streamwise velocity shows some small
undulations in these relatively low turbulence cases (u'/U =
1.7% in T1 and u'/U ~2.5% in T2b).

Figure 12 shows the velocity profiles for a flow
condition similar to T4. The turbulence intensity exhibits
a small amount of nonuniformity in the u' component across
the test section. The mean flow is uniform except again in
the boundary layers near the walls., In the central portion
of the duct (r < 5 cm), the flow quality is certainly
sufficient rfor use as a medium scale test flow condition.

In the larger-scale turbulence flow conditions, the
mean streamwise velocity profiles exhibit a remarkable

uniformity in the central portion. However, effects of the
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sidewall boundary layer are felt farther towards the center
of the duct when these results areAéomparéd with the :
smaller-scale test flow conditions. An increase in the

turbulence intensity neuar the wall is witnessed in Figures

Sk A e B i

13 and 14. As one would expect, this rise is more rapid and

occurs at a smaller radial distance for the u' component,
Turbulence levels at radial distances less than about 5 cm
are very flat in both u' and v' components for the

large-scale test flow conditions T7a and T8, thus indi:ating

a high degree of homogeneity of the turbulence. This is a
very important criterion for the selection of all test flow
conditions that are used for this investigation.

Mean-Velocity and Turbulence-Intensity Profiles
Downstream g§ Contractions

Turbulence and mean flow velocities were also measured
downstream of the contractions during an early phase of this
investigation after the fabrication of some contractions.
Effects of using different contraction area ratios,
length-tc-inlet diameter ratios, and strain histories were
examined utilizing lateral profiles of streamwise and radial
components of mean velocity and turbulence intensity in the
jet immediately downstream of the contraction exit.
Ultimately it is the flow characteristics downstream of the
contraction that would be of primary interest in many
applications such as in test sections of wind tunnels,
Documentation of these various effects is discussed in the

following.
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Contraction-Ratio Effect. In these preliminary

measurements, contractions with area iaiiok of 9, 16,‘aﬁdrh
23.5 were used to examine the mean velocity uniformity and
tucbulence homogeneity in the flow downstream of the
contractions. All the contractions used here have an

L/D = 1. When the streamwise and radial mean velocities are
rormalized using the exit diameter and centerline mean
velocity, the top portion ot Ficure 15 is obtained. It
reveals that the shapes of the exit profiles downstceam of
these different contractions are identical. The mean radial
velocity profiles for the different contractions involved
also follow the same curve. A small amount of velocity
overshoot near the walls is visible from the streamwise mean
velocity profile. The flow is still contracting slightly at
this streamwise position, therefore, V is zero oniy at the
center but is non-zero with opposite signs to either side of
the centerline. The u' component increases slightly with
increasing contraction ratio. 1In contrast, the v' component
does not show a monotonic trend since the level is slightly
higher with c=16 than with the contraction ratios of either

9 or 23.5.

Length-to-Diameter Ratio Effect. To investigate the

effects of the strain rate on turbulence, contractions with
the same area ratio but different length-to-diameter ratios
were used. Velocity and turbulence profiles downstream of

three ¢=9 contractions with L/D ratios of 6.5, 1.0 and 1.5
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~are shown in Figure 16. The amount of mean flow

nonuniformity decreases for the relatively longer
contractions. In fact, for the L/D = 1.5 conttaction;‘ﬁ is
practically flat across the entire cross secfion.r The
radial mean velocity curves also indicate an absence of V
f&r—this long contraction, However, with an L/D of 8.5
there is substantial overshoot in the streamwise mean
velocity. A significant value of radial velocity also
exists off-axis. Turbulence levels are not substantially
different downstream of the three contractions although the
long (L/D = 1.5) contraction has allarger homogeneous

portion which is unaffected by the shear layers.

Contraction-Shape Effect. Another interesting effect
stems from the question of whether turbulence
characteristics would be sensitive to its strain history

when exposed to the same amount of total strain wil - the

‘average strain rate kept approximately equal. To

investigate this effect the mean and turbulence velocity
profiles of a fifth-order contour contraction are compared
in Figure 17 to the ones obtained from a matched-cubic
contraction with equal area contraction and lenjth-to-inlet
diameter ratios. Because the fifth-order contu. . has zero
curvature in addition to zero slope at the exit, mean
velocity overshoot and radial velocity magnitude are minimal
downstream of it. When the contraction process is

considered as a whole, the average strain rate imposed on
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the flow by both the matched-cubic and the fifth-order
contractions is about the sawve, although instantaneously
duripnc the contraction process, a higher peak strain rate is
imposed on the flow by the fifth-order contraction at equal
inlet velocities. However, the flow is subjected to a much
lower straim rate at the beginning and towards the end of
the contracti .. This aliows more time for the turbulence
to relax and the z:zn flow to adjust to the presence of
boundaries {i.e., closer confinement) as the flow approaches
the end of the contraction. A comparison of mean and
turbulence velocity profiles with the ones from a longer
matched-cubic contraction (L/D = 1.5) indicates that the
resulting profiles are practically identical. Therefore, to
obtain a more uniform downstream velocity profile for a
contraction with a given length, a fifth-order contour can
be used instead of the matched-cubic. The effect of using a
dissimilar strain history on turbulence is not readily
visible form the u' or v' profiles shown on the bottom of
Figure 17 and wili require more detailed statistics to
reveal its subtle consequences.

Streamwise Development of Mean Velocity
and Turbulence through a Contraction

To aid in planning the final experiment, extensive
preliminary data were collected for vari.us contracticns
using many different flow conditions. Mean streamwise
velocity and rms turbulence velocities for both the

streamwise and radial components were measured along the
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contraction centerline with an X-wire probe. The results F

"Wl e

were plotted by an x-y recorder after being processed
through the analog circuitry shown on Figure 7. Photographs
of velocity spectra obtained from a 2-channel reai-time

spectrum analyzer were recorded for many preliminary runs

but will not be presented here in lieu of more accurate
results from the digitally acquired data. As an
illustration of the very important issue of turbulence
scales in this study, two figqures demonstrating this effect

are presented and briefly discussed in the following.

Small-scale Turbul.nce. Figure 18 shows the mean

streamwise velocity and the rms u' and v' turbulence
velocities along the centerline of a fifth-order contraction
with a ¢=9 and an L/D = 1. The cross-sectional area starts
contracting at x = @ reaching its final value at x = 15.4
cr. The mean velocity increases monotonically from the
inlet to the exit section with very little influence
upstream. It should be pointed out that the mean velocity
is still increasing slowly at the physical end of the
contraction.

The viscous decay of turbulence in a uniform duct is
shown by the u' and v' traces on the left side of the
figure. For the flow conditions used in this investigation,
the rms of fluctuating velocities is such that in a uniform
duct u' is always greater than v'. Documentation of this

test flow condition using a straight duct (c=1), indicates
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that the viscous decay of turbulience is unaffected by the
presence of the contraction for all streamwise positions
upstream of x = -2 cm. Once the flow bas started
contracting, the v' downstream decay decreases and at about
6 cm into the contraction (x/L-0.4) it levels off and
starts to increase. On the other hand, the longitudinal u®
component continues to decay until x = 9 cm (x/L=0.6)
before its value begins to rise. At the exit section, v' is
only slightly greater than u'. The contraction appears not

to have a very significant effect on small-scale turbulence.

Large-scale Turbulence. Instead of the flow condition

with small turbulence scales of Figure 18, another which had
very large scales was used with the same contraction to
produce the results shown on Figure 19. The mean streamwise
velocity development is the same in both cases. However,
the turbulence velocity traces show a remarkable difference.
The difference is primarily in the v' component.

Immediately upon encountering the contraction, the v'
component is amplified to a much higher value than its
initial condition at the inlet section. This trend leads to
a substantial difference by the time the flow reaches the
exit of the contraction. The u' development through the
contraction is very similar to the case of small-scale
turbulence. The incoming turbulence levels are about the
same for the two cases but the turbulence-flow structure is

very different. This dramatic difference in the response of
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turbulence to a strain could be the key to some of the
contradictory results obtained by different investigators
working on the problems of contractions and contracting
flows. This will be examined in detail in the following
chapters., |

To summarize these preliminary investigations, one can
state that turbulence behavior through a contraction is
affected differently in the lc¢nitudinal and the lateral
components. The extent of this difference is contigent upon
characteristics of the incoming turbulent flow and in
particular its scales. In order to fully appreciate the
various effects discussed in the present chapter, a more
thorough investigation has been performed. Results are

presented in subsequent chapters of this report.




CHAPTER IV

DIGITAL DATA ACQUISITION AND PROCESSING TECHNIQUES-

The final measurements were acquired and processed
using digital techniques. The acquired data were ﬁrocessed'
on a UNIVAC-1100/81 mainframe computer to obtain the results
presented in the following chapters. Many gquantities that
were calculated digitally could not be reliably determined
if conventional analog processing had been used. The
digital results are much more reliable since the X-wire
probe was calibrated more accurately with a squared
third~order polynomial and corrections for non-ideal probe
geometry were applied. Quantities such as the Reynolds
stress and integral scales, that would have been inaccurate
and very difficult to obtain with analog circuitry, were
calculated with relative ease from the digital data since
only multiplication and averaging (summation) operations
were involved.

One other advantage of using digital data acquisition
is that all the data were stored on magnetic tapes in a form
that would permit reprocessing them in the future for
additional corrections or with new processing schemes. The
experiment could then be "recreated®" exactly at no

additional cost.

Data Acquisition

After extensive diagnostic runs (digital as well as

analog) were made to insure data quality, final measurements
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were acquired digitally onto magnetic tapes. From
preliminary measurements, it was decided that data would be
acquired at 9 streamwise locations along the centerline for
each contraction and test flow condition combination. These
positions are schematically depicted in Figure 28 for the
different length-to-diameter ratio contractions and for the
constant-area (c=1) reference flow conditions.

To study turbulence relaxation downstream of a
contractior (see L/D=1 case on Figure 20), 8 additional
positions of centerline data were acquired during a separate
run for each case tested. Three overlapping positions were
utilized so that the downstream data could be related to the
ones acquired through the contraction. The maximum probe
length allowable to minimize probe vibration contamination
(see Appendix D for details) and the need to minimize
support blockage effects prevented the acquisition of all
the positions during a single run. The length of the
downstream duct was changed between the two separate runs to
accommodate this.

Data were taken upstream of the position where area
contraction begins so that the upstream influence of the
contraction on the mean flow as well as on turbulence can be
estimated. For short contractions (L/D = 0.25 and £.50),
where the upstream influence is substantial, data were
collected starting farther upstream from the contraction
inlet position. The first data position was either 1 or

repositioned to 1A if the X-wire probe could not reach
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position 1, in order to prevent any interference with an
attached constant-diameter downstream tube with a length
ecual to 1.5 times the exit diameter. This r.coblem only
occurs for mild contractions (large De)' because the tube is
physically longer than for those that have higher
contraction ratios. In the L/D = 1.8 case, only the c=2
contraction required 1A as the starting position.

For the constant-area duct case, the choice of the
value of x/M at which the location of the contraction inlet
would be placed limits the distance upstream which the probe
could traverse. Therefore, the first data point for grids
J4 and JS was located at position 1A, Throughout the
entire final data collection period, the X-wire probe was
never dismounted from the traversing mechanism which was
aligned in all directions to the test section of the wind
tunnel with a dial indicator. The position where the
contraction begins was always at point 2 or 3 as shown on
Figure 20. The location at which the cross-sectional area
reached its final value in each contraction are also noted
on this figure. However, this did not coincide exactly with
a point where data was acquired.

The final selection of test flow conditions consists of
13 different cases. Coupled with 18 contractions and a
reference case, the amount of data collected would have been
astronomical and unnecessary if all combinations of
contractions and flow conditions were utilized. Based on

the preliminary studies, a judicious choice was made on
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which cases to run. A table containing cases that were
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actually used is shown in Piqure 21. fhé 13 test flow

[T

conditions are arranged in order of increasing turbulence
length scales from left to right. Conditions with the same
*"T* number but with different suffixes indicate that these
flow conditions have the same lateral length scale but a
slightly different longitudinal scale. Conditions with the

suffix "a"™ have the smallest L, while those with suffix "c"

have the largest one, for that particular L,,.

Contractions were designated with "C" numbers.
However, C8 is the constant-area duct reference case. The
characteristics of all these contractions are tabulated in
Figure 3 and their contour shapes are shown in Figures 4
through 6. Selected cases were marked with an "X" in Figure
21 for data acquisition and circled if detailed plots of
streamwise development are presented in the following
chapters. Supplemental cases were run to study the effects
of turbulence relaxation downstream of a contraction and
some off-axis data were also collected. These cases are
summarized in Figure 22. Positions where off-axis data were
collected are shown in the next figure. At the contraction
exit, off-axis data were acquired at three radial positions
with a separation of 7 mm between points. <cor other
streamwise positions, only the "DY3" radiai position (21 mm
off-axis) was used. At both the inlet and exit sections,
reference on-axis data were also collected.

In addition to single probe data acquisition, digital
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samples‘were also acquired simultaneously yith two X-wire
~ probes placed at the same streamwise location but uaing's
different radial separation distances with one probe always

located on the centeiline of the C2 contract;on in flow

condition;T7a. The two probes' separation distance ranged
? from D,é@_cm to 1.91 cm in B#.25-cm increments. Data were
acquiréa from four streamwise positions. These data are
essential in establishing the relationship between the
lateral ihtegtal length scale of the radial velocity
component in the streamwise direction (single-probe
measurements) and the lateral length scale of the radial
velocity component in the radial direction (two-probe

-

measurements) for contracting flows. Measurements of this

i type are of interest to theoreticians and have not been

E available or reported in the literature.

: Th; acquisition procedure begins with setting-up the

E required'test flow condition and contraction, centering the
X-probe on the axis of symmetry and calculating the 9

: streamwise locations of the run which would be monitored on
Z the digiial position indicator. A reference run was £heh

made to record the centerline mean streamwise velocity on

the x~y trecorder. During digital acquisition, the meanf'
velocity was constantly compared with the reference run.

Detectioh of any slight drift in the velocity was corrected

before data were recorded onto magnetic tape. Collected
data were immediately discarded if the drift occurred during
the acquisition.
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The bias and gain of signal-conditioning circuitry were

adjusted and recorded for each channel of the X-wires for

reconstruction of the original signal during data
processing. The details of the circuitry are presented in
Chapter II.

Digital sampling and recording were accomplished with a
customized fast-acquisition program which simultaneously
samples the hot-wire channels, converts them to 12-bit
numbers, and writes them onto industry-standard 9-track
tapes at a sequence rate of 18.66 kHz for 2-channel
acquisition and 11.36 kHz for 4-channel acquisition. The
program was executed on a PDP-11/18 based, portable
acquisition and processing system designed by Way([32] and
previoﬁ;}y used by Wigeland[29]. Both analog and digital

instrumentation systems, described in detail in Chapter II,

‘were active during the data acquisition. The analog

processing instrumentation was used to monitor the U and V

signals and their spectra on a 2-channel real-time spectrum
analyzer, while the digital acquisition was in progress, to
ensure data of high quality. One hundred records of digital
data, each with 2048 samples per channel, were recorded at 9
positions for each case. In all, over 300 million samples

of final X-wire data points were collected and processed for
this investigation. The original data are stored on a total

of 32 reels of magnetic tapes.
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The 108 digital data records that make up a data file

 for one position in a run were first converted to U end Vv

velocity information by the efficient and highly accurate
calibration and linearization procedure described in
Appendix C. While the results were still in the computer's
core memory, an FFT spectra computing program was called as
a subroutine to compute the power spectra of the velocity
data. The same program which computed the spectra also
calculated otner desired information such as time scales and
the Reynolds stress, then computed cqnmonly used quantities,
e.g., turbulence intensities, lengthféégles. etc., and
printed them out. The power spectf;m,iéross-specttum,
coherence and phase functions, auto and cross-covariances,
co- and quad-spectra were recorded on an output tape. These
functions can be plotted using appropriate software which
generate displays on a Tektronix 46186-1 graphic display uhit
or pen-plots them on a Calcomp drum plotter.

Sample plots of spectra, coherence and correlations are
shown in Chapter XI. The subroutine which makes integral
time scale calculations was modified by Wigeland[29] to
improve the accuracy of the time-scale computation as well
as the calculated rms values. The data reduction took a
total of 7 hours of CPU time on an UNIVAC-1100/81 and the

final results are stored on 2 reels of magnetic tapes.
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CHAPTER V

RYP—

TEST FLOW CONDITIONS

Before describing the contraction effects on turbulence

characteristics, it is important to know how the turbulence

behaves in the absence of any contraction (or strain) so

that effects due solely to the contraction can be isolated
and assessed. The purpose of this chapter is to document,
in detail, the 13 different test flow conditions used to
generate input turbulence to the contractions. These
results are very important in forming a basis for
compérisons between the different experimental cases and
theory by establishing reference conditions. Such reference
flow conditions were either unavailable or unreported by

previous investigators leading to difficulty in obtaining

valid comparisons with the present investigation since it
was not possible to correct thzir results for viscous

dissipation using the present scheme. Such difficulty may

have also lead to the controversy in the previous results

discussed in the Introduction.

In planning the present experiment, flow conditions
with the widest possible range of turbulence scales were
generated and documented. Test conditions with various

turbulence scales were selected from those that exhibited

homogeneous chracteristics and well-behaved turbulence
decay. In addition to the very wide range of turbulence

scales exhibited in these flow conditions, a condition which
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has very low turbulence intensity was also selected. ToO

assure homogeneity and isotropy, the highest total

turbulence intensity in any of the test flow conditions was
limited to about 58. During the planning and acquisition
phase, flow conditions were identified by the grid number
(J1, J2, J., etec.) and the velocity used in generating thea.
In the results presented here, test flow conditions are
identified in this manner. After the analyses of the data,
*T" numbers were assigned to flow conditions such that
larger numbers éortespond to larger length scales. This
scheme is designel to aid the reader in interpretirg data
from different flow conditions. Flow conditions with the
same "T" number but different suffixes have approximately
equal lateral length scales but different longitudinal
length scales. A cross reference is given in Pigure 36 for
corresponding "T" designation of the flow conditions with

equivalent grid number-velocity designation.

Turbulence~-Energy Decay

An important criterion used in making the selection of
the test conditions is "proper" turbulence energy decay. To
qualify as well-behaved conditions, the turbulence must
decay axially and the decay rate should be relatively
independent of velocity, i.e., the Reynolds number.
Turbulence energy decay of tﬁe streamwise and radial
components plotted as a function of the axial distance along

the centerline of the uniform-area test section are shown in
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Figures 24 and 25, respectively. Total turbulence-energy
decay is shown in-Pigure 26— T
These figures indicate that the turbulence decay rates
for the different flow conditions vary over a very wide
range. 3esu1ts show that the decay rate is primarily a
function of the grid mesh and is quite insensitive to the
mean velocity used. This velocity independence is a highly
desirable quality to look for in the selection of flow
manipulators because it will assure predictable performance
over a range of Reynolds numbers. In general, turbulence
generation and decay of fine-mesh grids tend to be more
dependent on the velocity because they are operated closer
to the critical Reynolds numbers[3]. Such operating
conditions should be avoided whenever possible. When the
axial decay rates are normalized by the mesh, the values
obtained from the various size grids are approximately equal
for most of the test flow conditions. These values are
tabulated in Figure 37. Exceptions include the smelil-scale
test flow condition Tl, flow condition T3c which was
operated clcse to but above the critical Reynolds number,
and a very low turbulence flow condition T5b. Because of
the higher decay rates, turbulence decay data for these flow
conditions are shown separately in Figures 27-29. At about
x = 16 cm (x/M = 113) for T3z, the decay rate increases
significantly indicating that the turbulence is going
through its final decay stages. This position is dcwnstream

of the exit station for all contractions with an L/D equal
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to one or less so that it is of no concern here,

In the low turbulence flow condition, TSb, the
fluctuation energy increases slightly in the downstream
distance for both the streamwise and radial components. At
such low "turbulence" levels, potential fluctuations induced
by vorticity in the boundary layer cn the test section wall
could be ;ensed by the X-probe. These induced fluctuations
increase slightly in the downstream direction due to
boundary layer growth on the walls. The streamwise
turbulence intensity, u'/U is less than 0.2% and the radial
componen:, v'/U is below #.1%. From these turbulence
intensity figures, one concludes that the turbulence in this
flow condition is hardly energetic. Bennett and Corrsin(18]
also reported an increase in their free-stream turbulence
intensity with axial distance. These extraordinary flow
conditions were used sparingly and the results treated

cautiously in the present experiment.

Isotropy, Integral Length Scales
and Reynolds Stresses

The documertation of test flow conditions for this

investigation goes beyond measurements of mean velocities
and turbulence intensities. Integral length scales and
Reynolds stresses were also computed along with spectra and
ccrvelations. A major advantage of using digital data
processing is that these quantities are not more difficult
to obtain than the mean velocity or turbulence intensity

once the programs required for computing them are available.
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Figure 30 shows the downstream development of u'/v' for

e

all test flow conditions erxcept the very low turbulence i E
condition TSb which exhibited high anisotropy. Except for :
TS5, all the grid-generated test flow concitions have a
u'/v' value slightly greater than 1. Perfect isotropy is
practically impossible to achieve for naturally decaying

grid-generated turbulence. A few investigators(l17,}8,19)

have reported some success in improving isotropy of grid

turbulence by using a mild contraction to increise v'

thereby modifying the partition of turbulence energy in the
free-stream. Small-mesh grids with u!/v' values of up to
1.34, show more departure from isotropy than large-nesh
grids.

In general, the data show that turbulence tends very
slightly towards isotropy with increasing downstream
distance for large-mesh grids and away from isotropy for the
fine-mesh grids. Such changes in the values of u'/v' are
small when compared with changes resulting from the 3
contraction so that u'/v' can be treated as essentially

constant for the reference conditions.

Gor LR e o il

To study the effects of turbulence scales on
contracting flows, homogeneous and approximately isotropic
turbulence flow conditions were generated to cover the
widest possible range of integral scales in the present
facility. Streamwise development of the longitudinal and
lateral iength scales of the test flows are shown in Figures i

31 and 32, respectively. These integral length scales were




calculated from the integral time scale obtained from the
autocovariance functions using the local wean streanmwise

velocity and assuming validity of Taylor's hypothesis in

relating length scales with time scales.

For the longitudinal length scale this is fairly
straight-forward, but for the lateral component, the
gquantity obtained is the lateral length scale in the
streamwise direction. This length scale is simply related
to the lateral length scale in Fhe radial direction in
grid-generated turbulence, i.e., homogeneous and
approximately isotropic. Whether this relation holds or
not, for contracting flow situations, will be answered when
data acquired with two X-probes separated laterally are
processed. It would be interesting to compare these results
with those of Bennett and Corrsin[18] to see the effect of a
contraction on the two-point space time correlations.
Although the streamwise development of the longitudinal
length scales shows more scatter than the lateral scales, a
definite trend of a slow growth in the length scales with
increasing time during the decay is apparent. The range of
length scales for these flow conditions at the location of
the contraction inlet varies from about #.31 cm to 1.3 cm
for the longitudinal scale and from #.17 cm to 8.57 cm for
the lateral scales.

Reynolds stress development profiles in the streamwise
direction are also shown for the same flow conditions in

Figures 33 and 34. The low turbulence condition, TS5b (open
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circles in Figure 33), shows an effectively zero uv Reynolds
stress. Turbulence in this flow condition is very weak.

For most flow conditions the magnitude of av/0° decreases in
the downstream direction and approaches zero by about x = 20
cm. As expected, turbulence generated by large-mesh grids
is more energetic and produces higher Reynolds stresses that
decay rather slowly as shown in Figure 34. The Reynolds
stress is generally associated with turbulence prodrction
due to the exchange of momentum in the turbulent mixing
process. The reasoning behind the behavior of the Reynolds
stress profiles in Figure 33, which are positive for some
flow conditions and negative for others, is not clearly
understood at the present time. The Reynolds stress concept
is difficult to comprehend physically except in idealized
situations and is an extremely difficult quantity to measure
accurately in experiments.

A straight line relationship between longitudinal and
lateral length scales for all the flow conditions at the
inlet position of the contractions is shown in Figure 35.
Data on this graph reveal that Lui is typically 2.3 times Lvi
rendering these turbulent flow conditions approximately
isotropic. Von Karman and Howarth[36] showed that perfectly
isotropic turbulence would exhibit an Lu = 2 Lv
relationship. The "T" number for each test flow condition
was assigned based on these length scales and subsequently
used to identify the various flow conditions. To aid in the

interpretation of data from various flow conditions,
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turbulence of larger scales is denoted with increasing "T"
numbers. Suffixes are used to distinguish flow conditions
with approximately equal lateral length scales.

To fully characterize the 13 test flow conditions,
pertinent quantities such as the initial turbulence
intensity, mesh Reynclds number, average initial length
scales, turbulence decay slope (streamwise component),
virtual origin, and the initial turbulence Reynolds number,
R., are tabulated in Figures 36 and 37. Arrows indicating
largest (arrow pecints to the right) and smallest (arrow
points to the left) values of certain parameters are also
shown on the figures. These two figures and Figure 38,
which relates the turbulent Reynolds number to the mesh
Reynolds number for each flow condition, show some of the
widest ranges of test condition parameters used in an

experiment on contracting flows.
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CHAPTER VI
EFFECTS OF TURBULENCE SCALES ON FLOW
DURING AND AFTER A CONTRACTION
This chapter is devoted to the study of the effects of
different turbulence scales on the flow through 2nd
downstream of a 9:1 matched-cubic contraction., A similar
investigation was conducted by Ramjee and Hussain([23] using

4 screens of different mesh sizes and a round-rod, biplanar

grid for a contraction ratio of 1l. Results that were
presented by them covered only the contracting section.
Here we are also interested in what happens to the
turbulence in th2 uniform duct downstream of the
contraction. The relative initial turbulence scale range,
Lui/Di’ varies by a factor of approximately 2 in their
study[23] while in the present experiment it covers a range
of more than 3 using flow conditions Tl, T4, and T7a. The
constant-diameter duct length on the downstream end of the
contraction was 4.2 times the exit diameter De.

Results are presented in the form of turbulence

quantities through and downstream of the contraction
starting with the flow condition with the smallest iength
scales. Before delving into the turbulence characteristics,
streamwise mean velocity development along the centerline is
shown in Figure 39 for flow conditions having different
turbulence scales. The mean velocity is shown to increase
monotonically reaching a constant value in the constant area

duct downstream of the contraction. These axial mean
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velocity profiles indicate very small differences in U(x)
between the flow conditions with widely diffeting turbulence
scales. Even though two of the conditions shown here,
namely T5a and T7b, were not the ones chosen for the
investigation summarized in this chapter, their turbulence
characteristics were representative ¢f the medium and
large-scale conditions T4 and T7a, respectively. The
dimension L on the figure indicates the length and the
physical location of the contraction. The inlet of the
contraction is always located at x = #. Included on this
figure are axial mean velocity profiles for two other
contractions and the uniform cross-sectional area duct.
These will be discussed in conjunction with contraction

ratio effects in the next chapter.

Turbulence Energy Components

The longitudinal component of turbulent kinetic energy
for the small scale condition T1l, normalized with its
initial value at x = @ is shown in Figure 40 as a function
of downstream distance for the 9:1 contraction and the 1:1
reference condition. The turbulent energy in the
constant-area duct decays monotonically in the downstream
direction, while for the flow through the contraction, the
energy decays at a slightly higher rate over the first half
of the contraction as predicted by rapid distortion theory.
However,with continued contraction, the kinetic energy rises

sharply reaching a peak value of about 0.9 uiz at the exit
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position. This level is about 3.5 times higher than the
corresponding unstrained turbulence which has decayed in a
uniform duct up to this position. Downstream of the
contracting section in the constant-diameter duct, the
turbulence energy again decays at approximately the same
rate as that for unstrained turbulence as the reader can
verify by comparing results of contracted and non-contracted
flows.

The radial turbulence energy development through and
downstream of the contraction in this flow condition, shown
in the next figure, indicates a similar trend. The shape of
the curve is similar tc the longitudinal component but now
the decay rate is slower than the reference case, even at
the initial stages of contraction. This increase in the v'
component relative to the unstrained flow is predicted
gualitatively by theory. A peak value of about 1.2 times
the incoming radial component energy is reached at the exit
section. The decay rate downstream of the contracting
section is again approximately that of the unstrained
turbulence. Therefore, the total turbulent kinetic energy
through and downstream of the contraction should behave
similarly. Figure 42 shows this to be the case.

Tucker and Ali[35] showed that downstream of a
contraction in an anisotropic turbulence field, the
streamwise energy component decays slower but the radial
component decays faster than in isotropic turbulence. The

turbulence was generated by placing a perforated grid
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(0=8.47) either at the inlet to a 5.75:1 contraction to
generate anisotropic turbulence or at the outlet section to B
generate isotropic turbulence. However, no attempt was made
to match the mesh Reynolds number between the two
conditions. It has been shown[l,3] that grids with
solidities greater than about 48% exhibit highly
Reynolds-number dependent turbulence decay rates.
Therefore, these results should be taken cautiously.

It is interesting to note that for the present results,

the total kinetic energy does not show a higher decay rate

behavior during the initial stages of contraction. This is

the case because the radial component of turbulent energy is

increased substantially by the contraction relative to the
unstrained flow and is weighted more towards the total
turbulent kinetic energy contribution in an axisymmetric
geometry.

For flow conditions with larger turbulent length
scales, attenuation of the streamwise component of energy is
increased during the initial straining of the fluid. This
is demonstrated by comparing Figure 40 to Figures 43 and 46.
The increase in u'2 with continued straining is lower for
the turbulence with larger scales. For both flow conditions,
T4 and T7a, this energy rise does not exceed the values
attained by the naturally decaying turbulence. Again, the
decay rates for u'2 downstream of the contraction-.
approximate those of the corresponding unstréingajflow

conditions., Only the turbulence in the large-Scale T7a
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condition seems to show a slight increase in the decay rate
after the contraction in both the streamwise and radial
components as indicated on Figures 46 and 47, but this
difference is within experimental uncertainty.

An increase in the turbulence scales of incoming flow
conditions results in higher turbulence amplification in the
radial component as shown in plots on Figures 41, 44, and
47. The peak value of v'z/viz, which is attained at the end
of the contraction, increases from 1.2 for Tl to 2.8 and 3.4
for T4 and T7a, respectively. This produces a corresponding
increase in the total turbulent kinetic energy dd@nstream of
a conttaction for larger-scale turbulence conditions, as
indicated on Figures 42, 45, and 48. Thus, the turbulence
intensity reduction efficiency of a contraction is highly
dependent on the incoming turbulence scales. This is not
predicted by the rapid distortion theory of Batchelor and
Proudman[24] and Ribner and Tucker[25] because of the
intrinsic assumption of asymptotically small-scale
turbulence used in the derivation. Goldstein and Durbin's
analysis|[26], which included finite-scale effects, predicted
an opposite behavior but was done for asympotically large
two-dimensional contractions,

Ramjee and Hussain[23] reported in their study on thLe
effect of upstream screens that the exit values of turbulent
intensities were independent of changes in the incoming
turbulence intensities (and the integral length scales)

especially for the streamwise component, This was not found
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to be the case in the present experiment. The present data
show higher values of the exit turbulence intensity for
incoming turbulence of larger scales and coincidently higher
turbulence intensity in these aelggtéd flow conditions. We
conjecture that in their experiment[23] the problem could be
due to large contributions of pressdte fluctuations from the
blower fan blades which affect the measurement accuracy of
streamwise component of turbulence. What they were
measuring as the asymptotic value of'(u'/U"{e could be mostly
fan-induced fluctuations that get amplified through the
contraction and not true grid-generated turbulence. The
present experiment has avoided this problem by powering the
wind tunnel with a compressed air supply instead of a

blower. See Appendix B for details of this modification.

Isotropy and Integral Length Scales

Axial developments of u'/v' through the contraction for
3 flow conditions are shown in Figures 49-51. For the
small-scale turbulence, Figure 49 shows a decrease in u'/v’
ratio as the flow gets contracted. At x/L— 8.6 a minimum
value of 0.8 is reached after which there is an increase in
u'/v' with further straining. At the end of the contracting
section, turbulence is again nearly isotropic, i.e., u'/v'=
1.8. Further downstream in the constant-area duct, the
turbulence remains isotropic. The value of u'/v', however,
is lower than that of the corresponding unstrained

turbulence condition.
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®or test conditions with larger turbulence scales,
shown in Figures 50 and 51, disparity between u' and v' is
greater after the contraction, causing the flow to be more
anisotropic. Moreover, the uneven partition between the
longitudinal and lateral components of the fluctuation
velocity does not lead to a return to the isotropic state of
the unstrained flow. The u'/v' ratio remains at the value
attained near the end of the contracting section even for
the flow far downstream in the constant-area duct. This is
in sharp contrast to the behavior of small-scale turbulence
shown earlier.

Uberoi and Wallis[1?7] and Comte-Bellot and Corresin[19]
have vtilized mild contractions to modify the isotropic
state of grid-generated turbulence. Their goal, to improve
the validity of comparisons between experiments on
grid-generated turbulence and theories of isotropic
turbulence by improving the degree of isotropy in the
turbulent flows, was met with varying degrees of success.
Results from the present experiment have also shown that the
degree of isotropy (or anisotropy) introduced by a
contraction can persist downstream for large-scale incoming
turbulence but not for small-scale turbulence. Therefore,
in experiments which require altering the degree of isotrofpv
by utilizing a contraction, whether to improve it or to
generate an even more anisotropic test flow condition, tche
selection of incoming turbulence scale characteristics plays

a key role in the success of such an endeavor. For example,
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while Uberoi and Wallis([l17] reported a return to the initial
precontraction isogtopic state for the flow downstream of a
contraction, Comte-Bellot and Corrsin[l9]) found the opposite
to be true in a very similar experiment. This points to the
tact that incoming or background turbulence characteristics
play an important icle in determining the results of such
"similar® experiments. The details of the unstrained
initial conditiong for these two experiments are not
available to analyze this any further.

The next three figures show the resulting length
scales, both longitudinal and lateral, for the 3 flow
conditions that were strained through the contraction.
First, it is noted that both length scales grow when the
turbulence is subjected to an axisymmetric contraction. The
resulting length scales downstream are as much as almost 20
times their initial values in the present results. In
Ramjee and Hussain's study([23], they reported that the
longitudinal length scales downstream of an axisymmetric
11:1 contraction were between 98 and 170 times the initial
length scales. Howeve., they were unable to explain this
large increase in the length scale, but suggested that this
could be due to the large uncertainty in the calculated
Eulerian integral time scale from experimental measurements
of the autocorrelation function. Since the measured values
were consisteitly high for all their screens, statistically
it is unlikely that this is due to experimental uncertainty.

From our previous experience, a likely cause of this problem
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is th2 low-frequency conttibution from the blower. This

results in abnormally large values of the calculated
integral time and length scales. This effect could be
eliminated by utilizing the digital data acquisition and
processing techniques described by Wigeland[29]. The

present experiment does not suffer from this problem because

o, A N 0 R, S .

the wind tunnel was powzred by a compressed-air supply. %
For the small-scale flow condition T1, the’ longitudinal :

length scale was 19 times larger at the downstream end of

the contraction than at the inlet, while the lateral length

scale increased only 6-7 times. When flow condition T4 was

used, the longitudinal length scaie, Lyjr increased only to

about 8 times its initial unstrained value, while the

lateral length scale reached almost 12 times its initial

value. When flow condition T7a, which has the largest

scales, was used, the growth in L, amounted to less than 5

times its unstrained value but L, attained a length of 10

times Lvi' its initial length scale. Despite some scatter

of data in Figures 52-54, a clear trend emerges for the

various turbulernce conditions of initially different scales

subjected to the same contraction. The longitudinal length

scale increases mcre than the lateral length scale for

initialily small scale turbulence. The reverse is true for

initially large turbulence scales. For an intermediate-~-

scale turbulence condition, the growth in the integral

length scales is approximately equal. These findings are

clearly demonstrated in Figures 52-54.




CHAPTER VII
CONTRACTION RATIO EFfFPECTS

The effects of using turbulence of different scales

through a fixed contraction'tatio were demonstrated in
Chapter VI. In this chapter the ef:i ~ts of varying the
contraction ratio on incoming turbulence of different scales
will be examined. Results from mild and moderate
contractions are presented first, followed by those with
high contraction rataios.

Streamwise mean velocity profiles through the mild and

moderate matched-cubic contractions are shown in Figure 39
for test flow conditions representing small (Tl), medium
(TSa), and large (T7a) scale turbulence conditions. The
centerline mean velocity varies only slightly for the
different flow conditions due to differences in the boundary
iayer condition at the contraction inlet as well as in the
boundary layer development through the contraction. The
differences in the boundary layers along the upstream cuct
are caused by the differences in the grids and the
free-stream velocities used in the various test flow
conditions, and have been documented in Chapter II11. The
difference is slightly more pronounced in the c=4
contraction than either in the 9:1 or the 2:1 contractions.
The axial mean velocity profiles for the high contraction
ratios are presented in Figure 75. The differcnce in the

mean veloviy resulting from incoming turbulence of
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different scales increases with increasing contracgion
ratio. The centerline mean velocity downstream of the
contraction is slightly higher for the small-scale
turbulence condition. However, in all cases, the axial
profile shape differences are practically negligible, in
particular, when considering the range of initial

free-stream velocity and turbulence involved.

Srmall-scale Turbulence Flow Conditions

The axial turbulence energy development of the
longitudinal and lateral components are shown in Figures 55
and 56. The total turbulence energy at the end of the
contraction increases monotonically with the contraction
ratic as shown on Figure 58. This increase is reflected
more closely by the lateral energy component. According to
theory[24,25] the streamwise component of the fiuctuation
energy should decrease as the contraction ratio is
increased. Figure 55 shows this to be true during the early
part of the contraction fbr mild contractions (c<4). For
the 9:1 contracticn, even though the initial docay rate of
the streamwise fluctuation energy is faster than that of the
unstrained turbulence, the turbulence reduction is not
higher than the 4:1 contraction as would be predicted by
linear theory[24,25].

Instead of further reduction in the streamwise
component of energy with continued contraction, an increase

is noted beginning at x/L—0.8 for the mild contractions and
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earlier at x/L=0.6 for the moderate contractions. This
non-linear behavior is much more proaounced for the 9:1
contraction than for mild contractions., The peak values of
the turbulence energy ratios attained at the exit section
are less than the initial value for these contractions in

the longitudinal, component but reaches 1.2 in the lateral

component for the 9:1 contraction.
When higher contraction ratios (c=16, 23.5 and 36) are
used in T3a, a flow condition with relatively small length

scales, the axial development of the streamwise turbulence

componert shown in Figure 76 behaves like results from the
very small-scale Tl for the mild and moderate contractions.
In both cases, this component of energy initially decays
faster than unstrained turbulence but with continued
straining, the turbulence stops decaying and its energy
increases. The maximum energy level reached at the end of
the cont:acting section is higher than the level at the
contraction inlet. This net production of turbulence
through the contraction increases with contraction ratio.

Qualitatively, the increase in the lateral component of
turbulent kinetic energy for higher contraction ratios is in
agreement with rapid distortion theory. This is shown in
Figure 56 for the mild through moderate contractions and can
be inferred from the total turbulence energy plot in Figure
78 for higher contraction ratios.

The u'/v' plots presented in Figures 57 and 77 indicate

that as the flow is contracted, its velocity fluctuations
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deviate from isotropy. In accordance with theory, it was
shown in the turbulence energy ratio plots that this
imbalance between the streamwise and lateral components is
due to a relative increase in the lateral component energy
with increasing contraction. A behavior not predicted by
theory is the return towards a more isotropic state with
continued contraction shown in the results for the moderate
and high contraction ratios. The amount of increase in the
value of the u'/v' ratio, after reaching a minimum somewhere
midway along the contraction, increases with the area ratio
of the contraction. This is due to a non-linear
inter-component energy transfer from the lateral component
to the streamwise component which increases with the total
strain. This mechanism of turbulent energy transfer does
not manifest itself in the flow through mild contractions.
Therefore, the values of u'/v' remain low downstream of the
contracting sections.

Both the longitudinal and lateral length scales
increase through the contractions. Growth of initially
small turbulence scales through the contractions are shown
in Figures 59 and 60 for the mild and moderate contractions
and in Figures 79 and 88 for higher contraction ratios. The
longitudinal length scale development in Figure 59 indicates
a slightly faster growth rate with increasing strain for the
c=2 contraction than for either of the other ones shown on
that figure. The length scale near the end of the

contracting section for this mild contraction is also
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slightly larger than the 4:1 or 9:1 contractions. The
longitudinal length scale developnment in ﬁhe small-scale
turbulence flow condition shown in Figure 79 for high
contraction ratios reveals that the maximum length scale
attained is not monotonic with increasing or decreasing
contraction ratios. The maximum longitudinal length scale
after straining for the contraction with an area ratio of
36:1 is larger than that of a 16:1 contraction but less than
for the 23.5:1 contraction. In the Tl test condition,
increasing the contraction ratio seems to decrease the
maximum streamwise length scale attained in mild and
moderate contractions. However, the net length scale growth
is always large compared to the unstrained turbulence, which
exhibited only a small growth over the same downstream
distance; see Figures 31 and 32.

The lateral length scale increase is monotonic with
increasing contraction ratios as demonstrated in Figures 60
and 88. Larger axial strains from higher contraction ratios
produce a "bigger"™ lateral length scale at the downstream
end of the contraction. For example, a maximum lateral
scale of over 30 times its initial unstrained value is
reached at the end of the contracting section in the 36:1
contraction. Both Lu and Lv of the highly strained
turbulence tend to become smaller in the constant-area duct
downstream of the contractions.

The axial development of the Reynolds stress shown in

Figure 61 for the mild and moderate contractions indicates
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that for the mild 2:]1 contraction a slight increase in the
Reynolds stress occurs during the early phase of
contraction. It then decreases to its initial value and
remains constant through the remainder of the contraction.
At a higher contraction ratio, c=4, the Reynolds stress
behaves like unstrained turbulence, decaying in the
downstream direction; except there is a bit more scatter in
the data. For the 9:1 contraction, the Reynolds stress
decreases with increasing downstream distance into the
contraction but does not asymptote to zero. Iustead it
keeps on decreasing with an eventual sign change at x/L—
P.8. The trend continues with increasing downstream
distance up to and slightly beyond the contracting section.
In the constant-diameter section the Reynolds stress tends
to return to zero but data on this figure do not extend far
enough downstream to locate this zero Reynolds stress
position. The higher magnitude of the Reynolds stress at
the downstream end of the 9:1 contraction is probably
associated with the turbulence "production®™ by the
inter-component transfer of turbulent energy from the
lateral component to the streamwise component. This
inter-component transfer of energy causes the streamwise
turbulent kinetic energy to rise at the downstream end of
the S:1 contraction as shown earlier in Figure 55. It will
be proven in Chapter XI that the streamwise and radial
velocity fluctuations are indeed interrelated and Chapter

XIII shows that this gain in the streamwise component is
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reflected as a loss oflsome energy in the lateral component.

Medium-scale Turbulence Fiow Conditions

Results from two medium-scale turbulence flow
conditions are shown in Figures 62-67 for the mild and
moderate contractions. Even though the two flow conditions
have approximately the same length scales, the other
turbulence characteristics, as shown in Figures 36 and 37,
are very different. Flow condition T5a is a typical
energetic turbulent flow condition while T5b has vanishingly
low turbulence intensity. In Figures 65 and 66 it is shown
that for the very low turbulence flow condition, the
contractions amplify the turbulence energy tremendously in
both streamwise and lateral components. Downstream of the
contraction, the total turbulence energy (Figure 67) is much
higher than the energy entering the contractions. Even the
relative turbulence intensities are not appreciably reduced
by the contractions. It is evident that contractions cannot
be used to reduce very low level turbulence because the
inter-component transfer leads to higher energy in both
components of turbulence.

The streamwise and lateral components of turbu.ience
energy and the isotropy plots for a typical medium-scale
turbulence condition, TSa, are shown in Figures 62 to 64,
respectively., Comparing these figures with the
corresponding ones for the small-scale flow c-.dition T1

(Figures 55 to 57), one finds that the plots are
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qualitatively similar for both streamwise and lateral
components of turbulence energy. This large-scale
turbulence flow condition has a slower viscous decay rate
than the smaller-scale Tl condition; see Figures 36 and 37.
Therefore, one of the crucial assumptions of rapid
distortion theory (no viscous dissipation) is violated to a
lesser degree in flow condition TS5a, so that we should
expect a better agreement with theory.

Figure 62 shows that in acco:dance with the theory the
streamwise component of energy is reduced by the
contractions. This reductior increases with the contraction
ratio, except no further increase in reduction is shown by
increasing the contraction ratio from 4 to 9. It is
suspected that some non-linear transfer of energy into the
streamwise turbulence energy component inhibits further
decay enhancement and causes the rise in u'2 close to the
downstream end of the 9:1 contraction. Non-linear
interaction has not been incorporated in any of the theories
to date. When this figure is compared with Figure 55, the
corresponding one for the small-scale turbulence, it is
noted that during the initial stages of straining, the
contraction area ratio has a stronger influence on the
turbulence energy reduction for larger-scale turbulence.
Despite the rise in u'2, its level at the downstream end of
the contraction is below that of the naturally-decaying
unstrained turbulence. This is contrary to results from the

small-scale test condition, where there is a net gain in u'2
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energy downstream of the contraction over unstrained
turbulence. The lateral component of turbulence energy
shows a monotonic increase with higher cpngtaction ratios.
When compared to the small-scale condition, the amount of
increase for each corresponding contraction is higher in
this medium-scale turbulence.

The degree of isotropy variation through the
contractions in this turbulence condition is plotted in
Figure 64. For each of the corresponding contractions, thé

increase of v' relative to u' is amplified more for this

turbulence condition than for the small-scale turbulence
examined earlier. The tendency for the turbulence to return

towards a more isotropic state during the latter stages of

Rl b L

straining, which is present when small-scale turbulence is

used in the 9:1 contraction is notably absent here.

Large~scale Turbulence Flow Conditions

Streamwise developments of turbulence kinetic energy

are presented in Fiqures 68, 69, and 71 for the mild and

moderate contractions using the large-scale flow condition
T7b, similar to the ones displayed for higher contraction
ratios in Figures 81 and 83 in flow condition T7a. A
comparison of the results obtained in these large-scale
turbuience conditions with results obtained in the medium~

and small-scale turbulence indicate that, with increasing

turbulence scales, the streamwise component of turbulence

energy is attenuated more acutely for each ' nrresponding
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contraction ratio during the initial straining process, For
contractions with area ratios of 9 or greater, there is an
increase in the u'? energy due to non-linear inter-component
energy transfer to the streamwise component. This energy
increase relative to the minimum value is greater for
turbulence of shall scales., Thg‘non-lineat transfer process

increases with increaci@g\con;i;éfion ratios for a fixed

er;_—_ffrlow condition as shown by Pigurééxﬁﬂ and 81 in the case of

ixe«i;rge-scaié'fiow condition and in Figures 55, 62, 65, and 76
for turbulence with smaller scales. The lateral component
and total turbulence energy, shown in Figures 69 and 71,
respectively, exhibit an increase with contraction rat o. A
large increase in the peak values attained is noted between
the 4:1 and 9:1 contractions. Results at higher contraction
ratios in Figure 83 show further increase in the total
turbulence energy. Maximum values attained downstream of
the contracting section ir. large-scale turbulence are higher
than for small-scale turbulence flow conditions.

The development of isotropy through contractions in
Figures 780 and 82 resembles that of the medium-scale flow
condition in which there is a tendency to "recover®” to a
more isotropic state after substantial straining. This
tendency starts near the exit but still within the
contracting section., This "isotropic recovery" is more
prominent at higher contraction ratios and not noticeable
for the 4:1 and 2:1 contractions. Final values of u'/v'

downstream of the contractions are correspondingly lower for
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these large-scale flow conditions than for the medium- or
 small-scale conditions.

| The longitudinal and lateral inteéral 1ength scales for
these large-scale flow conditions are shown in Figures 72-73
and Figures 84-85 for mild to moderate and for high
contraction ratios, respectively. Development trends are
similar to those of the small-scale turbulence condition
T3a. Longitudinal length scales downstream of contractions
increase with contraction ratio. However, the largest
longitudinal scale is attained by the 23.5:1 instead of the

36:1 contraction. This is the same order found using flow

i ikl

condition T3a. Lateral length scales downstream of the

contractions increase with the contraction ratio. These

large~-scale turbulence flow conditions show peak values that
are higher than those of the medium-scale flow conditions.
The Reynolds stress plots for contractions with c=2, 4, and
9 are shown in Figure 74. For the 9:1 contraction, the
curve shows an increase in the production of turbulence as

the flow goes through the contraction.

Summary of Contraction Ratio Effects

A short summary of the effects of contraction ratio
variation on incoming turbulence conditions of various
scales is presented here to establish the major results.
These results are referenced to flow characte-istics of the
constant-area duct using the same test flow conditions as

for the contractions under investigation.
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The streamwise component of kinetic energy decreases
during initial passage through the contractions. 1In
general, for a given flow condition, this attenuation
increases with increasing contraction ratio. At a fixed
contraction ratio, this energy attenuation increases when
the incoming turbulence scales are increased. An exception
to the above observations occurs when the turbulence level

of the free-stream flow is vanishingly low. In such cases,

the streamwise turbulence energy and relative turbulence { .

intensity get amplified tremendously when the flow is
contracted. The amount of amplification increases with the
contraction ratio. Towards the downstream end of the
contracting section, u‘2 rises because of non-linear energy
transfer to the streamwise component. This non-linear
increase is higher for larger contraction area ratios in a
given flow condition. However, upstream turbulence with |
larger scales reduces the peak level of this increase in u'2
at the downstream end of the contraction. Depending on the
contraction ratio and the upstream turbulence scales, the
non—-linear increase in u'2 near the end of the contraction
may or may not exceed levels found for naturally decaying
turbulence in a constant-area duct. At high contraction
ratios, the streamwise turbulence energy can be several
times higher than its level entering the inlet of the
contraction.

The lateral component of turbulence energy always

increases through a contraction. This increase is higher
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for larger contraction ratios and for turbulence of larger i
scales. Past investigaticns have always indicated that R

rapid distortion theory underpredicts this rise in the

lateral turbulence energy component and over predicts the
attenuation of the streamwise component of turbulence
intensity. Present results show that the predictions by
classical rapid distortion theory are approached for both
components of turbulence intensity during the initial stages
of flow contraction when the upstream turbulence scales are

large. However, the increase in u'? at the downstream end

of contractions cannot be accounted for by linear rapid

distortion theory[?4-27]. It is suspected that this
non-linear effect is due to an inter-component energy

transfer from the lateral to the streamwise component. The

non-linear transfer mechanism is more effective for
turbulence of smaller scales and at higher contraction
ratios.

Turbulence length scales increase through the
contractions. Large values are observed downstream of
contractions with large area ratios. 1In general, these
length scale increases are higher for turbulence of larger
scales. This behavior is more systematic for the lateral
length scale. However, relative growth between the
lorgitudinal and lateral length scales shows the ratio Lu/Lv
at the downstream end of the contraction to decrease with

increasing turbulence scales.
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CHAPTER VIII
TURBULENCE SCALE EFFECTS
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The effects of varying‘thg,cqntracﬁion area ratio on
free-stream turbulence with different integral length scales R
are ptesented in Chapter VII. In the present chapter, three ]
representative contractions are chosen fotvinvestigation of

effects of free-stream conditions with a wide range of

turbulence scalee on the performance of a mild (2:1), a

moderate (9:1), and a high (16:1) contraction.

Mjld Contractjon Ratio
Axial development of streamwise and lateral components

of turbulence kinetic energy through a mild contraction are

shown in Figures 86 and 87. The streamwise coimponent of
turbulent kinetic energy in Fiqure 86 indicates that for the
meZ.um- and large-scale turbulence conditions, decay rates |
and energy ratios downstream of the contraction are
approximately equal. The radial component of turbuvlence
energy for these flow conditions, in Figure 87, reveals that
the fluctuation energy remeins relatively constant
throughout the contracting section. This is brought about
beczuse the natural (viscous) decay is offset by the ¢
amplification effect of the contraction. Amplification due
to contraction and vortex stretching matches viscous decay
almost exactly for the large-scale condition T6 starting
near the inlet section. For the medium-scale condition T3b,

this does not come about until farther downs{ream into the
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contraction. Therefore, the lateral turbulence energy
remains relatively constant, although at a different level
in the contracting section.

Por the fine-scale condition T1, rapid decay of
turbulence energy in the axial direction is noted for both
the streamwise and radial components through the
contraction. This is primarily due to a naturally
faster—-decaying turbulernce condition i.e., more viscous
dissipation. The amplification by this mild contraction
does not have enouch of an effect on the turbulence to
sustain or increase the radial component in this small-scale
condition. Therefore, viscous dissipation dominates and the
v'z energy decays through the contraction. Compared to the
uncontracted turbulence, it is noted in Figure 55 that
during the initial straining of the flow, the streamwise
component decays slightly faster. However, at the
downstream end, its energy lev2l is approximately equal to
that of the unstrained turbulence. This is caused by a
relatively slower net decay, as compared to the
corresponding unstrained case in Figure 56; i.e.,
amplification by the contraction is off-setting thc viscous
decay effect.

Even fo: this mild 2:1 coatraction ratio, present
results demonstrate that turbulence characteristics
downstream of such a contraction are dependent ¢n the
incoming turbuleiice scales. 1In view of these results, the

discrepancy between the results of Uberoi and wWallis[17] and
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Comte-Bellot and Corrsin[19] should not be surprising.

while thei: grids, wind-tunnel size and free-stream
velocities were comparable, background turbulence conditions
in the two wind tunnels may have contained different
characteristic scales; see Loehrke and Nagib[l]). 3ince they
do not have the details for the development of the upstream

conditions, we can only speculate regarding this issue.

Moderate Contraction Ratio

With moderate contraction ratios, significant
differences in the behavior of turbulence characteristics
through a contraction can be discerned when turbulence
conditions of various scales are used. A contraction area
ratio of 9 is chosen for this study. Total turbulence
energy ratio plots through the contraction in Figure 89
indicate that the amount of turbulence-energy increase
through the contraction is directly related to the size of
the incorming turbulence scales. Large initial turbulence
scales preoduce high levels of total turbulence energy
downstream of the contraction; i.e., more net turbulence
production.

The streamwise component of turbulence energy is
attenuated through the first half of the contracting
section. According to linear rapid distortion theories,
both classical[24,25] and the recently extended analysis
including finite scale effects[26], this enhanced turbulence

decay should continue through the whole contraction.
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However, experimer’al results shown on FPigure 88 indicate a
tise of energy rear the downstream end of the contraction.
This non-linerr increase of u'z is attributed to
inter-component energy transfer from the radial to the
streamwise conponent. FPree-stream turbulence conditions
wvith small-scales shov more of this non-linear interaction.
Thus, more energy is transferred into the streamwise
component by the contraction, resulting in higher u'2 levels
downstream, when small-scale turbulence conditions are
utilized. An exception to the above is obtained from flow
condition T3b. If the scale trend is consistent, this would
have incorrectly implied that T3b has a larger turbulence
scale than flow condition T8. However, after a careful
exanination of the other characteristics of this and other
test flow conditions in Figure 36 and 37, it is evident that
this non-linear effect zlso increases with higher incomi ~g
free-stream velocity, i.e., higher Reynolds number and
shorter transit time. The two trends are acting
concurrently and the results are consistent only when both
of them are considered.

The degree of turbulence isotropy through the
contraction, developed using the various flow conditions
shown in Figure 90, indicates that the radial component of
fluctuation velocity is influenced by a greater amount
relative to the streamwise component as the initial size of
the turbulence scale: is increased. For all the results

shown here, except pocsibly that of flow condition T8, a
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distinct minimum in the u'/v' curves is reached inside the
contracting section with subsequent recovery downstream,
These piots indicate that the minimum is reached at higher
x/L values, i.e., closer to the end of the contracting
section, when larger initial turbulence scales are used.

The amount of isotropic recovery also decreases for

% free-stream turbulence of increasing scales. For example,
the large-scale flow condition T8 exhibits no appreciable
return towards a more jisotropic state downstream of the
contraction as noted at the farthest downstream position
where data were collected. Axial development of turbulence

length scales in Figures 91 and 9z reveals that while growth

of the lateral length scales through the contractions
increases with the size of the initial turbulence scales,
the longitudinal scale growth decreases. This trend was
observed and discussed in previous chapters. A study of
Figures 36 and 37 suggests that the growth in the
longitudinal length scales through the contraction is small
for turbulence conditions with initially high Ry .

Figure 93 shows Reynolds stress development for flow
conditions with a range of length scales similar to the ones
discussed above. Except for tle small-scale flow condition

Tl and the iarge-scale conditior T7b, the two extremes in

initial turbulence scales, the Reynolds stress decays :i
3 gradually through the contraction. When turbulence !
conditions of very small- or largje-scales are contracted, §%

the magnitude of the Reynolds stress shows an increase with
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higher strain, indicating greater turbulence production in

the flow through the contraction.

High Contraction Ratio

Unlike the streamwise component of turbulence energy
for the moderate contraction, the present results from a
contraction with an area ratio of 16, shown in Figure 94,
reveal that data from turbulence conditions of different
scales do not produce large differences as observed in the
previous case. From an earlier result, the increase in
energy level downstream of the contraction in the streamwise
component was shown to be controlled by the turbulence
length scales as well as the upstream velocity. It shouid
be pointed out that flow conditions utilized for this high
contraction area ratio study were generated using a small
range of free-stream velocity upstream of the contraction.
Conclusions drawn in the previous section, concerning the

relative levels of u'z downstream, were consistent with

additional data shown here, i.e., an increase in the
upstream turbulence scale size decreases the amount of
non-linear energy transfer towards the end of the
contraction. However, as discussed in Chapter VII and

confirmed with the present data, this non-linear energy

transfer to the streamwise component increases with higher
contraction area ratios.
The degree of turbulence isotropy and the total

turbulence kinetic energy increase are controlled by the
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size of the upstream turbulence length scales when the
contraction ratio is held constant. Isotropic recovery
during the final phase of straining in the contraction is
minimal for large-scale turbulence as shown in Figure 95.
Comparing Figure 90 to Figure 95 demonstrates that this
isotropic recovery is greater for higher contraction ratios.

The total turbulence energy level at the downstream end
of the contraction increases with larger scales of upstream
turbuience, as noted in Figure 96. By comparing this figure
with the results of Figure 89, it is clear that the total
turbulence kinetic-energy level downstream of th-=
contracting section also increases at higher contraction
ratios.

Integral length scale development through the 16:1
cortraction, piotted in Figures 97 and 98 in different flow
cenditions, indicates that the peak values of the
longitudinal scale are approximately equal, while the
maximum lateral length scale is higher for initially
large-scale turbulence conditions.

The Keynolds stress for flow conditions T4 and T6,
plotted in the next figure, increase in magnitude through
the contraction. However, these results are shown to have
opposite signs. Reasons for such behavior are still unclear
at the present time. However, a comparison of Figures 93
and 99 points to the fact that higher stress values are

present for a contraction with a higher area ratio.
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CBRPTER IX
CONRTRACTION LEWMETH AXD SHAPE EFFECTS

Two other parameters examined in the present
experiments are the length-to-inlet diameter ratio and the
shape of the contraction contour. Fuor this portion of the
experiment, a contraction area ratio of 9:1 was selected for
the investigation. Preliminary studies showed that this
contraction ratio produces a sufficiemtly large eifect on
the turbulence characteristics such that definitive
conclusions could be made while alleviating experimental
instrumentation difficulties due to an excessive flow
velocity range if a higher contraction ratio were used.
Many typical applications of contractions alse call for
contraction area ratios ef about 9 or 18.

In a similar experiment, Klein and Ramjee|28]
investigated the effects of contraction geometry on
non-isotropic free-stream turbulence using two families of
contractions with an area ratio of 1# and utilizing one flow
condition. Their _indings were discussed in the
Introduction. The length-to-inlet diameter ratios in that
study ranged from 8.5 to 1.5 while the range in the present
study is from 8.25 to 1.5. However, the effects of length
and shape are studied separately here with the aid of two
families of contraction profiles. The present experiment
also utilizes uéstream flows with both small- and

large-scale turbulence conditions.
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Leagth Ratio Effect

Experiments on the effect of contraction
length-to-diameter ratio were conducted for matched-cubic
contractions with length-to-inlet diameter ratios (L/D) of
8.25, #.56, 1.0 and 1.5. Corresponding lengths of the
nozzles are 3.85, 7.78, 15.4, and 23.1 cm, respectively.
The contours are presented in Figure 5.

Streamwise mean velocity profiles through the short,
L/D = 0.25 and #.50 contractions are presented in Figure
188. Figure 112 shows similar profiles for the longer
contractions. Only a small difference exists in axial mean
velocity profiles between small-scale and large-scale
turbulence flow conditions due to slight differences in the
boundary layers. The large-scale flow condition T7a
produces a slightly higher mean velocity through the
contractions than the small-scale condition, except for the
L/D = 1 matched-cubic contraction where the reverse is true.
This axial profile difference in the streamwise mean
velocity is more pronounced and significant only in short
contractions. 1In the long contraction, L/D = 1.5, it is
shown, in Figure 112, to be completely negligible.

Due to a high degree of upstream influence of short
contractions (L/D = 0.25 and 8.50), mean velocity
acceleration through the contracting section is much less
chan values predicted by geometrical considerations.

Streamlines start to show mean flow acceleration far
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upstream of the contraction inlet. At the downstream end,
flow acceleration is still significant in the constant
diameter duct.

When mean velocities at the geometrical inlet and exit
sections are used to define an effective or actual
contraction ratio, Ca' a value of 5.6 is obtained for the
L/D = 8.59 contraction. The very short contraction (L/D =
8.25) has an effective contraction ratio of only 3.3 over
its length even though its area ratio is equal to 9. For
the L/D = 1 contraction, a C, value of 7.6 is obtained. The
long contraction (L/D = 1.5) exhibits an effective
contraction ratio approximately equal to the geometrical
ratio because almost all the flow velocity acceleration
occurs within the contracting section. Fluid mechanically
it is very difficult, if not impossible, to achieve large

contraction ratios in a very short axial distance.

Small-scale Incoming Turbulence. Turbulence energy

developments through the short contractions for the
small-scale flow condition Tl are shown in Figure 161 for
the streamwise component and in Figure 103 for the total
turbulence kinetic energy. Turbulence at the inlet of the
contracting section is affected by the presence of these
contractions., Because of this significant upstream
influence, little or no decay in the screamwise turbulence
energy component is observed within the contraction as shown

in Figure 101, As a matter of fact, the minimum in u'z for
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the very short contraction is reached at the inlet location
of the contracting section with the u'2 turbulence energy
showing a subsequent increase downstream, which is in sharp
contrast with the predictions of linear theory. The u'2
energy rise at the outlet of contractions is attributed to a
non-linear mechanism of energy transfer from the lateral to
the streamwise comporient. 1In these short contractions,
unavoidable flow separation due to high adverse pressure
gradients near the inlet could be contributing significantly
to additional turbulence production,

Klein and Ramjee[20] also reported flow separaticn for
their short nozzles, although they chose to believe that
these separations had no appreciable effect on the
turbulence distributions. These points will be extvlored in
a later chapter. The peak valuec of u'2 and q'2 after the
contraction are inversely related to the contraction lenath
as shown by comparisnns of Figure 121 with 113 and Figure
183 with 115. When examining the peak values of u'? and
q'2, it is interesting to note that for the short
contractions, u'2 peaks are comparatively higher than q'2
peaks while the opposite is true for the turbulence energy
profiles cf the longer contractions. It is indicative of 2
larger increase in the streamnwise energy componernt relative
to the radial component for flow through these short
cortractions. This result is partially due to the selection
of the initial reference point and the fact that the mean

and turbulence characteristics suffer from an early upstream

81




e e - . - LT 3

effect caused by the presence of these short contractions.
In the present experiments, the upstream reference -3
point is always located at the geometrical inlet to the

contraction. Although this choice may not secem to be the

s

most suitable in all situations, practical applications such
as the design of compact contractions cculd benefit from an
easy determination of the information conéirntvg the actual
flow acceleration achieved in the contracting section, the

minimum upstream and downstream distance requireé for proper

operation of such contractions, and changes in the
turtulence characteristics due to the straining that occur i

within the contractions. 1In previous investigations, the

chcice of this initial reference point has been quite
arbitrary as pointed out by Ramjee and Hussain[23]. This
has made consistent, objective interpretations and
comparisons between different experiments quite difficult.
The "isctropy" plots in F jure 182 demonstrate only a
small decrease of the u'/v' ratio with subsequent recovery,
indicating almost perfect isotropy in the velocity
fluctuation downs.reaw of the short contractions. This
"recovery" is shown in earlier chapters to be a
characteristic of small-scale upstream turbulence. A
greater amount of u'/v' decrease is shown in Figure 114 for
the long contractions. Recovery downstream of the minimum
u'/v' point is not as high in these contractions and the
mcst anisotropic turbulence is found downstream of the

longest contract'on. This is due to the least non-li:ear
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increase of u'? during the final phases of streining,

The integral length scale development in Figures 184,
185, 116 and 117 suggest that a slightly litger scale growth
through the contractions is asscciated with long
contractions, £>r buth longitudinal and lateral length
scales. The lzagth scales typically range from 5 to 7 times
the initial scales downstream of the contractions for Tl.

Figure 106 exhibits substantial scatter in the Reynolds
stress values for the short contractions, especially in the
L/D = 0.50 contraction. The curves drawn here merely act acs
guides through some of the data points. The data in this
figure seem to suggest an increase in the magnitude of uv
with increasing strain for both short contractions. Data
from the contracticon with an L/D = 0.50 also suggest a sharp
increase in the magnitude of the Reynolds stress upstrear of
the contraction. For longer contractions (L/D =1 and 1,5),
Figure 118 indicates a relaxing of the Reynolds stress
through the initial portion of both matched-cubic
contractions. As the total strain ie further increasec, the
magnitude of the stress increases again for both
contractions, but with opposite signs. Presently such
behavior is not fully understood. Near the juncticn between
the contracting section and the constant-area duct, the
magnitude of the Reynolds stress increases sharply as
turbulence adjusts to the new boundary condition. Thie
sharp increave is even more pronounced for the fifth-order

contour contractinn, Downstreamr in the constant-area duct,
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the Reynolds stress relaxes and ultimately tends towards a

I9r0 value.

Latgg-scale Incoming Turbulence. Turbulence

fluctuation energy and isotropy plots through the different
contractions for the large-gcaie flow condition T7a are
shown in Figures 187 to 189 for short contracticns and in
Figures 119 to 121 for long contractions. When Figures 107
and 119 are compared with Figures 101 and 113 it is apparent
that the u'2 component of turbulence energy of the
large-scale turbulence decreases more rapidly during the
initial phase of straining, as compared to corresponding
values obtained in small-scale turbulence. ~Non-linear
energy transfer to the streamwise component of turbulence
energy is also less for initially large-scale turbulence.
However, the total fluctuation energy, q'z, amplifies more
through the contraction when large-scale upstream turbulence
is utilized, as shown by comparing Figure 103 to 129 for the
short contractions and Figure 115 to 121 for the long
contractions.

This highly non-isotropic partition of turbulence
energy between the streamwise and radicl cemponents for this
large~scale condition T7a, brought about by contraction, is
also reflected in the data on the u'/v' ratio. After
straining, the u'/v' ratio shows very little tendency to
return to its original upstream distribution. It is

instructive to contrast these results with those of the
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small-scale condition Tl, shown in Figures 192 and 114 for
both short and long conttactiohs, respectively.

When these results are compared to rapid distortion
theory, datatftom fhe large-scale free-stream condition for
bcth‘short and long contractions compare more favorably with
predictions of theory than data from the small-scale
turbulence condition, where viscous decay is too rapid for
the contraction, If a comparison is made between theory and
the results from either the short or the long contractiong,
the theory is better in predicting the outcome from a long
contraction because of the smaller extent of upstream
influence due to the pressure gradient brought about by the
presence of the contraction and the smaller non-linear
effects which occur near the end of the contracting section.
in fact, the behavior of turbulence energy within short
contractions seems to be completely dominated by this
non-linear inter-component transfer., Linear theories[24-27]
cannot predict the rise of u'z at the downstream end of the
contracting section {or almost throughout the very short
contraction) because it is governed by a non-linear
mechanism. One of the main conclusions of Klein and
Ramjee[20], suggesting that the length-to-d:iameter ratio has
no influence on the variation of turbulent kinetic energy
and turbulence intensity at the outlet, is refuted by the
present results,

Integral scale growths, through dififerent

length-to~diameter ratic contractions of longitudinal length
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scales, are shown in Figures 110 and 122 for the short and
long contractions, respectively. Corresponding lateral
length scales are plotted in Figures 111 and 123. They show
that the lateral length scales increase more than the
longitudinal length scales for flow through the various
length-to-diameter ratio contractions when initially
large-scale turbulence is utilized. For the small-scale
turbulence condition shown in the previous section,
approximately equal longitudinal and lateral length scales
exist downstream of short contractions, but slightly larger
longitudinal length scales are found in the longer
contractions, Part of this result is also presentea in

Chapter VI.

Matched-Cubic versus Fifth-Order

Effects of using large-scale and small-scale upstream
turbulence on contractions with different shapes are
discussed in the present section, Comparison is made
between a matched-cubic and a fifth-order contour nozzle,
both with a contraction ratio of 9 and an L/D = 1. These
contours are shown in Figure 6. The significant difference
between the two is that in addition to requiring a zero
slope in the radius function at the inlet and exit sections,
the second derivative, i.e. curvature of the radius function
with respect to the x-direction, is also zero at both inlet
and exit sections for the fifth-order contour. This

additional requirement is crucial to theoretical rapid
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distortion analyses for obtaining a uniform flow downstream
of the contraction when the contour is prescribed as a
boundary ccndition.

For contractions with the same length and contraction
area ratio, the absolute value of the maximum slope in the
contour, viz. |dr/dx|, is greater for a fifth-order
contraction. One minor difference between the two contours
is the location of the inflection point. For the
fifth-order contour, this occurs at an x/L = 0,50 while its
location for the matched-cubic contour is placed at an x/L -
P.56, according to design considerations given by Morel[l6].
In view of the shape variations used in other
studies[20,21), thie difference can be considered miminal.
Gross flow features are not expected to be significantly
different. However, the object of this experiment is to
introduce a different strain history on the turbulence as
the flow goes through the contraction and to observe the
effects of using both small-scale and large-scale upstrear

turbulence.

Test Flow Condition: Small-scale Turbulence.

Qualitatively, the turbulence kinetic energy and isotropy
plots in Figure 113 to 115 show similar behavior in both
contractions. The attenuation of u'2 during the initial
area contraction is higher for the fifth-order, but the
minimum u'2 value is reached at slightly smaller x/L value.

This minimum value is practically identical for both
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contractions. However flow through the matched-cubic

)
E.

contraction may have a slightly higher degree of the
subsequent non-linear interaction between turbulence
components, which is also shown for the total turbulent
kinetic energy in Figure 115. Isotropy plots in Figure 114

show that the decrease in the u'/v' ratio is practically

identical down to a minimum value of #.8. Further straining
results in recovery towards a more isotropic state, which

occurs sooner in the fifth-order contraction.

Length scale growth through the cont_actions is similar
between the two contraction shapes as demonstrated in
Figures 116 and 117. Ultimately similar turbulence scales

are reached near the exit of the contracting section.

However enhanced growth in turbulence scales resulting from

area reduction is noticed at smaller x positions for the

fifth-order contraction as a result of the greater amount of
area reduction in the central portion of this nozzle.

The Reynolds stress data shown in Figure 118
demonstrate that for the most part it is unaffected by the
shape or strain history difference. It is only significant
at the junction between the contracting sections and the
constant area duct, where a sharp increase in the magnitude
of the Reynolds stress is more prominent in the fifth-order
contraction as the flow adjusts to the downstreawn boundary

condition,

Test Flow Condition: Large-scale Turbulence. When
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results obtained from the large-scale turbulence condition
are compared with the corresponding ones from the
small-scale condition, some shape effect differences are
accentuated while others are diminished. These differences
and similarities are noted below.

Figure 119 indicates that during the initial
contraction of the flow, attentuation of u'2 with increasing
area reduction is practically identical for the two
contraction shapes in this large-scale turbulence. 1In
Figure 113, when the small-scale turbulence condition is
utilized, the fifth-order contour data shows a more rapic
attenuation in u'2. Non-linear transfer into u'2 near the
downstream end of the contraction is shown to be
substantially less for large-scale turbulence. Relative tc
results obtained from the matched-cubic contraction, it
seems that large-scale turbulence produces a slightly higher
u'? energy increase at the exit of the fifth-order
contraction, The opposite is true if small-scale turbulence
is used instead, as noted by an examination of Figure 113.

Typical large-scale turbulence behavior in the isotropy
plots is exhibited in Figure 120, where the anisotropic
distribution of u' and v' does not show a strong tendency to
return towards a more isotropic state during and after the
final phase of the contraction process. Differences in the
u'/v' ratio between the two contractions are slight and the
apparent shift between the two curves is caused by

differences in the contraction cross-sectional areas at the
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same streamwise position.

The total turbulence kinetic energy in Figure 121 shows
a significantly earlier q'2 increase for the fifth-order
contraction with a higher maximum value attained at a
smaller x/L. Comparing these results to the ones in the
small-scale condition T1, the total turbulence kinetic
energy of the contracted flow is approximately twice as high
for initially large-scale turbulence. Greater total
turbulence energy increases due to the contraction of
large-scale upstream turbulence have been demonstrat¢d in
earlier chapters to be a direct result of higher turbulence
production in the lateral energy component.

Figures 122 and 123, which present the integral
length~-scale growth through the contractions, reveal an
earlier growth in the longitudinal length scale for the
fifth-order contraction, which resulted in a slightly larger
longitudinal length scale. However lateral scales
downstream of the contraction increase to about the same
size for both contractions even though the scale growth
through the fifth-order contraction starts increasing
sooner., Results from large- and small-scale turbulence
conditions reveal that the longitudinal length scales
increase more than the lateral length scales in small-scale
turbulence conditions. The opposite is true when
large-scale turbulence conditions are utilized. The result
previously established applies equally to both fifth-order

and matched-cubic contractions investigated here.
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Results presented in this section show that differences
in the behavior of turbulehce characteristics resulting from
these different contraction contours are minor in both
small- and large-scale free-stream turbulence conditions.
Previous investigators([28,21] studying contour effects
reported similar conclusions. However, for effects on the
boundary and shear layers, even small differences in the
contour shapes produce drastically different results.
Therefore, the shape of the contraction should be based
mainly on mean flow consideration, i.e. separation in the
early part and uniformity of the exit flow. In addéition,
care must be taken in the design to control the boundary
layer growth on the walls, which often leads to anuomalous
behavior in the shear layers downstream ot the contraction,
As far as the free-stream turbulence is concerned, the area
ratio and the length-to-diameter ratios are the key factors

involved, to be discussed in detail in Chapter XIII.
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CHAPTER X
OFF-AXIS DATA OF FLOW THROUGH
A CONTRACTION

In addition to data that have been collected on-axis
and pres.uated thus far, off-axis data were also acquired in
the L/D = 1, matched-cubic, 9:1 contraction using three
different upstream flow conditions, namely Tl1l, T4, and T7a.
These test conditions represent turbulence with small,
medium, and large scales, respectively. These measurements
are valuable for checking theoretical predictions of
turbulence behavior through a contraction away from the axis
of symmetry. Review of the literature reveals tha~
heretofore, such data have not bcen available,

Data acquisition locations are shown in Figure 23. The
sensing volume of the X-wire probe was positioned, to
simplify the measurements and increase their reliability, at
a fixed distance of 2.1 cm off~-center and traversed along
the length of the contraction. At the downstream end of the
contraction, data were also collected for two other
off~center positions with the probe sensors located at 1.4
and 0.7 cm off-axis. For reference purposes, data were also
collected on the axis of symmetry at the inlet and exit
planes of the contracting section., Sample plots showing
streamwise and transverse components of turbulerce
fluctuation energy and integral length scales are presented
in Fiqure 124 through 127. Additional detailed statistics

are given in the next chapter. Measured quantities are
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compared with the corresponding data that were &cquired on
the axis of symmetry to assess the influence of the lateral
position on the turbulence characteristics for upstream
turbulence of different scales.

When the streamwise and radial components of tu:bulence
energy are contrasted against centerline measurements,
Figures 124 and 125 show that the axial turbulence energy
development off the axis assumed values similar to those
recorded along the centerline up to an x/L <~ 0.8 except for
the streamwise energy component for T4 and T7a which
indicate a slight increase. Farther downstream, at an axial
position 98% through the length of the contraction, the
off-axis turbulence kinetic energy increases rapidly and is
significantly higher than the centerline value. At this
x/L, the probe sensing volume is located at an off-center
position about 78% of the total radial distance between the
axis of symmetry and the contraction wall, well away from
the bonndary layer.

At the exit of the contraction, where data were
gathered for additional radial positions, results show that
when the off-center distance is reduced to 1.4 cm,

i.e., r/r, = 0.55 (symbols with 2 flags), turbulence kinetic
energy for both components is not altered from centerline
values, except for the streamwise component of the
medium-scale T4 and the large-scale T7a conditions which
still indicate slightly higher values when compared with

on-axis measurements.
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The increase in turbulence energy at radial positicns
relative to results obtained on-axis is predicted by
analysis and reported in Goldstein and Durbin[26].

According to theory, this effect should be more pronounced
in turbulence conditions with small scales for the normal
component and vice versa for the streamwise component,
Present results show that this effect is most accentuated
for the medium-scale T4 and least pronounced in the
small-scale condition Tl for both streamwise and radial
components. However, Goldstein and Durbin's analysis(26]
was done for asymptotically large two-dimensional
contractions with assumed turbulence scales that are much
larger than those found in the present experiment.

Evolution of the turbulence length scales both on- and
off-axis through the contraction is shown in Fiqures 126 and
127 for the longitudinal and lateral scales, respectively.
No significant differences in the sizes of the length scale
between data collected on- and 2.1 cm off-axis are noted for
x/L less than 0.8, except for the lateral length scale of
the small-scale turbulence condition. Farther downstream,
when the flow has traversed through 98% of the contraction's
length, L, for the small-scale flow condition shows a large
increase over its on-axis value, while the growth of the
longitudinal scale at this location has not been affected by
the probe's off-center displacement.

Turbulence conditions with larger length scales show a

small deviation between on-and off-axis length scales at
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this downstream position. The lateral length scales
obtained off-axis at the contraction's exit plane reveal
that the highest growth is found for the initially smallest
turbulence scales, with the growth decreasing for the
larger-scale turbulence conditions. 1In contrast, when data
are collected with the probe centered on the axis of
symmetry, initially large-scéle turbulence conditions show a
higher growth in L, through the contraction than for
small-scale flow conditions. The opposite trend is truelfor
the longitudinal length scales growth as demonstrated
previously in Chapter VI. However, off-axis L, data in
Figure 126 show that the smallest growth among the test flow
conditions utilized in this part of the investigation is
found for the medium-scale T4 flow condition.

A comparison between length scales obtained on~ and
those recorded off-axis reveals that downstream of the
contraction, values of both length scales are larger than
the corresponding ones obtained on the centerline. The
difference is larger for the L, scales. From the practical
application standpoint, this documentation of turbulence
behavior off-axis is valuable in contraction design
optimization, where turbulence characteristics are required
to be uniform over a large portion of the cross-sectional

area in the test section.
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CHAPTER X1
SAMPLES OF DETAILED STATISTICAL DATA

The data processing program utilized in the present
investigation calculates a number of statistical functions
as part of the computations to obtain time-averaged results
such as means, variances, integral time and length scales,
Reynolds stress, etc. While these time-averaged quantities
have been presented and discussed in earlier chapters, this
chapter concentrates on exposing and discussing these
functions for the reader. Statistical functions such as
spectra, cross-spectra, auto- and cross-covariances,
coherence, are available at every position where data were
acquired. While integrated results such as means and
variances are printed out, the detailed statistical
functions are recorded on magnetic tape. Conseguently, they
can be plotted at any future time by appropriate software,
either on a drum plotter or on a graphics terminal. Sample
plots of these functions are included here to demonstrate
the turbulence scale effects, the contraction ratio eifects,
and to compare some of the resulting statistical functions
with the X-probe located either on or off the axis of
symmetry for different flows through the contractions.

As an introduction to the functions computed at every
position, a set of them obtained from one data file, i.e.,
at one point for a single case, is presented and discussed

first, A total of 742 files were recorded during this
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investigation and all their stgtistical functions are
available on 2 magnetic tapes. The set of sample functions
are plotted from data obtained in the small-scale flow
condition Tl upstream of a contraction, i.e., for
homogeneous grid turbulence. S8pectra of the streamwise and
radial velocity components are shown in Figures 128 and 129,
respectively. Note that the amplitude spans almost five
decades on these plots and covers a frequ.ncy range from
below 10 Hz to over 9 khz. These spectra are very smooth

with a resolution of approximtely 9 Hz per point. Four or

five narrow-band peaks from above 1 kHz to about 6.5 kHz can

be seen in each graph. It was determined that these peaks

are the remnants of probe-related vibrations. However, the
contribution from these peaks to the fluctuating turbulence ;
energy can be co.mpletely neglected without introducing any |
significant error. For a discussion of the probe vibration
problem and attempts at eliminating it, refer to Appendix D,
Figure 130 is a plot of the cross-spectrum function of
the uv velocity signal. Notice that the function covers
about twice the number of Gecades present in either the u or
v velocity spectrum. This function is not as smooth. As
shown on this fiqure, the plot contains only half o€ the
information required to characterize the cross-spectrum. A
phase function associated with .t has been computed but is
not displayed on this plot because of its highly random
nature. Alternatively, the same information can be

represented by the co-spectrum and the quad-spectrum. These

97




!

were also calculated and again not plotted because of
difficulty in plotting them in a meaningful way for typical
turbulence data. However, the cross-spectral density
function is usually computed as an intermediate step in
obtaining other useful functiuns such as the coherence
function, which is a real-valued guantity with a range from
@ to 1.

Significance of the coherence function can be described
as follows: When the coherence is zero at a particular
freguency, two signai3, such as u and v, are said to be
incoherent at that frequency or in other words, they are
uncorrelatied. Conversely, if the coherence function is 1 at
some frequency, then the two signals are perfectly
correlated, i.e., identical, at that frequency. For the
present experiment, the coherence function can be thought ot
as the correlation between the two components of velocity, u
and v, at each particular frequency. Figure 131
demonstrates that except for five peaks related to probe
vibration, the u and v velocity signals in homogeneous,
nearly isotropic turbulence show very little coherence.

High coherence at frequencies related to probe vibrations is
evident because "half" of the signal for both u and v comes
from the same X-wire sensor. Even though the coherence
function emphasizes the effect of probe vibratio:, the
contributions from these peaks to the integrated quantitics
are very small; e.g., their contribution to the varjiances,

which is proportional to the area under the spectral plots,
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is negligibly small.

The autocovariance functions for u and v are shown in
é : Figures 132 and 133, respectively. These two figures
: demonstrate that a larger time scale is associated with the
streamwise component. From results shown in previous
chapters, it has been estimated that the streamwise scales
are about twice the radial scales, indicating nearly
isotropic conditions. After the first decrease of the
autocovariance function to zero at small time delays, the
autocovariance for the radial component shows a significant
dip in the negative direction. This pronounced negative
portion is absent from the u autocovariancs. This behavior
is predicted theoretically from continuity considerations
because there should be no net mass flux in the radial
direction. It is also reported by experimental
investigators using two-point spatial correlation
te..niques. This provides supporting evidence to the
validity of Taylor's hypothesis in homogeneous, nearly
isotropic turbulence, where it has been checked
satisfactorily. However, for flow through a contraction,

validity of Taylor's hypothesis will have to be verified

with 2-probe data, which were also acquired during this
investigation. The results from those 2-probe measurements
will be presented in a future report as an addendum to this

work.

Two other functions that were calculated are the uv and

1 vu cross-covariance functions plotted on Figures 134 and
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135, respectively. Theoretically, these two functions
should look identical for homogeneous and isotropic
turbulence, but the plots show significant differences.
However, a similarity between them exists especially if the
first few peaks after the initial dip in the vu
cross-covariance are increased to values above zero., The
general characteristic observed in these functions is the
presence of large variations at non-zero time delays.
Effects of a contraction and other key parameters on some of
these statistical functions will be highlighted in the
following sections.

The effect ¢f a typical 9:1 contiaction on the u and v

spectra is demonstrated for small-scale turbulence by

comparisons of Figure 128 to Figure 136 and Figure 129 to
Figure 138. Two main features are evident. First,
downstream of the contraction there is a large relative
increase in the energy at high frequencies, particularly
above 2.5 kHz. It should be pointed out, however, that the
sharp roll-off above 6~7 kiHz is due to the effect of
anti-aliasing filters. Second, the slope of the spectral

decav in the inertial subrange of turbulence energy

downstream of the contraction is not as steep in both the
streamwise and, in particular, the radial component. A few
narrow-band probe-vibration peaks remain visible downstream

but they have very small contribution to the energy and are

confined to a few specific frequencies.

It has been suggested in earlier chapters that the
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increase in u‘2 energy downstream of a contraction is due to
a non-linear inter-component energy transfer from the v?
component. Strong evidence in favor of such a conjecture
can be found by comparing the coherence functions upstream
and downstream of the contraction shown in Fiqures 131 and
148, respectively. Unstrained homogeneous turbulence
upstream of the contraction exhibits very little coherence
between the streamwise and radial components. Ignoring the
narrow-band peaks on Figures 131 and 140, which are related
to probe vibration, Figure 140 shows broad-band coherence of
the u and v velocities downstream of the contraction. Thic
is undeniable evidence that u'2 and v'2 components are
related downstream of the contraction and therefore,
strongly supports the idea of an inter-component energy
transfer concept advanced in earlier chapters. A comparison
between Figures 140 and 141 reveals that downstream of a
contraction there is somewhat less coherence for initially
large-scale than for small-scale turbulence, which is also

in agreement with results presented in earlier chapters.

Turbulence-scale Effects

Having documented important gross effects of initial
turbulence scales on flow through contractions, it is
interesting and instructive to show how initial turbulence
scales affect some of the detailed statistical functions,
Spectra of u and v downstream of a contraction for initially

small and large scale turbulence are shown in Figqures 136
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through 139. These fiqures indicate that spectral decay of
both u and v for incoming large-scale turbulence downstream
of a contraction is lower than for small-scale turbulence
but the energy roll-off occurs at a lower frequency.

It was noted earlier that the coherence between u and v
downstream of a contraction is higher for small-scale
turbulence rather than large-scale turbulence due to more
inter-component energy transfer. This is evident in the
plots on Figures 140 and 141 for initially small-scale and
large-scale turbulence, respectively. Figures 142 and 143
demonstrate typical cross-covariance functions for small-
and large-scale turbulence flow conditions downstream of a
contraction., A persistent turbulence interaction between
velocity components downstream of a contraction not found in
unstrained homogeneous isotropic turbulence can be inferred
from these two plots. The periodic high frequency
undulations in Figure 142 are probe related and not an

artifact associated with turbulence in the flow.

Contraction Ratio Effects

Effects of varying the area ratio for flow through a
contraction are demonstrated through spectra and coherence
functions for a medium~scale turbulence condition in Figures
144 through 149. Examination of the velocity spectra
reveals that when the contraction ratio is increased from 4
to 16, a substantial increase in the turbulence energy at

frequencies above 708 or 800 Hz is evident. This high
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frequency energy increase occurs in both streamwise and
radial components of turbulence fluctuations. However, this
evidence of "new" turbulence is stronger in the u component.
At frequencies below 808 Hz, the corresponding gpectral
distributions of the mild and high contractions are

virtually identical. At frequencies above 7 kHz, the sharp

spectral roll-off is a result of the anti-aliasing filters'
settings. Narrow-band peaks in the spectral and the
coherence functions are associated with minute probe
vibration but they do not contribute significantly to the
turbulence energy. A detailed documontation of the problerm
and its solution is given in Appendix D.

It was documented in earlier chapters that for a given

flow condition, as the contraction ratio is increased, the

streamwise component of turbulence energy, which should
decrease according to rapid distertion theory, increases
instead. An explanation which involves non-linear
inter-component energy transfer from the radial to the
streamwise component is further supported by plots of
coherence function in Figures 148 and 149. With an increase
in the contraction ratio, coherence between u and v
increases. For the 4:1 contraction, there appears to be
very small coherence at the exit, indicating very small
influence by the inter-component transfer. This is
supported by the results of earlier chapters on the
streamwise energy development. This evidence proves that a

relationship between the two components definitely exists
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downstream of a highly contracted flow since homogeneous,
isotropic turbulence does not show such high coherence
values. As a reminder, the isolated narrow peaks on these
two figures are identified with probe vibration and should

be ignored.

Statistical Data On- and Off-Axis

Turbulence kinetic energy ratios obtained on- and
off-axis are compared in Chapter X. Towards the downstream
end of the contraction, significant differences in
turbulence energy ratios are demonstrated. 1In this section,
a sample of statistical functions obtained near the
downstream end of a 9:1 contraction both on~ and off-axis
are presented to provide additional insight into the

previous results. The medium-scale free-stream condition
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was chosen and off-axis data were acquired at a radial
position r/rc=0.78.

A comparison of u and v velocity spectra, shown in

b A

Figures 158 through 153, indicates that the slope of

spectral decay during the inertial subrange in both velocity

components is significantly lower for data collected f
off-axis. In the low frequency region, i.e., up to 400 Hz !
for u and 5808 Hz for v, the velocity spectra show no

appreciable difference whether data were collected on or off

the axis of symmetry. Therefore, the turbulence measured

off-axis has relatively more energy at high froquencies in

both u and v. A plot of the uv cross-spectrum using
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off-axis data is also shown in Figure 156. The coherence
functions of Figures 154 and 155 also indicate that the
streamwise and radial velocity components are more
interrelated at positions away from the axis of symmetry.

A very interesting feature is revealed when the on-axis
and off-axis uv cross-covariance plots are compared in
Figures 157 and 158. The on-axis cross-covaria:ce function
infers a persistent u-v interrelated turbulence structure
typical of turbulence immediately downstream of a
contraction, as demonstrated in Figures 142 and 143. By
contrast, the off-axis cross-covariance of Figure 158
suggest a non-persistent turbulence structure. Also note
that the zero time delay correlation, i.e. Reynolds stress,
for the off-axis data is an order of magnitude larger than
that for the on-axis data. From these two figures, the
predominant turbulence scales implied by these
cross~covariance functions are about the same regardless of
whether data were collected on or off the axis of symmetry
but the persistence characteristics are dramatically
different.

An important difference betwen the on- and off-axis
conditions is related to the orientation of the principal
stress axes. While the axes are aligned in the u and v
directions on the centerline, away from the axis of symmetry
they are not. This difference can be used to explain many
of the phenomena observed here. The reader is referred to

the recent paper by Goldstein and Durbin[26] for a more
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detailed discussion of this and some theoretical predictions

related to it.
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CHAPTER XII
ATTEMPTS AT NORMALIZING THE DATA

Results presented in Chapters VI through IX emphasize
specific effects, treating other independent variables
involved in the experiment as parameters. Diversity of
these outcomes was clearly demonstrated in those chapters.
Although each effect was clearly icentified when all other
parameters involved were held constant, results taken
collectively were quite difficult to comprehend because the
effects were interrelated. 1In an effort to consolidate the
outcome of these different effects, thus extending the
usefulness of the results .y reducing the complexity in data
interpretation and at the same time trying to gain better
insight into the physical phenomena, attempts were made to
vegress the data using simple yet rational normalizations.
Occasionally, these attempts were guided by theoretical
considerations but often they were based on simple empirical
correlations. The modest but gratifying outcome of these
attempts is outlined in this chapter.

An important assumption made in the derivation of rapid
distortion theories, whether classical(24,25] or
extended[26,27), is the ignoring of viscous dissipation in
the flow. Conceptually, this assumption is valid only if
the distortion occurs very rapidly such that the
characteristic time scale of viscous decay is much gre.ter

than the time scale of the flow distortion imposed by
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geometry. Batchelor and Proudman[24] pointed out that in
most experiments conducted on flow distortions and
contractions, straining is not sufficiently rapid for this
linear theory to hold. Experimental investigations[20-23]
have shown that predictions of the turbulence kinetic energy
development through a contraction by rapid distortion theory
are in fact inaccurate and thus quickly dismissed further
considerations into its usefulness. Although inherent
deficiencies of this linear theory are apparent, it is
possible to obtain useful predictions if some of the
analytical assumptions violated in experiments, e.g., the
viscous decay, could be properly compensated in the
experimental results through a better understanding of the
turbulence mechanisms involved. Comparison with t.ueory can
lead to better assessment of the importance of other
mechanisms and terms in the governing equations, such as the
non-linear terms.

To the best of our knowledge, no correction for viscous
dissipation had ever been attempted by previous experimental
investigators of contracting flows. Some attempts to
include viscous decay were made in recent extensions of the
theory. Although test flow conditions were th.:ught to be
similar among different investigators, documentation of
these flow conditions was usually limited, at best, to mean
velocity and turbulence intensity profiles, which are shown
to be insufficient in uniquely characterizing the

free-stream condition., Differences in turbulence scal»s and
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decay rates cbuld have existed, therefore the widespread
disagreement among experimental investigators that has been
noted in "nominally" similar experiments should not be
totally surprising. Thic also led to poor agreement between
theoretical predictions and experimental results,

The present experiment, for the first time, attempts to
correct for the effect of viscous decay by obtaining
turbulence data in a non-contracting duct and using these
results as reference conditions when studying the effects of
contractions. This will provide at least a first-order
dissipation correction for test flow conditions with
different turbulence decay rates. The success of this
scheme depends on two important factors; that is, the
turbulence decay or dissipation rate must not vary
significantly with the convection velocity and it must also
be somewhat insensitive to the strain rate. Results

presented in Chapters V and VI indicate that the first of

the above requirements is generally met in the present
experinment. However, possible exceptions will be noted in

the discussion. Very complex measurements, assumptions and

calculations are required to verify the second of the above
requirements. In any case, it is expected that the outcome
of the following will be very instructive.

Thus, viscous decay correction requires that the
turbulence energy ratios of both radial and streamwise
components through the contractions be normalized by the

corresponding quantities at the same streamwise positions
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using the same initial flow condition but with the flow
unstrained. These results are presented in the following
sections. The symbols used in the figqures of this and
following chapters are consistent with the keys given in
Figures 3 and 36, depending on the parameter being held
constant, i.e., initial condition or contraction,

respectively.

Normalizing the Radial Component

A first attempt at normalizing the radial component of
turbulence energy is showr in Figure 159, where the results
utilizing "fixed" incoming turbulence scales, namely flow
condition T7a, are plotted for all contractions. The
ordinate of this graph shows the non-dimensional radial
component of turbulence kinetic energy through the
contractions, v'2/vj2, normalized by its value at the same
axial position thro:gh a constant-area (c=1l) duct. This
normalization compensates for the effect of viscous
dissipation such that, if the evolution of v'z/vi'2 through a
contraction is the same as for a uniform cross-sectional
area duct, the value of this normalized ordinate would have
been unity, thus, indicating that the contraction has no
effect on this component of turbulence kinetic energy.
However, deviation from unity in this plot indicates a
contraction effect over and above the effect of "natural"
viscous decay.

The parameter used in the abscissa can be broken up
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into two groups each relating to a different physical effect
encountered by the flow. The first quantity, (U(x)/ﬁi - 1),
is the total axial strain the fluid has experienced from a
reference point x = § to any point x. The amount of
straining is referenced to the condition at point i, the
inl»t location. The second quantity which is the
geometrical contraction area ratio (raised to an empirically
determined one-third power) accounts for the pressure field
and resulting mean flow effects due to the presence of a
contraction with an area ratio of c.

The resulting graph shows an excellent collapse of the
data points onto a straight line with a positive slope. It
indicates that the corrected radial component of turbulence
energy increases linearly with the total amount of strain
through a given contraction. The data plotted here include
the 9:1 contractions with various L/D's, ranging from the
very short L/D = §.25 to the long L/D = 1.5 contractions,
and the fifth-order contour contraction, as well as
contractions with area ratios ranging from 2:1 to 36:1, The
data correlation demonstrates that normalization in this
manner can practically account for all the variations
encountered in the radia. component of turbulence kinetic
energy for a given initial flow condition. This evidence
strongly stggests that within the limits of accuracy shown
by the present data, v'2 is insersitive to the strain rate
and strain history, but is a ljnear function of the total

integrated axial ttrain and tas a weak one-third power
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relation with the contraction area ratio, i.e.,, pressure
field,

Generalizing the plot to include data from turbulence
conditions having different initial scales, an additional

/3, relating effects of turbulence scales

factor, (Lvi/Di)1
relative to a characteristic dimension of the experimental
apparatus, is added to the parameter in the abscissa. This
correlation is first limited to conditions tested through a
single contraction. The results showing variation of the
lateral component of turbulence kinetic enerqgy through a 9:1
contraction for incoming turbulence of different scales are
plotted in Figure 168. To demonstrate the implications of
this result, the following examples are given. First, as in
Figure 159, when a particular contractien ratio and an
initial turbulence condition are chosen, the corrected
radial component of turbulence energy varies linearly with
the amount of axial strain., Equivalently, for a chosen
contraction ratio and total strain, the radial turbulence
energy increases linearly with the relative initial lateral
scale raised to the empirically determined one~third power.
By including data from all contractions and flow
conditions used in the present investigation (a total of
approximately 200 points), the resulting plot on Figure 161
is produced. The parameters on the horizontal and vertical
axes are identical to corresponding ones on Figure 168. The
regression of the data onto a straight line is simply

remarkable considering the diversity of conditions and
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contractions utilized. Therefore, with these results we are
able to provide an explanation of how the radial component
of turbulence kinetic energy of the flow subjected to a
contraction behaves when different scales of turbulence as
well as different contraction area and length ratios are

used.

Normalizing the Streamwise Component

The streamwise component of turbulence kinetic energy
ratio, corrected for viscous decay by the method discussed
in the previous section, is plotted in Figure 162 as a
function of the total strain for all contractions utilizing
flow condition T7a. Except for the short contractions
(L/D<1), data points for the streamwise turbulence energy
are shown to collapse on a single curve. The streamwise
turbulence energy decreases slightly during the initial flow
contraction, reaching a minimum at a total axial strain of
about 4, after which it then rises with increased straining.

Solid symbols, showing data from the fifth-order
contraction in Figure 162, also follow the above trend
indicating insensitivity to small differences in the strain
history between its contour and that of the matched-cuvic
contractions. Depending on the amount of strain, the
streamwise component of turbulence energy can be three to
four times the unstrained value. This energy rise
downstream of the minimum is attributed to non-linear

inter-component energy transfer mechanisms since the linear
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rapid distortion theories[24-27] only predict monotonically
decreasing streamwise energy level with increasing flow
contraction. The comparison with theory is now more valid
and valuable after application of a first-order correction
for viscous decay to the experimental results,

For short (L/D<1l) contractions, the streamwise
component of turbulence energy attains higher values than
longer contractions when subjected to the "same"™ amount of
strain. As demonstrated by the flagged symbols on Figure
162 for the L/D = 9.50 and 0.25 contractions, the shorter
the length ratio of the contraction, the more pronounced the
effect. This is due primarily to the large upstream effect
of these short contractions and the choice of initial
reference point. For these contractions the flow has been
significantly accelerated by the time it passes the
geometrical inlet section which is chosen as the initial
reference point. 1In this situation the total amount of
strain experienced by the fluid is greater than values
indicated on Figure 162. However, the value shown in Figure
162 represents the additional strain that takes place inside
the contracting section, starting at the inlet. Accounting
for the upstream strain, a difficult task in many practical
cases, could account for the non-collapse of the data from
L/D<1 on the same correlation curve in Figure 162.

If no appreciable upstream influence occurs, such as
for long contractions, then the straining which takes place

inside the contraction is also the total axial strain
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experienced by the fluid. The convention for the location
of the initial reference point adopted in the present
experiment is a consistent one and is useful in determining
the actual amount of flow acceleration through the
contracting section. The choice of the initial point has
been quite arbitrary in most previous experimental
investigations[22,23] making objective comparisons between
results from different researchers rather difficult. 1In
principle, the present data can be reprocessed using a
criterion of the initiation of strain to detect the fluid
mechanical initial position, e.g. see the discussion in
Loehrke and Nagib[1l]).

To generalize the plot of Figure 162 so that data from
all the flow conditions can be included, a parameter which
accounts for the effects of different turbulence scales is
introduced in the form of a turbulence energy decay slope of
the unstrained flow condition. This quantity, a/ax(@an?
can be shown to be inversely proportional to the integral o
length scale Ly by comparing tabulated LVi data in Figure
37 with the results on Figure 24. Thus, the effect of
initial sccles on turbulence kinetic energy is very
relevant. The turbulence length scales are normalized by a
characteristic dimension of the experimental set-up, e.c.,
test section diameter Di' The test condition decay slope is
introduced into the correlation through a quantity analogous
and proportional to the square root of Di/LVi'

To reconcile data that exhibit considerable upstream
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influence, i.e., acquired in short cont:.actions, terms
containing length-to-diameter ratios are applied to both the
ordinate and abscissa of Figure 163. This normalized plot
for the general case includes over 280 points and represents
the evolution of the viscous-decay corrected streamwise
component of turbulence energy during the straining process
for all contractions and all flow conditions utilized in
this experiment.

During the initial straining, there is a small decrease
in the streamwise turbulernce energy component, but with
continued straining, this turbulence energy increases
rapidly. The decrease is predicted by the rapid distortion
theory through vortex stretching and tilting mechanisms, but
the increase is attributed to turbulence production and
inter-component transfer caused by non-linear effects that
are not accounted for in any theory to date. By examining
the effects of individual parmeters, we have a better
understanding of turbulence behavior under strain. As an
example, if a particular free-stream condition is choser.,
i.e., for a known relative turbulence scale and therefore a

2 1/2 ,2
|c=1} . the u

fixed value of (D, 3/3x(T/u")
turbulence energy first decreases slightly, attains a
shallow minimum, and rises rapidly with increasing strain.
Now, for a given amount of strain, i.e., setting

(ﬁ(x)/ﬁi - 1) at some required value, it may then be

possible to select upstream free-stream flow conditions that

produce the lowest streamwise turbulence energy. Depending
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on the amount of strain, there is an optimum range of
initial turbulence scales which would yield low u'2 values.
This mininum corresponds to a total strain less than that
leading to inter-component transfer. The smaller the
initial scale, the faster its decay and the smaller the
total strain, i.e., contraction ratio, that leads to maximum
turbulence reduction.

For a constant strain value, increasing the relative
incoming turbulence scales, in Figure 163, shifts the
parameter on the abscissa to the left and vice versa.
Because of the steep rise of u'2 towards the right of the
optimum range, it is therefore better to have larger-scale
freostream conditions if the objective is to reduce the
streamwise component of turbulence energy as much as
possible by substantial flow contraction. This is a concept
which is somewhat related to the "blorking" effect of
Goldstein and Durbin[26].

As shown by the solid symbols in Figure 163, only the
data from Tl, a flow condition with very fine scales, show
significant departure from the trend discussed above. The
initial drop in u'2 with increasing strain is absent and its
rise at high strain values is lower than for other
conditions. 1In general, this fine-scale turbulence seems to
be less affected by the contraction process.

The ability to summarize results obtained from a
diverse set of turbulence flow conditions for a wide range

of contraction parameters provides us with a comprehensive

117

TR




overali view of turbulence behavior under strain. It is a
key to a better understanding of the turbulence mechanisms
that are important during the contraction process. This
chapter demonstrates the use of simple yet physically
relevant parameters to normalize the streamwise and radial
turbulence kinetic energy components of all the data from
the present investigation in order to provide a unified
explanation of turbulence behavior under axisymmetric

contraction.
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CHAPTER XIII
DISCUSSION AND SUMMARY RESULTS

Details of flow through contractions have been
documented in previous chapters. In Chapter XII, attempts
were made to normalize the streamwise and radial components
of turbulence kinetic energy using simple yet physically
relevant parameters. These attempts met with a high degree
of success, enhancing our understanding of the role various
parameters play in determining the behavior of turbulence
through a contraction. The important question of how the
performance of contractions is affected by different design
parameters and by incoming turbulence scales will be
discussed in the present chapter. A simple yet effective
correction for viscous dissipation is applied to the results
to improve the correlation between experimental results and
theory. Comparisons to predictions of classical rapid
distortion theory[24,25) and to pure vortex stretching[37]
will be made to show when non-linear effects cannot be
neglected. Finally, for scientists and engineers who will
use these results as a guide in designing high performance
contractions, simple empirical relations are suggested. The
symbols used in the figures of this and the rrevious chapter
are consistent with the keys given in Figures 3 and 36,
depending on the parameter being held constant, i.=. initial

condition or contraction, respectively.
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Turbulence Reduction Efficiency of Contractions

The primary use of contractions in wind tunnels is to
reduce the relative turbulence intensity of the free-stream
flow entering the test section. Numeroug investigations
have been conducted in the past detailing design and
construction of wind tunnel contractions, Most of these

investigations were initiated because of specific needs for

specialized wind tunnel contractions. Results from these
studies are not sufficiently general due to cumbersome and
involved analytical design methods. Many of these
approaches are also inaccurate in predicting turbulence
behavior in actual contractions primarily because of the
lack of accurate contracting turbulence data that can be
used in the design of high performance contractions.

As discussed in the Introduction, there have been some
recent attempts[28-23] at studying behavior of turbulence

under contraction by systematically investigating relevant

physical parameters such as the contraction area ratio, the
length~-to-diameter ratio, and the contraction contour shape.
A few of them({17,19,23] included some form of free-stream
turbulence variation, i.e. sensitivity to upstream

conditions. However to date, no single investigation on

turbulence through contractions has included the number and

range of parameters utilized in the present experimental

study. Of particular importance here is the scope and
experimental rigor of the systematic probing of effects of

initial turbulence scales on the performance of
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contractions. These results will certainly shed light on
the effectiveness of proposed solutions to unresolved
problems of the documented differences in noise data between
in-flight measurements and static ground tests. Some
details of these problems were presented in the
Introduction.

Length-to-Diameter Ratio Effects. An important

criterion in judging the performance of a wind tunnel
contraction is its ability to reduce the relative turbulence
intensity of the free-stream. Turbulence reduction
efficiency, definod as turbulence intensity at the exit of
the contraction divided by its value at the inlet, is a
quantitative measure of contraction performance as a
turbulence reduction device., Precise definitions of
turbulence reduction efficiencies for tr~ different
components and the total rms of turbulence are given in the
List of Symbols. 1In general, smaller n values represent
greater turbulence reduction through the contraction and
thus higher contraction performance.

For this study of length-to-diameter ratio effects,
contractions with an area ratio of 9:1 and L/Di ratios
ranging from 0.25 to 1.50 were used. Turbulence reduction
efficiencies of the streamwise and radial components,

"u and Ny respectively, are plotted as a function of length
ratios in Figures 164 and 165. The turbulence reduction
efficiency is improved substantially when the ratio of

length~to~-inlet diameter of the contractions is increased
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from .25 to 1.80. Additional performance improvement are
reduced as the length ratio is further increased. Only a
small incremental gain is achieved by increasing the length
ratio from 1.00 to 1.58.

Another important performance criterion is the
uniformity of mean velocity downstream of the contraction,
For most wind tunnels, it is highly desirable to have the
flow entering the test section with a uniform mean velocity
profile in addition to low turbulence intensities. It is
shown in Chapter III, Figure 16, that lateral profiles of
the streamwise mean velocity immediately downstream of
contractions are more uniform for contractions with longer
length-to-diameter ratios. Whether this small increase in
turbulence reduction performance and an improved mean
velocity uniformity, obtained by using a very long
contraction (L/Di = 1.,50), is justified by having to deal
with the higher cost of fabrication, additional space
requirements and the existence of a slightly thicker exit
boundary layer will depend upon each particular application.

Turbulence scales of the incoming flow also play an
important role in the turbulence intensity reduciion
capability of contractions. Fiqure 164 shows that for the
ctreamwise component, initially large-scale turbulence is
reduced by a slightly greater amount than small-scale
turbulence. However, the opposite is true for the radial
component of turbulence intensity plotted in Figure 165.

Symbols identifying the test flow conditions in these two
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figures are defined in Figure 36. Comparison between
Figures 164 and 165 indicates that there is greater
sensitivity to the variation of incoming turbulence scales
in the radial turbulence reductjion efficiency. This is

demonstrated in axial plots of turbulence kinetic energy

development through contractions in Chapter VIII. From
these results, it is shown that maximum turbulence intensity
E reduction in the radial component is achieved by using flow

conditions with small-scale turbulence. As demonstrated in

Figure 89, total turbulence energy production will also be

minimized for free-~stream flow conditions with small scales.

Area Ratio Effects. Perhaps the most important

physical parameter in controlling turbulence intensity
reduction of flow through contractions is the contraction
area ratio. Plots of n, and n, for different contractions
and data obtained from uncontracted flows are shown as a
function of the effective contraction ratio, C, = ﬁe/ﬁi in
Figures 166 and 167, respectively. It is very evident that
as the contraction ratio increases, both N, and n, are
decreased, indicating higher reduction in the relative
turbulence intensity of the incoming flow at the exit of the
contraction. A fair amount of scatter is seen in data taken
from various test flow conditions. Therefore, by using

different free-stream conditions, varying amounts of

turbulence intensity attenuation through the same

contraction can be realized. This sensitivity manifests
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itself more prominently in the radial turbulence component
(Figure 167) than in the streamwise component (Figure 166).

A crude estimate of the turbulence levels for flows
subjected to a contraction can be made by considering simple
vortex stretching c¢f vorticity components(37] initially
aligned with, and perpendicular to the mean flow. Applying
conservation of mass and angular momentum, it can be shown
that n = 1/c2 and N, = 1//¢. These curves are shown in
Figures 166 and 167 along with those obtained from classical
rapid distortion theory(24,25] and some empirical fits
through the data. The main mechanism incorporated in rapid
distortion theory over simple vortex stretching, is the
tilting of the vortices by the mean flow and the resulting
transfer of energy, which is a linear effect and syphons
energy mainly to the streamwise velocity fluctuations from
the transverse ones.

Calculated "u from vortex-stretching considerations
alone decreases very rapidly and is below the experimental
values for contraction ratios greater than about 2. It
grossly over-predicts streamwise turbulence attenuation. On
the other hand, the radial component of turbulence intensity
reduction Ny decreases very slowly with increasing
contraction ratio according to :his simple model, thus
substantially under-predicting turbulence attenuation.
Experimental data in Figure 167 show much lower "y values at
corresponding contraction ratios. The poor correlation

between experimental data and this simple estimate[37]) is
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due to the fact that no mean flow or turbulence
considerations were utilized in the analysis to predict

turbulence intensities downstream of contracted flows.

Comparison with Classical Rapid Distortion Theory. A

more sophisticated model that has been used in predicting
the turbulence characteristics downstream of flow
contractions is the classical rapid distortion theory of
Batchelor and Proudman[24] and Ribner and Tucker[25]. This
theory was developed for homogeneous, initially isotreopic,
low level, and asymptotically small-scale turbulence through
a contraction or flow distortion, 1In order to complete
tl.eir analysis[24,25), non-linear effects and viscous
dissipation were neglected. The viscous effects were
assumed negligible by omitting turbulence dissipation and
asserting that the time scale of the mean flow variation is
much smaller than that of turbulence, so that viscous
interactions could also be neglected; hence the name "rapid
distortion” theory. Results predicted by this asymptotic
theory are shown by the solid curves in Figures 166 through
173.

Comparison of experimental data with theory shows that
for contraction ratios greater than about 4, 7 predicted by
theory is below experimental values. The discrepancy

increases at higher contraction ratios because theoretical
3

3

values become vanishingly small, viz., = = \.75C-4tlog4c

u =11

while experimentally, very small decreases in n, are
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associated with increasing the contraction ratio beyond
approximately 18. These discrepancies occur because crucial
assumptions made in the derivation of rapid distortion
theory are not applicable to actual flow situations.
However, as demonstrated in Chapter XII, it is possible to
compensate for some effects by applying a simple first-order
correction and/or using flow conditions with different
characteristic turbulence scales, thereby, rendering better
correlations between experiment and theory.

Comparison with the extended rapid distortion theory of
Goldstein and Durbin[26) is not presented here because the
analysis was done for a two-dimensional rather than
axisymmetric contraction. It would be interesting to do a
similar analysis for the axisymmetric case for direct
comparison with the present experiment. Such an analysis is

well on its way at I.I.T.

A First-Order Correction for Viscous Dissipation

It is evident from an examination of the experimental
values of . and Ny for the constant-area duct in Figures
166 and 167, that "natural® viscous dissipation effects
cannot be ignored when comparing the experimental results to
theorv. Actual flow conditions vary in their turbulence
decay characteristics, which must be accounted for if
reasonable agreement between experiment and theory is tu be
expected.

A simple first-order correction is applied to
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compensate for viscous dissipation effects in the turbulence

% energy ratios with a high degree of success in the
2 norma’.:ations of data presented Chapter XII. A similar

correction, iLased on the same arguments, can also be applied

here to remove effects of different viscous decay rates from
various flow conditiens, thus establishing a common
reference for ' 2 turbulence reduction efficiency at c=1.

To accomplish this, all n, and n,, values through
contractions are normalized with the corresponding values of %
the same flow condition through a c=1 contraction (i.e.
constant-area duct), thus defining the dissipation-corrected
values as N, = n /n |,y and N, =n./n | _y. The validity
of such a correction hinges upon two implied assumptions;
namely, turbulence decay rates are insensitive to changes in
either the mearn convection velocity or the strain rate. For
the present experiment, these assumptions appear to be
valid, except possibly for the short (L/D<1) contractions.

1 In fact, the first of these two assumption is verified by

1 the measurements of Chapter V where the decay of the test

flow conditions appears to be insensitive to the free-stream

velocity for the various grids; see next to last column in

Figure 37.

Viscous~dissipation corrected results are shown on
Figures 168 and 169 for the stream/ise and radial
components, respectively. It does not appear that this
dissipation correction improves the agreement between

theory[24,25]) and the experimental streamwise turbulence
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reduction efficiency. However, differences in the “natural”
turbulence decay rates of various flow conditions have been
removed and a more consistent picture emerges. Figure 168
shows that as the flow is contracted, N, decreases but
experimental values are always greater than predictions of
rapid distortion theory(24,25]. This implies the presence
of "extra®™ turbulence not accounted for by the theory.

It was shown previously that the excess of u' is a
result of non-linear inter-component energy transfer fram
the radial component. As the flow is contracted, the radial
component of turbulence energy increases relative to the
streamwise component. This leads to inter-component energy
transfer throuyh the pressure strain terms causing some of
the radial turbulence energy to "leak" into the streamwise
turbulence energy. The radial turbulence intensity will be
slightly lower but the streamwise turbulence intensity will
be higher than predicted values because such non-linear
energy transfer is not taken into consideration by linear
rapid distortion theory. Experimental data in Figuces 168
and 169 seem to support the argument given above.

In addition to the inter-component transfer through
pressure strain terms, the continved increase in v' and
decrease in u', as the flow is strained through the
contraction, leads to new turbulence production. This

'2) U/sx  in the

2
production comes through the terms (v'"-u
turbulence energy equation. Therefore, rnot onliy the

increased anisotropy of turbulence contributes to it but
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also the larger local strain rate. This production
mechanism does not require any shear in the flow. Off the
centerline of the contraction, additional production is
probably going on through shear controlled terms like

uv 3U/dy. The radial gradient in mean velocity away from
the centerline is substantial, in particular, in the middle
part of the contraction. The added turbulence production
off-axis is reflected in the turbulence energy data of
Chapter X and in the spectra of Chapter XI.

For the radial turbulence intensity reduction, applying
the viscous decay correction does a remarkable job of
bringing experimental values to closer agreement with
predictions of rapid distortion theory. The only exceptions
are results obtained from short, L/Di = 0.25 and 0.50,
contractions as demonstrated on Figure 169. Many
investigators in the past have uncorrectly assumed that
short, i.e. non-gentle, contractions represent "rapid"
distortion. In fact the rapidity of the distortion depends
more on the scales of the initial turbulence with respect to
the size of the contraction. A combination of large
upstream effects exhibited by these short contractions and
the adopted convention for defining the initial and exit
locations, render these results uncorrectable with the
present scheme. If the definitions of the initial and exit
locations are such that the total contraction influence is
included, a better agreement will result but the puints so

chosen would be quite arbitrary and highly dependent on
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contraction shapes.

These results strongly suggest that in order to compare
experiment and rapid distortion theory, viscous dissipation
cannot be simply neglected as was done in previous
experiments on contractions. When viscous dissipation is
accounted for by the present scheme, the radial turbulence
intensity reduction efficiency data agreed remarkably well
with theory except when short contractions were utilized.
Application of this correction also offers a plausible
explanation for the observed behavior of streamwise
turbulence intensity reduction efficiency even though
dissipation-corrected experimental results are not brought

closer to agreement with theory.

Turbulence Energy Ratio of Contractions

Although relative turbulence intensity considerations
are more appropriate for performance evaluation of
contractions in practical applications, traditionally,
contraction turbulence data are often plotted up as
turbulence energy ratios especially for comparison with
theory. These ratios are not weighted by any variation in

mean velocity through the contraction.

Area Ratio Effects. The data of Figures 166 and 167

are replotted as longitudinal and lateral comrporents of
turbulence kinetic energy ratios in Figures 178 and 171,
respectively. The longitudinal turbulence energy ratio in

Figure 170 shows & slight decrease as the contraction ratio
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is increased for mild contractions. Contractions with area
ratios greater than approximately 5 show sharp turbulence
energy ratio increases with higher area ratios, though
theory predicts a monotonic decrease. This radical
departure from theory is also shown by all similar previous
experimental investigations[20,21,23). However, no
explanation was attempted in those rerorts except to note
the importance of non-linear effects in "large"
contractions. Present findings strongly suggest a specific
non-linear inter-component transfer mechanism which "feeds"
energy to the streamwise component from the radial
component, causing My to rise with increasing contraction
ratios.

The radial turbulence kinetic energy ratio obtained
experimentally follows the same trend predicted by rapid
distortion theory, although the magnitude of turbulence
energy rise at increasing contraction ratios is not as high
as theory predicts. This behavior has also been observed by
other investigators([28-22]. For example, Hussain and
Ramjee[21] reported that theory over predicts this energy
rise by as much as 1808%.

Present findings in Figures 171 and 172 show that
initial turbulence scales play an important role ir
determining the amcunt of energy increase in the radial
component. After correcting for viscous decay, initially
large-scale turbulence shows closer agreement with rapicd

distortion theory than small=-scale turbulence. This is
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expected and can be visualized as follows. One crucial
assumption made in the derivation of rapid distortion
theory[24,25] presumes that the time-scale of turbulence is
large compared to the time-scale imposed by the geometrical
distortion. Therefore, for a given time scale in the
distortion, e.g. t-t', turbulence has a greater effect in
distorting (or deforming) the smaller eddies than the larger
ones relative to a reference configuration at time t. For
example, in a given flow contraction situation, larger
eddies will be deformed to a lesser degree than the smaller
eddies. Thus, it will appear that the distortion took place
more rapidly for the larger eddies than for smaller eddies.,
Rapid distortion theory should appear to be more applicable
to large-scale turbulence than to small-scale turbulence in
terms of predicting the behavior of turbulence energy
components, even though small-scale assumptions were used in
the derivation, This argqument is supported by the present
data. However, the total turbulence kinetic energy ratio on
Figure 173 suggests that turbulence energy production in the
flow through contractions is relatively independent of the
initial turbulence scales. Therefore, only the distribution
among the components is highly influenced by the different
initial scales. All results presented thus far strongly
support the inter-component energy transfer concept
suggested in earlier discussions.

As pointed out earlier, when a first-order correction

for viscous dissipation is employed, the linear rapid
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distortion theory correctly predicts the behavior of the
streamwise turbulence energy ratio for contractions of area
ratios less than five. A similar conclusion can be made
based on Figure 172 for the radial component. Therefore,
the theory appears to be adequate for predicting the
behavior ¢{ curbulence in mild contractions with c<5, since
the viscous decay rate of turbulence required for our
first-order correction is well-established empirically. 1In
addition, the deviation for ¢>5 from the theory appears to
be consistent with earlier comments on inter-component
transfer through the pressure strain terms. As one would
expect, the linear theory does not account for this
mechanism correctly by underpredicting the streamwise
component and overpredicting the radial velocity
fluctuations.

In Figure 173, the simple vortex-stretching and the
linear rapid-distortion theories are compared to all
experimental results after they have been corrected for
"simple" viscous dissipation. The linear theory appears to
correctly predict the total turbulence production for mild
contractions, c<5, and overpredicts the increase in
turbulence energy for large contractions, i.e. c>18.
Earlier in this chapter mechanisms for transfer of energy
from the mean flow to the turbulence and from one ~omponent
to the other have been discussed. From this figure it
appears that the first of these, which is based on

non-linear interaction, is either negligible or
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non-existent. Evidence to this appears also in the
discussion of the spectra and coherence functions in Chapter
XI. Transfer of energy from the mean flow to turbulence
occurs usually at the large scale eddies, i.e. low
frequencies. The change in spectra in the downstream part
of the contraction appears as an increase in the high
frequency range and is accompanied by high coherence between
u and v at the same frequencies. This is in support of the
inter-component non-linear transfer mechanism.

To explain the overprediction of the theory for large
contractions in Figure 173, one of the following mechanisms
may be conjectured. The first-order viscous dissipation
correction may be invalid for large contractions, indicating
that viscous dissipation during large strain is higher than
that under no or mild strains. Alternatively, the
non-linear turbulence production terms, discussed earlier,
may lead to negative production of turbulence, i.e. transfer
of enerqgy from turbulence to the mean flow through the
largest eddies. Another possible mechanism may be the
ihefficiency of the pressure strain terms in transferring
the energy from the radial to the streamwise component,
which could also lead to energy transfer to the mean flow.
Finally, the recent work of Sreenivasan and Narasimha[27]
predicts less production by the rapid distortion theory for
axisymmetric rather than isotropic turbulence. This may be
the case here since as shown in Chapter V the grid generated

turbulence is approximately 15% awav from isotropy in the
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direction that would lead to the trend of Figure 173 from
the theory of Sreenivasan and Narasimha(27].

A detailed examination of the current results with the
aid of theoretical calculations like those of Goldstein and
Durbin[26) is required before one can decide which of the
mechanisms may be responsible for governing conditions in
strong contractions, i.e. ¢>10. This showld lead to very
important practical consequences and we hope that it can be
carried out. In fact, if these mechanisms, singly or in
combination, are strong enough, the turbulence production
discussed earlier may not be as negligible as assumed.

Finally, it should be stated that this type of
understanding of coupled experiments and theories of
turbulence may be our best approach to a better

understanding of turbulence.

Turbulence Length Scale Effects. Figures 174 and 175

show that, in general, the turbulence energy ratio
downstream of the contraction increases with higher
contcsaction ratios. The behavior of the radial component of
turbulence energy ratio also indicates that for a given
contraction, as the initial turbulence scales increase so
does the energy ratio. This sensitivity to the initial
turbulence scales is stronger for larger contraction ratios.
The longitudinal component exhibits a different
turbulence scale dependence. Data of Figure 175 seem to

suggest a minimum streamwise energy ratio at some
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intermediate initial turbulence scale. After compensating
for the viscous decay effects, this minimum is emphasized as
shown in Figure 176. An interesting point to note in this
figure is that the initial turbulence scale, at which the
minimum turbulence energy ratio occurs, tends to shift
towards smaller scales as the contraction ratio increases,
If the initial scale of turbulence is normalized by the exit
diameter of the contraction, rather than Di' the trends of
Figure 176 would be different, indicating a small positive
rather than the negative slope of the almost vertical line
used to guide the eyes of the reader.

If maximum turbulence reduction is the primary
objective, results presented in these last three figures
suggest a possibility of finding an optimum initial
turbulence scale which would produce a minimum increase of
turbulence energy downstream of the contraction. Therefore,
in the design ¢f high performance contractions, the scale of
free-stream turbulence entering the contraction should be

given due attention.

Summary of Empirical Formulas

Experimental results presented in this chapter have
been compared with predictions of Prandtl's
vortex~-stretching arguments[37] and classical rapid
distortion theory(24,25). When the correction for viscous
decay effects were applied, one finds that some quantities

agree very well with theory while others do not. Whenever
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possible in critical applications, it is imperative to use
known experimental results rather than rely on crude or
inaccurate theoretical predictions. To facilitate the use
of these contraction performance summary data, simple
empirical relationships suggested for figures in this
chapter are summarized below. They should be only used with
care for immediate practical design problems and their
validity should not be overemphasized.

In the design of wind tunnels, turbulence intensity
reduction efficiencies are of primary concern. To achieve a
desired turbulerce intensity reduction, a certain amount of
flow contraction is required. The results shown in Figures
168 and 169 can be used in this phase of the design. For
the streamwise component, two simple relations for
determining ﬁu are given below depending »n the range of

effective contraction ratios.

My =% 1 <c, <15 (XIII-1)
= o 0.9 - 0.5 -
Ny = €4 {(c,-5)/ 6", 15<c, <30 (XIII-2)

The viscous-corrected radial turbulence reduction
efficiency data are predicted very well by classical rapic
distortion theory[24,25], so the theoretical expression

for ﬁv can be ultilized up to at least an effective
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contraction ratio of 30.

2
1~ 1 +a
oy -1 -4 -2 0.5
n, = {0,725 C_~ +0.75C_ (0.5 a “ - —3~ log ) )
v a a d4a 1-a
1<c, <30 (XIII-3)

2

where a = ] = C;3

Short contractions are best avoided whenever possible
because of large upstream influence and non-uniform mean
velocity downstream. Turbulence reduction is &lso harder to
predict for these contractions.

The relatioas given above are for turbulence intensity
reduction efficiencies "corrected" for viscous decay, which
effectively eliminates extraneous effects due to differences
i the turbulence decay rate of different flow conditions.
To employ the above equations for design, an estimate of the
viscous dissipation of the upstream conditions must be made
based on empirical information or on measurements.

Uncorrected turbulence reduction efficiencies are given
in Figures 166 and 167 for the streamwise and radial
components, respectively. These can be used to estimate the
combined ¢ :fects of a "natural” viscous decay and flow
contraction., For the streamwise component,

n, = ct-3 2<C <4 (XIII-4)
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n. = c;l {(c,~5)/ 6103, 6 < C. < 30 (XIII-5)

u

The uncorrected radial turbulence intensity reduction

efficiency is shown to be a function of the initial

turbulence scales. For small-scale turbulence,

, 2 <C_ < 8 (XIII-6)

The relation for initially large-scale turbi lence is;

n o= ¢ 073 2 <C. < 30 (XI1I-7)

SRR

Estimates for the longitudinal and the corrected total
turbulence energy ratios are given in Figures 170 and 173,

respectively. These are less frequently needed for

contraction design. Empirical relations summarized above
are merely suggestions and as such, caution should be
exercised in their use for design purposes. As with any
empirical relationship, extrapolations outside the suggestecd

range of applicability are risky and should be avoided.




CHAPTER X1V
SUMMARY AND CONCLUSIONS

Important findings of the present investigation are
re-emphasized in this chapter. Detailed summary results and
discussion were presented in Chapter XIII as well as in
earlier chapters which focused on specific aspects of the
investigation., Major contraction effects on turbulence
quantities are summarized first in this chapter. A
composite behavior of the various components of the
turbulence kinetic energy is then presented from results of
normalizing the turbulence kinetic energy data in Chapter
XII.

The success of the present experiments is attributed to

several key design features and experimental techniques

incorporated during the early diagnostic phases of the
investigation, The most important factor is the wind tunnel
modification employed to eliminate extraneous minute
streamwise velocity fluctuations caused by blower fan

blades, which amplified differently ihrough the varicus

contractions. Apparently this was a prevalent problem which
plagued some earlier investigations on flow through
contractions([21-23]. Details of this wind tunnel

modification are given in Appendix B.

In order to isolate and correctly assess turbulence
behavior due solely to the contraction, it is important to

document the detailed turbulence characteristics of the test
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flow conditions in a uniform free-stream without the
contraction. This is another crucial aspect of the
experiment that is performed for the first time here in an
extensive investigation on contractions. Thirteen different
grid-generated test flow conditions are employed in the
present study, with RM ranging from 270 to 8198. The
corresponding turbulence Reynolds number, R, , ranges from
2.3 to 31. To assure homogeneity and isotropy, the total
turbulence intensity is limited to a maximum of about 5%.
The only reported free-stream longitudinal length

scales in a similar experi. 1t are found in Reference [23]

with an Lu/Di range of 0.017-0.032. A much wider range of
0.020-0.083 is generated for the present experiment and is
perhaps the widest turbulence scale range possible with the

present experimental configuration while retaining
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homogeneity and near isotropy of the flow conditions.
Present data also reveal that the longitudinal length scale
is typically 2.3 times the lateral length scale in all test
flow conditions, rendering them approximately isotropic;

Lu = 2Lv for perfectly isotropic turbulence.

Test conditions with well-behaved turbulence decay
characteristics are used here so that turbulence decay rates
are relatively Reynolds number independent. Turbulence
energy decay of the streamwise and radial components .n
Figures 24 and 25, resp-ctively, indicate variation over a
very wide geometrical range., Since they are primarily a

function of the grid mesh size and rather insensitive to the
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mean velocity, we are assured predictable performance of the
turbulence-generating grids over a range of Reynolds
numbers., Except for a couple of flow conditions, when the
axial decay rates are normalized by the mesh size of the
various grids, they fall in the narrow range of

70 < /3 (x/M) [T/u'1%¢ s,

Streamwise development of integral length scales
indicate that both the longitudinal and lateral length
scales remain relatively constant in the uniform
cross-sectional area test section. All test flow conditions
show a u'/v' slightly greater than one, corresponding to
values typically found in grid-generated turbulence.
Small-mesh grids exhibit more departure from isotropy than
large-mesh grids with u'/v' ratios of up to 1.34. 1In
general, the data show that for large-mesh grids, turbulence
tends very slightly towards isotropy with increasing
downstream distance and away from isotropy for fine-mesh
grids, where the decay is closer to its final period.
However, such variations are very small when compared with
the effect imparted by a contraction, so that the u'/v'
ratio can be treated as essentially constant for these
reference flow conditions. The Reynolds stresses of the
flow conditions decrease in magnitude with increasing
downstream distance, although their signs vary from one flow
condition to the next. Reasons for such behavior are not

clearly understood at the present.

The above documented variation of the homogeneous and
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almost isotropic test flow conditions (for further details
see Chapter V), are coupled with the wide range of
contraction geometrical parameters and powerful digital) data
acquisition and processing techniques to obtain the detailed
results of Chapters VI through XI. In the following, a
summary of the effects of contraction ratio variation on
incoming turbulence of various scales is presented first to
establish the major results on turbulence characteristics.
The contraction area ratio ranges from a mild 2:1 to a high
36:1 in the present investigation. A length-to-inlet
diameter ratio of one is utilized for all the contractions
in this part of the experiment. To isolate and correctly
assess the contraction effects, results from the
constant-diameter test section (c=1) are used as a basis for
comparison.

During initial straining of the flow through the
contractions, the streamwise component of kinetic energy
decreases. In general, for a given flow condition, this
attenuation increases with increasing contraction ratio. At
any particular contraction ratio, this energy attenuation is
enhanced by increasing the scales of incoming turbulence.

An exception to the above observation occurs when the
turbulence level of the incoming flow is vanishingly low,
such as in flow condition T5b. For such cases, this
streamwise energy component is amplified as soon as the flow
is contracted. This amplification increases with the

contraction ratio., Therefore for turbulence already with
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small scale and intensity, like in many wind-tunnel settling
chambers, the reduction in the turbulence intensity achieved
by the contraction is that corresponding to the acceleration
of the mean flow only. Often this reduction is decreased
because of the increase in streamwise turbulence energy
discussed here,

At sufficiently high contraction ratios, u'2 increases
towards the downstream end of the contracting section for
all test flow conditions. Turbulence spectra of both
velocity components indicate that this rise in energy occurs
primarily at high frequencies, e.g. above 2.5 kHz for a 9:1
contraction. It appears to be a consequence of non-linear
inter-component energy transfer from the radial to tne
streamwise component through the pressure strain terms.

This conjecture is supported by measurements of high
coherence between u and v downstream of these contractions,
This energy increase, relative to its minimum value, is
higher at larger contraction area ratios for a given flow
condition., Upstream turbulence of larger scales reduces the

maximum level of this u‘2

energy at the downstream end of
contractions. This is contrary to the extended rapid
distortion theory of Goldstein and Durbin{26] which predicts
lower u'? and v'? for turbulence with larger scales due to
the blocking effect of sclid boundaries., However, their
analysis was done for a 2-D contraction rather than an

axisymmetric one and the assumed turbulence scales are much

larger than is realized in the pre=ent experiment.
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Depending on the contraction ratio and the upstream
turbulence scales, the u'2 near the end of the contraction
may or may not exceed levels found in naturally decaying
turbulence in a constant-area duct of the same length. At
high contraction ratios, the streamwise component of
turbulence energy at the nozzle exit can be several times
higher than the energy level at its inlat, causing a
deterioration in the performance of the contraction as a
turbulence reducer.

The lateral component of turbulence energy always
increases through a contraction as predicted by theory based
on vortex stretching and tilting. This increase is higher
for larger contraction ratios. It is also higher at a fixed
contraction ratio for turbulence of larger scales which is
again contrary to theoretical predictions[26). Past
investigations[26-23] have indicated that rapid distortion
theory[24,25) over-predicts this rise in the lateral
turbulence energy component and under-predicts the
attenuation of the streamwise component of turbulence
intensity. Present results show that predictions by rapid
distortion theory can be approached for both components of
turbulence intensity during the initial stages of flow
contraction or if the upstream turbulence scales are large.
However the increase in u'? at the downstream end of
contractions cannot be accounted for by the classical linear
rapid distortion theory of Batchelor and Proudman[24], and

Ribner and Tucker[25], or by the extended theory of
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Goldstein and Durbin[26]. It is suspected that this
discrepancy in behaviorial trend is due to a non-linear
inter-component energy transfer from the lateral to the
streamwise component. Evidence of this is suggested by the
broad-band coherence of u and v velocity fluctuations
downstream of the contraction as shown in Figure 148. This
non-linear transfer mechanism is stronger for turbulence of
smaller scales and at higher contraction ratios. However,
as pointed out in Chapter XIII, when a first-order
correction for viscous dissipation is applied to the
experimental data, the linear rapid distortion theory
correctly predicts the behavior of the streamwise and radial
turbulence energy for mild contractions with area ratios
less than five. Therefore the theory appears to be very
useful for predicting the behavior of turbulence under mild
strain, since the viscous dissipation rate required for our
first-order correction is well-established empirically.
This is a very'important conclusion and should be guite
useful for ongoing activities in computer modeling.

In addition, the predictions of the extended theory of
Goldstein and Durbin[26], regarding the blocking of larger
scales of turbulence through strong contractions, are
realized in the streamwise energy component for the lower
range of scales, e.g. see Figure 176. However for even
larger initial scales of the turbulence, as well as for all
scales in the case of the radial component, the results

display a trend opposite to the extended theory
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Fredictions[26). This discrepancy may be caused by the
non-linear inter-component transfer found in the experiment
ar.d neglected in the theory, or because of the extremely
large initial scales considered by Goldstein and Durbin(26],
as compared to the range utilized in this study.

Turbulence length scales calculated from the integral
time scales using the local mean streamwise velocity show an
increase through the contractions. Large values are
observed downstream of contractions with large area ratios.
In general, these length scale growths are also higher for
turbulence of larger scales. This behavior tends to be more
systematic for the lateral length scale. For example,
turbulence scales downstream of a 36:1 contraction for an
initially large-scale turbulence condition can be as much as
15 and 45 times the incoming length scales for the
longitudinal and lateral scales, respectively. However
relative growth between the longitudinal and lateral length
scales indicates that the Lu/Lv ratio at the downstream end
of the contraction decreases with increasing turbulence
scales.

This extreme extension of the streamwise correlation
times for the lateral velocity components can contribute
significantly to noise production by jet-engine fans in
static ground tests. The turbulence through a large
contraction with large-scale ini.ial conditions can be
described as predominantly "sloshing® in the transverse

directions. 1In fact what happens is that the turbulence
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memory retains approximately the same integral time scales
in this "rapid" contraction, but the flow is convected over
a much larger streamwise distance by the accelerated flow
downstream of the contraction. Preliminary visualization
experiments at I.I.T. have already confirmed this trend for
laboratory-model fan intakes.

Effects of initial turbulence scales on typically mild
(2:1), moderate (9:1), and high (16:1) contractions indicate
that even at a mild contraction ratio of 2, the downstream
turbulence kinetic energy characteristics are influenced by
the incoming turbulence scales. At higher contraction
ratios, the non-linear increase in u'2 with increasing
strain which occurs near the downstream end of the
contraction, is highly affected by incoming turbulence
scales,

Velocity spectral data immediately downstream of the
contraction point to the fact that the spectral decay slope
in the inertial subrange is much lower for turbulence with
larger scales and the roll-off occurs at a lower frequency.
As pointed out earlier, initially small-scale turbulence
exhibits the most u'? energy ris2 near the exit of the
contraction, while large-scale turbulence displays the
least. The coherence function for the u and v fluctuations
also shows higher coherence for small-scale turbulence
conditions., However the total turbulence energy level at
the downstream end increases with inceming turbulence of

larger scales. Higher incoming velocities, i.e. higher
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Reynolds numbers, also increase the amount of u'2 rise near
the downstream end of the contraction,

Growth of the length scales through the contraction is
lower for turbulence conditions with initially high
turbulence Reynolds numbers, The degree of isotropic
recovery during the final phase of straining in the
contraction is minimal for large-scale turbulence but
increases as the turbulence scales get smaller as well as
with increasing contraction ratio. This tendency towards or
away from isotropy appears to be governed by the amount of
inter-component transfer as much as by the initial ratio of
u'/v'. Therefore it is strongly affected by the scales and
the viscous decay rates of the initial turbulence. This
conclusion may be the key to the long-standing contradiction
hetween experiments of Comte-Bellot and Corrsin(19]) and
those of Uberoi and Wallis[17]. Unfortunately, the details
of their upstream conditions are not available in order to
fully investigate our conjecture. However the present
results should be of great value for future attempts at
utilizing contractions to improve the isotropy of
turbulence.

For the investigation of length~to-inlet diameter
effects, the range of L/Di is varied from a very short 94.25
to a rather long 1,590. Major differences in the turbulence
characteristics for flows through short (L/Di = 0,25 and
@.50) and long (L/Di > 1.008) contractions are due primarily

to the larye upstream influence and possible flow
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separation, especially near the inlet of the short
contractions. Because of this high degree of upstream
influence, mean velocity acceleration through the physical
contracting section of short nozzles is much less than
values predicted by geometriqal considerations. A
significant amount of flow acceleration occurs upstream and
downstream of these contractions. Fluid mechanically, it ic
probably impossible to achieve large incompressible-flow
acceleration in a very short axial distance.

For these short contractions, unavoidable flow
separation due to high adverse pressure gradients
contributes significantly to increased streamwise
turbulence. Turbulence reduction and exit flow uniformity
for both large- and small-scale initial turbulence improves
substantially when the length-to-inlet diameter ratio of the
contractions is increased from .25 to 1.00. Only a small
incremental gain is achieved by increasing the length ratio
from 1.00 to 1.50. Results also show that for a given
contraction ratio, the streamwise component of turbulence
intensity of initially large-scale turbulence is reduced by
a slightly greater amount than for small-scale turbulence,
but an opposite trend applies to the radial component,

Turbulence characteristics obtained from a
matched-cubic and a fifth-order contraction with the same
area and length-to-diameter ratios reveal insignificant
differences in the behavior of turbulence energy and length

scale growth characteristics., However downstream of the
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contraction, the mean velocity profile is more uniform for
the fifth-order contraction. Differences are noted in the
UV Reynolds stress only at the exit end of the contraction
where a sharp increase in the uv stress magnitude results
from the flow adjusting to the constant-area downstream
boundary condition. This sharp "spike" is more prominent
for the fifth-order contraction.

In addition to data acquisition on-axis, data were also
collected at several off-axis radial positions for the 9:1
matched-cubic contraction with an L/D = 1.00 using three
upstream flow conditions representing small, medium and
large-scale turbulence. Results show that the turbulence
energy ratios increase dramatically starting at x/L= 2.8
with the X-probe sensing volume at t/rc = 0,64. At the
contraction exit section, where the probe is relatively
farther from the axis of symmetry, at r/rc = 0.82, the
turbulence energy ratios for both streamwise and radial
components can be more than 3.5 times the corresponding
on-axis values. This behavior is partly due to the fact
that the principal stress axes are no longer aligned with
the u and v directions, a result correctly predicted by
Goldstein and Durbin[26]. It may also be caused by the
larger production of new turbulence due to the radial
gradient of the mean flow away from the centerline.

The medium-scale turbulence exhibits the highest energy
increase off the centerline, while small-scale turbulence

displays the least increase over on-axis turbulence kinetic
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energy ratios, Detailed statistical functions, obtained
from the medium~-scale turbulence near the downstream end of
the contraction, indicate a significantly lower spectral
decay slope in the inertial subrange at frequencies above
460 - 500 Hz for the off-axis turbulence data. But helow
the roll-off frequency, the velocity spectra show no
appreciable difference whether data are collected orn- or
off-axis, Therefore the turbulence spectra off-axis have
relatively more energy at higher frequencies.

The coherence function also indicates that the
streamwise and radial velocity components are more
interrelated off-axis. The on-axis cross-covariance
function infers a somewhat persistent turbulence structure
typical of both small- and large-scale turbulence conditions
downstream of a contraction, while the off-axis
cross-covariance function suggests a non-persistent
structure, The Reynolds stress UV can be an order of
magnitude larger away from the centerline. Predominant
turbulence scales implied by the cross~covariance functions
are about the same regardless of whether data were collected
on or off the axis of symmetry.

To interrelate the different parameters affecting the
behavior of turbulence kinetic energy through contractions,
as well as to gain insight into the physical mechanisms,
data regressions are carried out using simple yet rational
normalizations., For the first time, the present

investigation attempted a first-order correction for the
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effect of viscous decay which resulted in remarkable
success. This correction relies on data obtained in
non=contracting but otherwise identical flow conditions as

teference conditions.
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Using this scheme, the corrected radial component of
turbulence kinetic energy ratio, from all the different
cases, is shown to vary linearly with the total axial strain
(ﬁ(x)/ffi - 1), as well as to an empirically determined

one-third power of the geometrical contraction ratio ¢, and

the ratio LVi/Di which is a measure of turbulence scales
relative to some characteristic scale in the experimental
set-up; see Figure 161, Similarly, behavior of the
streamwise turbulence kinetic energy under axisymmetric
strain can be better understood by examining the basic
parareters used in the normalization; see Figure 163, For
example, given a contraction geometry and a particular
free-stream condition, the value of the {D, /5x (ﬁ/u')zicgl}l/2
parameter, which is related to the relative scale of
turhulence, is a constant. Therefore, as the axial strain

is increased, the viscous-corrected streamwise turbulence
energy ratio first decreases slightly because of vortex
stretching, attains a shallow minimum, and then rapidly

rises with increasing strain because of inter-componant
transfer. Now if the turbulence-scale related parameter is
allowed vo vary, and assuming that the flow has undergone a
particular amount of axial strain, that is setting the

quantity (U(x)/ﬁi - 1) to some constant value, the present
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results show that depending on the chosen amount of axial
strain, there is an optimum range of initial turbulence
scale® which yield the lowest u'2 turbulence enerqgy ratios
downstrean of the contraction. Because of the steep rise in
the streamwise turbulence energy ratio when initial
turbulence scales are smaller than optimum, it is better to
have a slightly larger-scale turbulence free-stream
condition than one with a scale smaller than optimum from
the standpoint of minimizing the u' turbulence intensity.
From the wind-tunnel design standpoint, this means longer
settling chambers downstream of turbulence manipulators and
ahead of the contraction.

Streamwise turbulence energy ratio for the very fine
scale turbulence condition Tl seems less affected by the
contraction process, The initial decrease in the u'z ratio
is absent with increasing strain using this flow condition
and the tise at high axial strain is at a slower rate than
in other flow conditions. For the streamwise component, the
length-to-diameter ratio of the contraction also plays an
important role in the performance, but this parameter cannot
be varied arbitrarily because it appeare as part of
quantities on both the abscissa and the ordinate of Pigure
163.

Therefore by using simple yet physically relevant
parameters to normalize the streamwise and radial turbulance
kinetic energy ratios, a composite effect of turbulence

energy behavior is presented in flows through axisymmetric
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contractions involving different initial turbulence scales,
as well as different area and length ratios. This ability
to summarize results obtained from a diverse set of
turbulence flow conditions for a wide range of contraction
parameters is a result of compensating for the different
rates of viscous dissipation. The *ifferent decay rates
occur in the flow conditions involving different turbulence
scales. As a result, the contraction effects are separately
and properly assessed with the aid of simple theories. To
the best of our knowledge, this scheme is being applied for
the first time to investigations of homogeneous turbulent
flows through contractions. It is the key to a better
understanding of mechanisms which are important during the
contraction process.

Non-linear inter-component energy transfer is shown to
be the major cause of discrepancy between -vperimental
results and classical or other extended linear rapid
distortion theories. As discussed in Chapter XIII, it may
be that very little "new" turbulence production is going on
through all the centractions used here, 2 < ¢ < 36. The
inter-component transfer of energy by the pressure strain
terms, between the amplified radial component and the
suppressed streamwise component, may be the only mechanism
in addition to viscous dissipation that is not accounted for
by the rapid distortion theory. Therefore we feel that the
revival of this theory 1n recent works deserves the

attention of the turbulence researchers. The present
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experiments also demonstrate conditions under which this
non-linear mechanism governs the turbulence behavior in
axisymmetric contractions for initially different

free-stream conditions,
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DESIGN AND CONSTRUCTION OF TEST SECTIONS
AND CONTRACTIONS

Measurements were made in the test section downstream
of the settling chamber and a 25:1 contraction shown
schematically in Fiqure 1, Circular plexiglas sections of
different lengths were bolted together to form the required
separation distance between the turbulence-generating grid
and the inlet to the contraction under investigation. The
section lengths were designed to permit a 2.54 cm increment
in the separation distance, Sor starting from no separation
(i.e., grid mounted at inlet of contraction) to a separation
distance of 58 cm. The ability to adjust So is crucial to
this investigation because each grid required a different
decay distance for the generated turbulence to become
homogeneous and approximately isotropic. Figure 2 lists the
grid-to-contraction inlet distances utilized in the present
experiment. These distances were chosen after careful
probing of the mean streamwise velocity and both components
of the turbulence velocity. To assure minimum flow
disturbance when using a different number of sections to
form the required Sqr all the sections were machined both
inside and outside to produce secticns of uniform inside
diameter and to remove any slight eccentricity normally
found in cast acrylic tubes. The machined tube sections
were then finished to a tolerance of + 9.85 mm and fitted
with matched mounting flanges on both ends.

Nine of the contractions used in this investigation
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were of the matched-cubic contcur type and one was a

fifth-order contraction. The matched-cubic contractions
were designed according to the charts provided by Morel([16]

. whenever possible. According to him, the matched-cubic is

| most suitable for designs calling for the shortest
non-separated nozzle. Hussain and Ramjee[21] had also found
that of the four contours of axisymmetric contractions that
they tested, the cubic profile was the best. Optimum design
for a given contraction ratio is achieved by allowing the
minimum coefficient of pressure near the inlet, C_., to

pi
attain a value just below incipient flow separation as i

determined by Stratford's criterion[28]. The maximum

coefficient of pressure near the exit, Cpe, is selected

based on the amount of nonuniformity in the mean velocity
that can be tolerated. The design charts then give the
shape of the contour by establishing the location of the
inflection point, £, and the length of the contraction. The
above procedure will produce the shortest contraction that
meets the specified criteria.

When the length-to~inlet diameter ratio must also be
specified along with the contraction ratio, the only
remaining design parameter is the location of the inflection
point and it may not be possible to avoid separation at the
inlet., In addition, the degree of velocity nonuniformity at
the contraction exit cannot be arbitrarily chosen if short
contractions are required. The selection of the range of

contraction area ratios and length-to-diameter ratios for
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the present experiment was made to provide a wide spectrum
of contractions that bracket the various typical cases
encountered in practice as well as the optimum contractions
predicted by design approaches like Morel's(l6].

Once the parameters of the contractions were
determined, a computer program was used to plot the
contraction shapes for either the matched-cubic or the
fifth-order type nozzles. The program permitted viewing the
output on a Tektronix 4816-1 graphics terminal as well as
printing out the contraction profile coordinates which were
used to make contour templates for use on a tracer lathe. A
brief description and a listing of the program is given in
Appendix E. Contractions were then machined from solid
blocks of plexiglas using these templates on a
hydraulically-controlled tracer lathe to produce highly
accurate contraction shapes with a tolerance of better than
+ 0.85 mm. The constant-diameter tubes downstream of the
contractions' exits were fabricated with the same degree of
precision for perfect matching to each of the 10

contractions constructed for this investigation.
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WIND-TUNNEL MODIFICATIONS

During the diagnostic phase of the present
investigation the wind tunnel had to undergo several
modifications that were vital to the ultimate success of
this experiment. This open-circuit wind tunnel was
previously used by Ahmed et al.[4] and by Wigeland[29].
Initially, the wind tunnel was powered by a centrifugal
blower capable of providing up to a 20 m/s throughflow
velocity in the test section. Preliminary results revealed
that when low-level free-stream turbulence was used as a
test flow condition, the streamwise component of velocity
fluctuations could only be reduced slightly by a
contraction. Results from earlier investigations[21-23] led
us to suspect that the blower fan blades may have been
introducing minute streamwise velocity fluctuations through
the unsteady pressure field of the blower exhaust. These
fluctuations amplify in a contracting stream and are
measured by the hot-wire probe as part of turbulence. These
non-vortical fluctuations can be easily identified because
of their high correlation along transverse planes,

A simple experiment employing compressed air as an
alternative power source convinced us that these extraneous
"potential”™ fluctuations were not negligible, especially in
low-level turbulence test flow conditions. The wind tunnel
was subsequently modified to derive its power from a

compressed-air supply Comparative tezts showed a very
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significant reduction in the streamwise component of the
fluctuating velocity for data taken when the compressed-air
supply was utilized. The radial component was not affected
at all. This confirmed our suspicion of the blower as the
cause for unusually high "turbulence" fluctuations in the
streamwise component measured during the preliminary work.
This is often the case when contractions are used in the
flow facility, since such streamwise fluctuations are
amplified through a contraction, rather than decreased as in
the case of the vortical turbulent velocity fluctuations.

A S5-micron particulate filter and a coalescing-type o0il
removal filter were installed at the exit of the air supply
to protect the hot-wire probes against physical d2mage and
to minimize calibration drifts. The maximum steady flow
velocity that can be achieved by the compressed air supply
in the large test section ahead of the contraction is
apptoximately 6 m/s.

A final modification involved installing an assembly of
three acoustic foam-lined baffles in the duct section at the
compressed air inlet to absorb acoustic noise., The duct
section was also lined with 19-mm thick sound absorbing
"Scott-Pyrell" acoustic foam. This acoustic treatment was
designed to prevent any valve, shear-flow, or separated-flow
noise from propagating into the settling chamber and

contaminating the turbulence measurements.

.
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DATA CALIBRATION AND LINEARIZATION

The final digital hot-wire data were recorded directly
from the anemometers after signal pre-processing (see
Instrumentation section in Chapter II) to prevent aliasing
and to utilize the maximum range of the analog-to-digital
converter. Since the digital data recorded on tape were
time~dependent raw-voltage signals from the output of
constant~-temperature anemometers, data calibration and
linearization was necessary to transform voltages from the
X-wire probe into U and V velocity components. Other
statistics can then be computed from these velocity data.

Conversion of output voltages into appropriate
velocities was performed on a UNIVAC-1190/81 computer.
Several features of the present scheme produced results with
higher accuracy than would have been possible with analog
processing techniques. An essential part of this digital
linearization was the availability of complete and
sufficiently dense calibration data that covered all
conditions encountered during the experiment. A squared
third-order polynomial (Equation C-1) was used to relate the

voltage to the velocity

_ 2 3,2
U(E) = (A, + AJE + AE® + ASEY) (C-1)

when the sensor is normal to the flow. AO threvgh A3 are
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constants obtained from calibration. It has been found by
Drubka and Wlezien[30] that this method is computationally
efficient because it does not involve taking logarithms or

doing exponentiations on the data. The calibration curve ia

represented by only four constants., Furthermore, it fits
the data more accurately over a wider range of velocity than
the modified King's Law. Average errors of 0.006 m/s
(standard deviation = + 9.0082 m/s) for the low velocity
range 8.94 < 0 < 19.5 m/s, and of 0.064 m/s (standard
deviation = + 0.088 m/s) for the high velocity range 20 < U

< 59 m/8 were obtained from the calibration of the X-wires.

Since the sensors in an X-array probe were inclined to

the flow in its normal operation, Equation (C-1) is written

I T VR

as

_ 2 3
H(E) = (Ag + AE + A,E® + aEY)? (c-2)

where H(E) can be related to the true velocity through the

yaw dependence of the hot-wire as shown in Equation (C-3).

H(E) = Uf2(a - y) (c-3)

The function fz(u-y ) expressed the yaw dependence «f the

hot-wire with respect to some arbitrary axis. The angle of
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the wire with respect to this axis is n while vy is the flow
angle with respect to the chosen axis. The simplest

relation for the £ function is the cosine law, viz,

fz(a - Y) = cos(a - y) (C-4)

When dealing with large variations in the yaw angle, this
relation should be changed to a more general one as
suggested by Drubka et al.[3l] in order to yield more
accurate results. However, for the type of hot-wires used
here, the corrections to the cosine law were small as long
as the axis of the X-wire was aligned with the direction of
the mean streamline or close to it. Hence, the cosine
relation could be used without any loss of accuracy in the
present investigation. Substituting Equation (C-4) into
Equation (C-3), setting vy = @ by choosing an appropriate
reference axis, and writing the equation for each of the two
sensors of the X-wire probe, the relations for determining
the two velocity components are:

U= [sin(a; + az)l-l{sin a

H(El) + 8in a H(EZ)} (C=5)

2 1

VvV = [sin(a1 + az)]-l{cos o, H(El) -~ cos a H(Ez)} (C-6)

1
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Subscripts 1 and 2 denote the values for each wire.
Equations (C-5) and (C-6) are equivalent to Equations
(111-5) and (III-6), respectively, in Drubka et al.[31].
This ability to correct for non-ideal probe construction
enabled the data used for obtaining the two velocity
components to be processed far more accurately by this
scheme than through analog means.

Temperature compensation of the X-wires was not
necessary in the present experiment because the compressed
air temperature remained relatively constant (within + 1°¢).
However, this scheme is very amenable to the simple
incorporation of such corrections.

In summary, the values of the constants A, through A

0
in Equation (C-2) were obtained for each sensor from

3

calibration data using a polynomial data-fitting routine on
a microcomputer for the two ranges of velocities. These
polynomial coefficients and the geometrical constants of the
particular X-probe were among inputs to the UNIVAC-11£0/81
program, Da:a calibration, linearization and processing
were achieved in one pass through the computer making this
scheme highly efficient in addition to being very accurate.
All of the final data were collected for this experiment

using the same probe and pair of hol-wire sensors.
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PROBE VIBRATION REDUCTION

In order to minimize blockage effects of the probe body
when high contraction ratios were employed, a 4.76 mm
diameter, 41 cm long hot-wire probe body was used. At exit
velocities above 25~30 m/s, the jet that impinges on the
snpport of the probe created a very small vibration which
was transmitted through the probe body to the prongs of the
X-wires. While using low-turulence test flow conditions,
the velocity spectra showed several distinct low-amplitude
narrow-band peaks ranging from about 1 kHz to over 18 KHz
that were caused by very slight prong vibrations. These
vibrations lead to minute vibrations and strain-gaging of
the hot-wire sensor itself, causing this contamination of
the signal.

Oscilloscope traces of the fluctuating velocities,
which were continuously monitored, did not indicate any
periodic signal content that woculd suggest the existance of
these vibrations because of the small noise to signal ratio.
This problem was brought to light when early diagnostic
digital data were processed and spectra plots of them
obtained. Since the spectra were not computed and displayed
on-line, identifying the cause and implementing a solution
to the problem was very difficult and time-consuming; i.e.,
there was no immediate feedback to any modifications made.

Acquisition of a dual-channel real-time spectrum

analyzer proved to be crucial in the solution of this
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problem. The X-wire voltages were connected to an HP Model
3582A unit which computes the spectra via an FFT and outputs
them on its built-in CRT display in a fraction of a second.
This real-time spectral analysis capability allowed
effective diagnosis of the X-wire vibration problem and
provided immediate feedback on the success of attempted
solutions.

Strain-gaging of the wires was eliminated by mounting
the sensors with a small amount of slack and fixing the
prongs' separation distance with 8.1 mm diameter glass fiber
elements that were glued midway along the prongs to each
pair of wire supports in the X~array. This resulted in the
elimination of the high frequency peaks associated with
strain-gaging of the wires.

The nature of the experiment dictated that the X-probe
be capable of measurements over an extremely wide range of
velocities. For example, the mean streamwise velocity
increases by a factor of over 38 for one of the
contractions,C7, with the velocity at the exit of the
contraction reaching ar high as 65 m/s. 1In addition,
extremely low turbulence intensities had to be measured in
this experiment near the exit of many of the ccntractions.
The vibration of the prongs contaminates the spectra with
several narrow-band peaks as shown for typical cases in
Figures 177(a) and (c¢). 1In Figure 177(a) a spectrum of the
hot-wire signal is displayed to 5 kHz on the annotated CRT

of the real-time spectrum analyzer. Note that the amplitude
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is in log while the frequency axis is linear with scale
factors, marker frequency and reference levels shown on the
display. A computer plct of the normalized U velocity
spectrum on a more customary log-log scale is shown in
Figure 177(c). The vibrational peaks are clearly visible in
both figures. The logarithmic amplitude scaling makes the
energy content associated with these peaks appear to be a
significant fraction of the total energy even though the
highest peaks in Figure 177(c) are more than an order of
magnitude lower than the turbulence energy of the energetic
lower frequencies. It would have been possible to ignore
these vibratichs without introducing appreciable errors in
the turbulence energy or the rms of the fluctuating
velocities. On the other hand, detailed statistics such as
correlations and coherence functions would be affected to a
greater extent, The quest for the cleanest possible signals
led us to take great pains in trying to eliminate or reduce
these vibrational contaminations from the turbulence energy.
A truss-like structure was constructed with 8.1 mm
glass fiber rods to stabilize all four prongs about half way
between the tips and the base. This resulted in added
rigidity of the probe tip assembly thereby reducing the
vibrations substantialiy. However, the glass fibers tend to
shed vortices at the Strouhal frequency which is velocity
dependent. Careful arrangement of the glass fibers
minimized this effect by delaying the shedding process as

the velocity is increased.
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An enormous improvement was made by attaching small
spherical balls of soft clay around each of the prongs that
act as tuned-mass vibration dampers. The size of the clay
spheres and their location on the prongs were optimized to
produce maximum damping with minimum disturbance to the
flow. This clay was also used at the base vf the prongs to
damp out vibrational energy through dissipation. The degree
of success is clearly demonstrated by comparing the spectra
on the CRT display of the spectrum analyzer, Figures 177(a)
and 177(b), or the digitally processed U velocity spectra
from another diagnostic run, Figures 177(c¢) and 177(4),
before and after using the clay dampers, respectively. Most
peaks have been totally eliminated with the remaining ones
substantially reduced in amplitude and width. The real-time
spectrum analyzer proved to be an indispensible tool for

obtaining the solution to this problem.
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CONTRACTION DESIGN PROGRAM

Description

This BASIC program calculates the nozzle contour
according to either a Sth-order polynomial or a pair of
matched cubic equations. Derivation of the equations is not
given here but some interesting points will be made to give
a better insight into the choice of the optimum contour. A

knowledge of computer programming is not necessary to use

this routine but it is nevertheless helpful.
For the cubic contour, equations E-11 and E-12 were
derived using 8 boundary and matching conditions given by

E-3 through E-10.

* * *2 *3 * -
Rl(x ) = a_ + alx + a,x + a3x , 0< x <€ (E-1)
* * *2 b *3 £< *<l
Ry(x) = by + byx + byx 0 XX (E-2)
- E-3)
Rl(O) Dl/2 (
dR
dx; . (E~-4)
x =0

e sl i
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R, Sy ¥

Rz(l) = D2/2 (E-5)
®, -

drR dr

—3 . = =2, (E-8)
dx |x =€ ax |x =f

dle
= 0 (E-9)
Ax*” | x*=f
d2R2
dx*” |x*=f
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Applying these boundary and matching conditions leads to the f

final form of the contour equations given in E-l11 and E-12

o Al

below.

3(Dl - D2) 2 (D, - D2)

(D, - D,) (¢ - 2 D, - -
Rz(x*)=02/2- 1 o) (3E ) 3(1 Dz)(2€ 1)

+ X*
ae - 1)° a(f - 1)°
3(D, - D.)E (D. - D.)
1 2 *2 1 2 *3 ;
- ——-—————-—2—- X + X Eix*il (E-12) g
aee - 1) a(f - 1)2 '
where
Dl = Inlet diameter
D2 = Qutlet diameter
Rl & R2 = Contraction contour functions
x* = Non-dimensional axial distance = x/ng
L = Contraction length
g =

Non-dimensional location of inflection point
For the special case when = 8.5, the two contour

functions reduce to a single equation (E-13) for the nozzle

shape.

3(d; = D,)

_ 2
R(x*) = Dy/2 = —=m—2_ 5+’ + (b, - D,) x*>, Ocx*<l

(E-13)

One of the features of using a pair of cubic equations
rather than a single one is that the location of the
inflection point can be arbitrarily chosen to provide

different contour shapes. This has a bearing on the flow
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quality at the outlet of the nozzle. An optimum location of
the inflection point for a given contraction ratio and
length ratio can be found. Details are discussed in
Morel(l6].

A higher-order equation is needed to impose zero second
derivatives at both ends of the nozzle. This 5th-order
contour is given by Equation E-14 and is also incorporated
in the computer program. For the same area ratio and L/D
ratio, this contour gives a more uniform velocity profile
downstream of the contraction as compared to the
matched-cubic contour. The inflection point is fixed
at £ = 0.5 and is not a user selectable option as in the

cubic contours,

3 4

R(x*) = Dl/2 - 5(D, - Dz) x*~ + 7.S(D1 - Dz)x*

1
-3(D, - D2)x*5 , 0<x*<E (E-14)
User Instructions

Some Preliminary Remarks. The program was written in
PDP-11 BASIC version GEO8D with the external function
written for plotting on the Tektronix 4016-1 graphic display
unit, This routine requires a minimum of 8k of memory space
on a PDP-11 computer. The results can be presented either
in tabulated form or the shape of the nozzle can be shown on
the graphic display unit.

Program prompts are placed at input points to the

program, Users may find it helpful to become familiar with
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the GEOBD version of BASIC although it is not a requirement

in using this program.

Using the Program. A brief explanation of the required
inputs to the routine is available when the program prompts
with *NEED HELP?" Answer all prompts with numbers only
because this version of BASIC does not support string
inputs. A non-zero number, normally a "1", signifies a
"YES" answer and a "@" means "NO". Simply typ:ng a carriage
return <CR> will siffice for a "NO" since BASIC will assume
a zero for that input. Disregard of the aforementioned will
result in an error message ending with a "?". To continue,
type in the correct response. Improper inputs can also
cause the program to prompt for a valid input before it will
continue. To quit the program and start over again type
<CTRL-P> and rerun the program with a "RUN" command.

The program can be "tricked" into doing strange things
such as calculating not enough points and then plotting the
result., The contour displayed w..l not be an accurate
representation of the nozzle shape.

When the program is used to plot, it is finished when a
"BELL" is heard. The program is designed to "hang" in an
infinite loop so that the BASIC prompt "STOP AT LINE...." is
not displayed on the plot when a hard copy is made. Use the
<CTRL-P> to halt the program after the hard copy is made.
The program will "hang" in the plot mode only.

A listing of the program is shown at the end of this
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appendix, We hope that this program is of some use in

obtaining the contour of high performance nozzles.

W
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PROGRAM LISTING

1 REM NOZILE DESION PROM W/PLOTTING (JRD 3STH ORDER) VER.2.3 120178
2 REM WRITTEN BY JT FOR PDP-11 BASIC 8 TEKTRONIX 4010-1 GDU,

3 REM REVISION 0 120278

10 PRINT/"AXISYMMETRIC NOZZLE DESION PROGRAM VER: 2.3°!PRINT
1S PRINTPLEASE REPLY PROMPTS WITH:®IPRINY® YES=NO.sO & <CR>*
20 PRINT® NO=O 8§ <CR *{PRINTIPRINT°NEED MELF'3ISINFUT 21

2% IF 2140 GOTO 3000

30 PKINTIPRINTIPRINT*PLEABE TYPE IN THE FOLLOWING:'IPRINT!PRINY
3% PRINT*MATCHEL=-CUBIC® ) I INFUT 23

40 IF 23-50 THEN LET 2503G0TO 40

45 PRINT*STH ORDER®S :INFUT Z3

S0 IF ZS>0 THEN LET M1=QILET Z3=0:80T0 40

5% 607D 35

60 PRINT'Dis*3IINFUT D1

6% IF D1<=0 THEN PRINT®INVALID INPUT: D130 ONLY*:!GOTO 60

70 PRINTD2="3 L INPUT L2

75 IF D20 THEN PRINT®INVALID INPUT! D20 PLEASE*:GOTO 270

80 IF D2<>0 GOTO 100

85 PRINT'CONTRACTION AREA RATIO=*3I1INFUT (1

90 IF Ci1<=0 THEN PRINT®INVALID INFUT: C.R.:0 ONLY*IGOTO B85

95 LET D2=L1/8AR(C1)

100 PRINT*L/Di=*}INFUT L1

105 JF L1<O THEN PRINTINVALID INFUT: L/D1:0 ONLY*:GOTO 100

110 IF L1<>0 GOTO 130

113 FRINT*NOZZLE LENGTH="§:INFUT L2

120 IF L27=0 THEN FRINT'INVALID INFUT NOZZLE LENGTH O ONLY*:GOTU 11%

125 LET Li=L2/1In

130 IF Z5.>0 GOTO 1%0

135 PRINT*MATCR FOINT=®§LINFUT M1

140 IF M1-7s0 THEN FRINT*INVALID INFUT: M.P.>C ONLY®:GOTO 135
143 IF M1:=1 THEN FRINT®INVALID INFUTS M.F.- 1 ONLY®:GOTO 135
150 PRINT*NO. OF INTERVALS REQUIRED=®®§:INFUT N
155 IF K<{2 THEN FRINT*MINIMUM 1§ 2°*:GOT0 150

160 LET K=INT(K)

165 LET Is1/K

170 LET L2=L12D1

172 LET M2=(M1-1)8(M1-1)

180 LET Ci=(D1/02)%(D1/702)

1835 LEY D=01-D2

190 PNINT*FRINT QUT COORDINATES®#IINFUT 22

195 1IF 22=0 GOTOD 280

200 FOR L=1 TO &

205 PRINTY

210 NEXT L

215 PRINT»*NOZZLE CHARACTERISTICS:® (PRINT

217 1F D=0 THEN FPRINT®STRAIGHT CIRCULAR DUCT*:GOTD 230
219 IF Mi=,5 THEN FRINT*JIRDL ORLER’3:GOTO 2295

221 IF Z3-:0 THEN PRINT'MATCHED-CUBIC®#:GOTO 2%
223 PRINT*STH ORDER*S

225 IF €13 THEN FRINT® NOZZLE®:GOTO230

227 PRINT* DIFFUSER®

230 PRINY*INLET DIA.=*ID1j*IN.*

23% PRINT'OUTLET DIA.~"3D2§°IN.*

240 PRINT'CONTRACTION AREA RATIQ =°§Ct

245 PRINY®NDZZLE LENGTN =*§L24"IN."

250 PRINTLENGYH RATIO» L/D1 =*)L1}

255 IF 23 0 THEN PRINT*MATCH POINT» XM/L =°iM3
260 PRINTIFRINTIFRINT

265 FRINT.* NOZZLE COORDINATES® (PRINT

270 PRINT* X!IN.) R(X)>®
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273
280
269
207
289
291
293
295
305
310
3135
320
325
330
335
340
345
350
35%
360
365
370
375
380
385
390
395
400
405
410
4195
420
425
430
435
440
447
450
435
4460
46%
470
475
4860
485
490
492
495
%00
503
z07
310
915
520

529

182

GOTO 340

PRINT? )

IF D=0 THMEN PRINT:»-*STRAIONT DUCT*$GOTO 305
IF M1=,8 THEN PRIN..so"3RD ORDER®):GOTO 293
IF Z3<>0 THEN PRINTs s ¢ *MATCHED-CUBIC*13GOTO 293
PRINT»r9*STH ORDER"}

IF C1>1 THEN PRINT® NOZZLE*:0G0TO 308
PRINT® DIFFUSER®
PRINTIPRINTsvr0°*D1 m* )DL IN®
PRINTsre?2°D2 a* D20 1IN’
PRINTse00°C.R.=*)(Ct

PRINTroee"L ®*JL24°IN®
PRINTsreo*L/D3 =*pLY

IF Z3<>0 THEN PRINTrre e XM/L =® N1
GOSUB 1000

LET X=0

LET X1sX

LET Ri1sD1/2

IF 22=0 GOTO 3é%

PRINT»IX19R1:GOTO 370

GosuB 2900

LET Xax+el

LET XisXx#i2

LET X2=X8X:LET X3oX28X:LET XAsXIAXILET XS=X48X
IF 2Z3=0 GOTO 490

IF x>Mi GOTO 430

LET Ri=.258D%(3/(M18EN1)

LET RixR1+,7358D8X2/M1

LET Ri1sKk14D1/2

IF Z2=¢ GOTO 420

PRINTyX1+R1:G0TO 370

GOSUB 2000

GOT0 370

IF X<ei Q070 44S

IF 220 GOTO S1%

GOTO 52%

LET Ri=,235%DxX3/M2

LET RisR1-,7S8DSM18X2/M2

LET R1sR14.7SSDS(2%M1~1)8X/A2

LET R1sR3-.258DR(3IXML=-2)/M2

LET R1=sR14D2/2

IF 22=0 GOTO 480

PRINT»X1+R1:G0TO 370

GOSUB 2000

GOTO 370

LET R1sD1/2-(D(SEX3-7.SEXA+32XT))
IF x>1 GOT0 %510

IF 22=0 GOTO 50%

FRINT,X1+R11GDOYO S0O7

GNSUB 2000

GOT0 370

IF 22<>0 GOTO 525

PRINT**:REN PLOT DONE

GOTO 520 ${REM HANG UF PRGM TO SUPPRESS °*STOF AT LINE...®

PRINT:PRINT:PRINT**ISTOF
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1000 LET S1=122,.4% (REM HOR. SCALE FACTOK

1005 LET S2=124,.64 :REM VERT. SCALE FACTOR

1010 LET 01=13 SREM HOR. OFFSET FROM LEFT

1015 LEY 02=390 SREM VERT. OFFSET TO CENTER

1020 LET Q=EXF(1:0+02+0) (REM FOSITION BEAM

1025 LET CO=1.5%S1

1030 FOR L= TO S

103% LET Q=EXF(1,C0»02+1)> (REM DRAW LINE SEGMENT

1040 LET CO=CO0+S1/8

1045 LET G=EXF(1+C0+02,0) ° $REM SKIF A SMALL SEGMENT

1050 LET CO=CO0+451/4

1055 LET G=EXF(1+C0+02y1) tREM DRAW SHORT SEGMENT

1060 LET Co=CO0+S1/8

1065 LET Q=EXF(1+C0»02+0) $REM SKIF A SMALL SEGMENT

- 1070 LET CO=CO+1.5%S1

3 1075 NEXT L

1080 LET D3=D1:!LET Da=D2ILET L3=L2

1085 LET S=1

1090 IF D3/S>6.16 GOTO 1105

1095 IF D4/S>6.18 GOTO 1105

1100 IF L3/5<68.25 GOTO 1115

: 1105 LET S=5+1

- 1110 GOTO 10%0

2 1115 LET S1=S1/SILET S2=S2/S

1120 LET X=780:LET Y=13:LET G=EXF(1+XeY»0)

1125 PRINT®*SCALE 1 %S+

1130 RETURN

2000 LET Al1=(X1%51)+401

2005 LET B1=(R1x%S2)+402

2010 LET B3=(-K1x%xS52)+402

2015 IF Xi=0 GOTO 2040

2020 LET QG=EXF(1yA0sE0»0) :REM FOSITION FLOT BEAM

2025 LET Q=EXF(1sA1,E191) (REM DRAW UFFER SIDE OF NOZZLE

2030 LET O=EXF(1»A0+E2+0) IREM FOSITION BEAM TO LOWER SIDE

2035 LET Q=EXF(1,A1,83,1) REM DRAW LOWER CONTOUR

2040 LET AO=A1l

2045 LET RO=R}

2050 LET B2=B3

2055 RETURN

| 3000 FPRINTSFRINTIFRINT® THIS FPROM WILL FRINT OR FLOT A NOZZLE OR*s
3 3005 FRINT® DIFFUSER FROFILE USING A FAIR®

- 3010 FRINT®OF CURIC EGNS. OR A STH ORDER EQGN, THE INFLECTION FOINT®;
3015 FRINT® ON THE CONTOUR®

3020 FRINT*CAN BE SFECIFIEDL IN THE CURIC CASE EY GIVING THE MATCH-*
3025 FRINT*FOINT WHEN THE®

3030 FRINT*FROGRAM FROMFTS FOR INFUTS.®

3035 FRINT:FRINT*INFUTS TO FRGM INCLULDE:*SFRINTIFRINT® D1=INLET DIA.®
3040 FRINT® D2=0UTLET DIA."*

3045 FRINT® C.R.=CONTRACTION AREA RATIO CAN BE SPECIFIED INSTEALDL DF L2*
3050 FRINT® RY TYFING <CR: WHEN D2 IS ASKEDL FOR.®

3055 PRINT® L/D3=LENGTH RATIO"

30460 FRINT® L=NOZZLE LENGTH CAN BE SFECIFIEL INSTEADL OF L/I1°*

3065 FRINT® MATCH FOINT=X/L AT INFLECYION FT, (3RI' ORDER ONLY) O:M.F.<1°
3070 FRINT® NO. OF INTERVALS=NQ. OF FOINTS - 1.°

3075 FRINT® FRINT OR FLOT OFTION®

3080 GOTO 30

308% ENI

READY
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C=9,16,23.5

L/D=1

J \CETl—'-ERaﬁZERO LEVEL\
— |-=3./i7C cm

0.0l m/sec

:’EENTER & ZERO LEVEL

Figure 15. Normalized Latersl Profiles of Mean and Turbu-
lence Velocities Downstream of Contractions with Different

Contraction Ratios
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Figure 16. Normalized Lateral Profiles of Mean and Turbu-
lence Velocities Downstream of Contractions with Different
L/D Ratios
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Figure 17. Normalized Lateral Profiles of Mean and
Turbulence Velocities Downstream of Matched-~Cubic

and Fifth-Order Contractions
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C3
c2
CONDITION ORF JaNIS Dgwt.ﬁg%{
TI - ® ®
T4 - ® | ©
T7a ¢4) ® ®

) - DATA FILES ACQUIRED AT 7 OFF-AXIS POSITIONS
AND 2 ON-AXIS POSITIONS.

(Y) - DATA FILES ACQUIRED AT 8 POSITIONS ALONG
CENTERLINE, INCLUDING 5 POSITIONS FARTHER
DOWNSTREAM OF CONTRACTION EXIT IN CON-
STANT-AREA DUCT.

® & (Y)- EACH FILE CONTAINS 100 RECORDS OF 2048
SAMPLES/CH. FOR TWO CHANNELS OF X-WIRE
PROBE DATA.

@ — TWO-PROBE DATA ACQUIRED AT 4 STREAMWISE
POSITIONS WITH ONE PROBE ON CENTERLINE,
EACH WITH 6 DIFFERENT PROBES' SEPARATION.
EACH FILE CONTAINS 100 RECORDS OF 2048
SAMPLES/CH. FOR 4 CHANNELS OF DATA FROM
2 X-WIRE PROBES.

Figure 22. Contractions and Flow Conditions Used for
Off~-Axis and Downstream Relaxation Study
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Figure 24. Turbulence-Energy Decay of Streamwise Component
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Figure 25. Turbulence-Energy Decay of Radial Component of
Test Flow Conditions
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OPEN SYMBOLS: U_ =~ 49 m/sec
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Figure 26. Total Turbulence-Energy Decay of Test Flow
Conditions
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Figure 27. Turbulence-Energy Decay of Streamwise Component
of Test Flow Conditions
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Figure 28. Turbulence-Energy Decay of Radial Component of
Test Flow Conditions
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Figure 29. Total Turbulence-Energy Decay of Test Flow
Conditions
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