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Infrared Imaging of Large-Amplitude, Low-Frequency
Disturbances on a Planar Jet

Robert B. Farrington* and Scott D. Clauncht
National Renewable Energy Laboratory, Golden, Colorado 80401

The purpose of this study is to demonstrate that periodic, large-amplitude, low-frequency disturbances on a
planar jet can increase spreading and mixing of a planar jet with the surrounding fluid. This is achieved by
enhancing the natural instabilities of the jet, resulting in the formation of large vortical structures in the mixing
layers. The jet had a Reynolds number of about 7.2 XlO3, an aspect ratio of 47, and Strouhal numbers, based on
the nozzle width and the disturbance frequency, up to 0.324. A relatively new technique, full-field infrared imag-
ing, was used to determine jet behavior and mixing. This technique provides a significant advantage over conven-
tional temperature measurement techniques. Over 68,000 data points can be monitored as often as 30 times each
second. Contour plots of the isotherms of the infrared images showed that the disturbances increased the spread
rate of the jet and accelerated the transition of the planar jet into an axisymmetric regime. A relative mixing effi-
ciency was defined and measured. The mixing that occurred within the thermal half-width of the jet when pulsed
at Str = 0.168 was about 32% greater at seven nozzle widths than that of the natural jet.

Nomenclature
B
f
L
Re
Str
T

X
*o
Y
Y~
Y+

= nozzle width, m
= frequency, Hz
= nozzle length, m
= Reynolds number, u^B/v
= Strouhal number, fB/uG
= temperature, °C

^ambient = room air temperature, °C
rjet - outlet temperature of jet, °C
Tmax[X) = maximum temperature at axial distance X, °C
^min(^0 = minimum temperature at axial distance X, °C

= exit velocity, (X, 7, Z) = (0,0,0), m/s
= nondimensional axial position, x/B
= virtual origin of the jet
= nondimensional transverse position, y IB
= left edge of jet
= right edge of jet
= thermal half-width
= nondimensional longitudinal position, z/L
= thermal mixing efficiency at X
= relative mixing efficiency at X
- nondimensional temperature, |T(X, Y) — 7jet]/

L^ambient jetJ
©edge(*) = particular value of [T(X, Y) - Tmin(X)]/

[T (Y\ — T (Y\~\L1 maxW i minWJ
®minW - minimum nondimensional temperature at axial

distance X
v = kinematic viscosity, m2/s

Introduction

INDOOR air quality and thermal comfort in buildings is a result
not only of the turnover rate and the temperature of the condi-

tioned air being supplied to occupied areas but also of the effi-
ciency with which the conditioned air mixes with the ambient air.
If the ventilation jet produced by a diffuser does not mix thor-
oughly with the surrounding air, then the conditioned air can short-
circuit back to the return air intake, leaving pockets of stagnant air
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in the room. In these pockets, sometimes called dead zones, ther-
mal comfort is not maintained, and pollutants are not removed,
creating a potentially uncomfortable, unhealthy, and unproductive
environment.

Slot diffusers, which are commonly found in office spaces, pro-
duce a planar jet. Planar geometries are sometimes used, instead of
circular diffusers, because of geometries of the occupied space
and architectural considerations. This paper discusses the effect of
large-amplitude, low-frequency periodic disturbances on the shape
and the mixing efficiency of a free planar jet.

The interest in the effect of periodic disturbances on jets dates
back to the mid-1800s when Plateau,1 in 1857, described the effect
of externally applied vibrations to gravitationally induced liquid
jets, and LeConte,2 in 1858, observed the effect of acoustical exci-
tation on gas jets. Since the early 1970s, periodically disturbed jets
have been used to study the development of large-scale structures.
Most studies were concerned with small-amplitude, high-fre-
quency disturbances applied to axisymmetric jets.3 Previous re-
search has not addressed the overall characteristics of planar jets
under the influence of large-amplitude, low-frequency distur-
bances.

Description of Test Loop and Procedures
Test Loop

Periodically pulsing the jet upstream of the outlet results in fluc-
tuations of the velocity about some mean velocity. The forced dis-
turbance was caused by periodically restricting the flow, leading to
periodic velocity variations. Generally, externally applied distur-
bances have been small, less than 2% of the mean velocity. How-
ever, the amplitudes of the disturbances in this study were, at
times, as high as the mean velocity.

The disturbance frequencies examined in this study ranged from
0 Hz, the natural jet, into the audible range to 56 Hz. The subaudi-
ble range, below 20 Hz, was of particular interest because of the
heating, cooling, and ventilation applications that motivated this
study.

In shear flows, naturally occurring and forced frequencies
are commonly represented by the Strouhal number,

Str=fB/u0 (1)

The Strouhal numbers corresponding to the forced disturbances
are shown in Table 1. Exit velocities were on the order of 4 m/s.

The planar jet examined for this study was produced by a slot
diffuser 119 cm long by 2.54 cm wide, as shown in Fig. 1. The dif-
fuser was located in a room 5.2 m wide, 10.7 m long, and 2.6 m
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Table 1 Disturbance frequencies tested

Disturbance
frequency, Hz

0
2
10
16
20
30
40
50
56

Strouhal no.
0.000
0.011
0.057
0.090
0.112
0.168
0.230
0.290
0.324

high. The X, 7, and Z axes represent the axial, transverse, and lon-
gitudinal directions, respectively. All dimensions in the flowfield
were nondimensionalized by the nozzle width. The diffuser was
located about 2.5 m away from the walls and oriented so that the
jet issued vertically upward, allowing convenient access to the jet
for measurement and flow visualization. The outlet velocity was
high enough that the orientation of the nozzle did not affect the jet
performance. The Richardson number at the exit, based on the
nozzle width and temperature difference between the jet exit tem-
perature and the ambient, was 0.00103, showing that the buoyancy
forces were much less than the inertial forces. The nozzle was de-
signed to approximate actual slot diffusers and to have a uniform
outlet velocity.

Cold air was supplied to the nozzle via a 20.3-cm-diam galva-
nized duct by a blower located in an adjacent room along with a
chiller. The supply air was 10-20°C cooler than the ambient air.
The mechanism used to produce the disturbances was located
4.5 m upstream of the nozzle outlet. The disturbances were gener-
ated by rotating a disk perpendicular to the flow inside the duct.
When in the fully closed position, twice for each full rotation, the
disk occluded the cross-sectional area of the duct by 90%. Screens
and turning vanes downstream of the disturbance mechanism in-
sured that turbulent structures produced by the flow over the disk
did not reach the outlet.

The natural jet had a Reynolds number
Re = u^B/v (2)

of about 7.2 X 103. The increased pressure drop caused by the ro-
tation of the damper decreased the flow rate by about 11%. The
flow rate was adjusted to maintain a constant flow rate of 94.4 L/s
(200 scfm) at all disturbance frequencies for the images taken from
the front view. The flow rate for images taken from the side view
was not adjusted.

The shape factor of the boundary layer at the exit, defined as the
ratio of the displacement thickness to the momentum thickness,
varied from 1.24 for the disturbed jet to 1.78 for the natural jet.
This compares with a value of 2.59 for the Blasius profile of a lam-
inar jet. The turbulence intensity at the exit of the natural jet was
about 1.5%.

Infrared Imaging Technique
Because air is transparent to infrared radiation, a 70% porous,

mesh fiber screen was placed in the flow as a target for the infrared
camera. As the chilled air passed over the screen, the screen as-
sumed the temperature distribution of the jet in the plane of the
screen and emitted infrared energy.4 The screen had a response
time of about 0.3 s.

The front views are of the Z ~ 0.5 plane, and the side views are
of the 7=0 plane. Hot-wire anemometry data and images taken of
various Z = const planes verified that the Z ~ 0.5 plane was free of
end effects.

Each infrared image contained more than 68,000 data points and
could be updated 30 times per second, providing significantly
more information than could be provided by single-point measure-
ments. We used digital averaging of 120 images, one image taken
each second for 2 min, to reduce random variations in the tempera-
ture distributions. Each image consisted of the average of two
frames (l/30th of a second apart).

Nondimensionalizing was used to reduce bias error in measure-
ments. The nondimensional temperature is defined as

Y) = [T(X, Y) - (3)

where T(X, Y) is the temperature at any location in the Z = const
plane, 7]et is the outlet temperature at (X, Y) = (0,0), and T^ent is
the temperature of the surrounding room air. The value of the non-
dimensional temperature varies from 0 at the nozzle exit to 1 for
ambient air.

The full data set contained 68,056 data points. Creating contour
plots from this many data points is beyond the capacity of many
personal computers. To reduce these data sets to a manageable size
for contour plotting, unweighted, nine-point area averaging was
used. The averaged data provided a good representation of the full
data set.5

Figure 2 shows that the transverse velocity profile measured by
a constant-temperature, hot-wire anemometer for the isothermal,
natural jet is in good agreement with those obtained by Heskes-
tad,6 Gutmark and Wygnanski,7 and Sfeir.8 The curve taken for the
present study and the curve taken by Sfeir were taken at X = 20,
and the other two curves were taken at X = 65 (where X is the axial
distance nondimensionalized by the nozzle width).

The screen introduces a boundary layer in the flowfield. The
roughness of the mesh screen results in a turbulent boundary layer
significantly larger than for a smooth surface.9 The screen, when
viewed from the front of the jet, cuts across the jet and does not
produce what is ordinarily considered a wall jet. The roughness of
the screen increases the Nusselt number10 because large velocity
fluctuations in the boundary layer transport mass and energy from
the freestream flow to the screen, keeping the temperature of the
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Fig. 1 Schematic of test setup.
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Fig. 2 Comparison of transverse axial velocity profiles, Str = 0.000.
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screen in equilibrium with the freestream flow. Preliminary mea-
surements with thermocouples indicate a uniform temperature
within the velocity boundary layer.

High-Speed Flow Visualization
The infrared imaging system provides a comprehensive but av-

eraged representation of the temperature field of the pulsed jet. To
get an instantaneous view of the effect of the disturbances on the
vortical fluid structures by which mixing occurs, we took photo-
graphs of smoke-wire flow visualization at a shutter speed of
1/6400 s. This was a sufficiently small time span to observe the de-
velopment and interaction of individual fluid structures.

Test Results
Self-Similar Transverse Profiles

The transverse temperature profiles for the natural jet at various
axial distances are shown in Fig. 3a. In the region near the exit, the

a) Nondimensionalized by the axial distance and for various axial dis-
tances, Str = 0.000
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Fig. 3 Transverse temperature profiles.
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Fig. 4 Transverse isotherms from infrared images.

jet is developing and has not yet assumed the self-similar tempera-
ture profiles found in the fully developed region. The profiles are
self-similar by 9.2 nozzle widths from the exit and follow a Gauss-
ian distribution. The transverse temperature profile nondimension-
alized by the temperature half-width are shown in Figs. 3b and 3c
for axial distances of 4.9 and 20.2 along with a Gaussian profile.
The results indicate that the effect of the mesh fiber screen on the
development of the temperature field of the jet is negligible within
the region studied.5

Contour Plots
Isotherms of front view infrared images for the jet disturbed at

Strouhal numbers of 0.000, 0.057, and 0.112 are shown in Fig. 4.
The jet boundaries of the undisturbed jet, shown in Fig. 4a, are
nearly vertical throughout the first nozzle width of axial distance.
The transverse temperature gradient is steep. The contour for the
0.50 isotherm extends to 20 nozzle widths, indicating the throw of
air that is midpoint in temperature between rjet and rambient.
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Fig. 5 Jet half-width,

The effect of disturbance of the jet at Str = 0.057 is shown in
Fig. 4b. The width of the jet, caused by greater spreading, is much
greater over the first nozzle width. The transverse temperature gra-
dient is not as steep, and the 0.50 isotherm now extends only to 16
nozzle widths or about 75% of the distance of the natural jet.

A greater effect can be seen in Fig. 4c when the jet is disturbed
at Str = 0.112. The jet has a greater spread angle near the nozzle
exit, reducing the slope of the transverse temperature gradient even
further. The peak of the 0.50 isotherm is now only about 14 nozzle
widths or about 70% of the distance of the natural jet. The distur-
bances on the jet increased the spread of the jet and decreased the
throw of the jet.

Jet Half-Widths
The change in the spread rate of the jet can be measured by in-

spection of the infrared images. The jet thermal half-width is de-
fined as the transverse point at a given axial distance where the dif-
ference between the temperature at that point and the minimum

temperature is one-half the difference between the ambient tem-
perature and the minimum jet temperature,

^0.5 =
T(X,Y)-Tmin(X)

(4)

The location of the half-width, F05, is where the jet edge
nondimensional temperature, or 0e<ige, is equal to 0.5. The vari-
able 0edge

 maY be chosen as any value of the ratio in Eq. 4.
The jet half-width for different Strouhal numbers, given in Fig.

5, increases with increasing disturbance frequency. Disturbances
at Strouhal numbers of 0.112, 0.168, and 0.230 have the greatest
effect near the nozzle exit. At Strouhal numbers higher than 0.230,
the greatest spreading occurs farther downstream. It is important to
note that 0edge represents a ratio of temperature differences and not
the actual temperature of the jet edge. Because the centerline tem-
perature warms more quickly for the disturbed jets, the actual tem-
perature at a particular 0edge will be greater than that for the undis-
turbed jet. Therefore, the contour plots show greater spreading of
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the jet near the nozzle exit than is apparent from the plots of the jet
half-widths.

Jet Centerline Temperature
The jet centerline is represented by the coolest part of the jet, the

jet minimum temperature. As the cool jet mixes with the surround-
ing air, the temperature of the jet increases. The rate of axial decay
of the temperature indicates how quickly ambient air is reaching
the coolest part of the jet. A plot of the axial decay of temperature
to the ambient temperature is shown in Fig. 6. The temperature
decay is greatest at Strouhal numbers of 0.112 and 0.168, but any
disturbance at or above Str = 0.057 has a significant effect on the
temperature decay.

A notable feature in Fig. 6 is the two distinct regions on the
curves over which they are nearly linear. The slope of the curves
for the natural jet and the pulsed jet changes sharply at about six
nozzle widths downstream. The change in slope of the curves of
the jet pulsed at Strouhal numbers greater than 0.168 is more grad-
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Fig. 8 Relative mixing efficiency vs axial distance for various Strou-
hal numbers.

ual than the change for those of Strouhal numbers at and below
0.168.

Jet Mixing Efficiency
Entrainment is a measure of the amount of ambient air brought

into the jet. This is normally shown as an increase in the mass of
the jet and requires a knowledge of the velocity distribution. Be-
cause this information is not directly available from the infrared
images, the mass flow entrainment will be related to the tempera-
ture distribution by a thermal mixing efficiency. We defined a
thermal mixing efficiency as the integral of nondimensional tem-
perature between the jet edges,

T](X) = ^ —— f-r)V0 (X, Y) dY (5)

Fig. 7 Mixing efficiency vs axial distance for various Strouhal num-
bers.

Because temperature is a scalar, it can be used as a passive tracer
to determine mixing in the jet. The Y+ and Y~ represent the jet
edges, 0edge' in the positive and negative transverse directions, re-
spectively. The value of the mixing efficiency is 0 when the tem-
perature profile between the jet edges is uniform at the jet mini-
mum temperature, indicating that no mixing has occurred. The
mixing efficiency equals 1 when the temperature profile is uniform
at the ambient room air temperature, indicating that complete mix-
ing has occurred. The mixing efficiency is the average nondimen-
sional temperature at a particular axial distance and represents the
mixing of the jet that has occurred from the exit to X.

The mixing efficiencies are given in Fig. 7 for three values of
the jet-edge temperature. The mixing efficiency of the jet disturbed
at Str = 0.112, with 0edge = 0-5, and at six nozzle widths, is 19%
greater than that for the natural jet. The disturbance causes signifi-
cantly increased mixing in the core of the jet by six nozzle widths
as demonstrated by Fig. 7a.
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Fig. 9 Longitudinal isotherms from infrared images.

The mixing efficiency curves for the jet pulsed at Srr - 0. 1 12 are
nearly linear over two distinct regions, corresponding to the same
regions of linearity on the curves of axial temperature decay.

Relative Mixing Efficiency
To give a direct comparison of the mixing efficiency of the

pulsed jet to that of the natural jet, we defined a relative mixing ef-
ficiency as

0(x , r , / )dy-

rJ v~

e (x, Y, o)
(6)

The nondimensional temperatures are integrated between the
edges of the natural jet. The relative mixing efficiency compares
the degree of mixing that has occurred within the same physical
area for the disturbed and natural jets. Figure 8 shows the relative

mixing efficiencies of several disturbance frequencies at 0edge -
0.1 and 0.5. Mixing in the very core of the jet, where 0edge = 0.1, is
nearly 50% greater than that of the natural jet at six nozzle widths,
for Srr = 0.168. The mixing of the jet pulsed at Sfr = 0.168 that oc-
curs within the half-width, 0edge = 0.5, of the natural jet is about
32% greater at seven nozzle widths than that of the natural jet.

The relative mixing efficiencies for Strouhal numbers greater
than 0.011 are negative below about four nozzle widths because of
the definition of the jet edge. The jet boundaries for the limits of
integration in Eq.(6) are determined by the shape of the natural jet,
which has a narrower spread angle than the pulsed jet. Because the
pulsed jet has a much greater spread angle over the first few nozzle
widths, Eq. (6) is integrated over only a portion of its cross section
for axial positions in this region. The cold core of the pulsed jet ex-
tends beyond the location of the warmer edge of the natural jet
near the nozzle exit. The relative mixing efficiency is a measure of
how much the disturbed jet has warmed by a given axial distance
compared with the natural jet; both are evaluated only within the
region defined by the edges of the natural jet.

a) Sfr = 0.000

? ;..|:v;.::,f;::/;:i

b) Sfr = 0.090

= 0.230

Fig. 10 High-speed smoke-wire visualization.
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Side View
The entrainment of ambient air up to a given axial distance in a

planar jet is proportional to the square root of the distance. In an
axisymmetric jet, the entrainment is directly proportional to the
axial distance.11 Therefore, an early transition of a planar jet into
an axisymmetric jet will enhance entrainment. An early transition
requires that the increased spreading seen in the front view be ac-
companied by the drawing in of the jet ends in the longitudinal di-
rection. The side view images reveal the effect of the disturbances
on the transition of the planar jet into the axisymmetric regime.

Isotherms from infrared images of the side view of the jet are
shown in Fig. 9 for the jet pulsed at Strouhal numbers of 0.000,
0.057, and 0.112. The longitudinal temperature profiles show a dip
in the center of the profile with peaks toward either end. This is the
saddle-back shape identified by van der Hegge Zijnen12 for veloc-
ity and temperature profiles. The images taken from the side view
were at a flow rate of 94.4 L/s for the undisturbed case. The flow
was not adjusted to account for reduced flow when the distur-
bances were generated. Therefore, at Str = 0.112, the flow rate was
84 L/s (178 scfm). Other tests showed that the shape of the temper-
ature profile was not sensitive to the flow rate.

Disturbing the jet draws in the ends of the jet and causes the
peaks of the saddle-back shape to move closer to the longitudinal
center of the jet. The reduction of the throw of cold air can be seen.
The disturbed jet will become axisymmetric closer upstream,
nearer the nozzle exit, than will the natural planar jet. The distur-
bance accelerates the transition to an axisymmetric regime.
High-Speed Smoke-Wire Visualization

High-speed photographs of smoke-wire flow visualization,
shown in Fig. 10, give insight into the structural phenomena that
produce the overall behavior seen from the infrared images. Figure
lOa shows the structures found in the natural jet. The vortical
structures at the jet boundaries are small and may be either sym-
metric or antisymmetric. The jet boundaries are nearly vertical for
the first nozzle width of the jet.

When the jet is disturbed, the velocity fluctuates periodically,
and large, symmetrical pairs of vortices are formed near the outlet.
These large, periodic, symmetric vortices do not form in the natu-
ral jet and are a result of the disturbances. Figure lOc shows a sym-
metric vortex pair, in the early stages of its development, that is re-
sponsible for the bulging of the jet near the outlet, as seen by the
infrared imaging. The axial distance where these structures coa-
lesce, X = 6 to X = 8, coincides with the sudden changes of slope in
the curves of axial velocity decay and mixing efficiency.

Concluding Remarks
Large-amplitude, low-frequency periodic disturbances, corre-

sponding to Strouhal numbers from 0.000 to 0.324, have a signifi-
cant effect on the shape and the decay characteristics of a free
planar jet. In general, large-amplitude disturbances increase the
angle of spread of the jet in the X-Y plane and shorten the inviscid
core. This decreases the throw of the jet. The axial temperature
decay is accelerated, and the mixing efficiency of the jet is in-
creased. The relative mixing efficiency is increased more by dis-
turbance at Str = 0.168 than for any other disturbance frequency
observed. The mixing of the jet with its surroundings is a result of
the natural instabilities of the jet. The periodic disturbances en-
hance these instabilities, resulting in increased mixing. Moore13

observed that, although low-level acoustical excitation produced a
response in agreement with linear stability theory, high-level
acoustical excitation led to nonlinear response and changed the jet
turbulent structure. Large-amplitude forcing, as reported here,
leads to temporal, as well as spatial, velocity gradients in the shear
layer. These velocity gradients enhance the natural instability of

the jet, leading to early vortex generation. The early vortex genera-
tion is responsible for the wider spread angle of the forced jet.

The natural jet entrains mass and mixes with the surrounding
air, in part, through the formation and breakdown of vortical struc-
tures. However, the structures found in the natural jet are smaller
and less ordered than those found in the pulsed jet. The formation
of large, periodic vortices by large-amplitude disturbances in-
creases mixing and spreading of the jet. The instantaneous bound-
aries of the jet during pulsing fluctuate in and out as these vortices
form, grow, and are carried downstream. However, the fluctua-
tions of the jet boundaries are time averaged by the imaging tech-
nique employed for this study. The time-averaged boundaries of
the disturbed jet, as shown by infrared imaging, are wider than the
natural jet.

Disturbing the jet draws in the ends of the jet in the longitudinal
direction, accelerating the transition to an axisymmetric regime.
The peaks of the saddle-back shape, seen in the longitudinal tem-
perature profiles, move toward the middle of the jet as a result of
disturbing the jet.

The results presented in this paper demonstrate the advantages
of using digital imaging analysis as a means of gaining quantita-
tive information from a plane of a flowfield. Obtaining the equiva-
lent information using point measurements would be impractical
and intrusive to the flow. The results using this technique provide
rapid and comprehensive information about the temperature distri-
bution and thermal mixing in the flowfield.
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