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The angular variation of the Biot number Bi(6) may be re-
cast as two separate Biot numbers, Bi, and Bi,, belonging to
the unfinned and finned segments, X, and X,, respectively.
Therefore, three different weighted-spatial-means of the Biot
number Bi.,, may be constructed from statistical theory as
follows: _

The arithmetic-spatial-mean:

X,Bi, + X,Bi,
Bi, = ————t— (10)
X, + X

The harmonic-spatial-mean:
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1 (X, X
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Bi [xu + X (Bi,, Bi,)] an

The geometric-spatial-mean:
Bi, = (BilBi} )% (12)

In light of the foregoing, Eq. (7) becomes separable because
Nu,, is simply a number. Moreover, the simplicity of Eq. (7)
gives rise to an analytical solution that can be readily evaluated
by hand or a calculator:

(L) = 1 — exp(—2Nu.,L) 13)

By choosing various axial stations I, the bulk temperatures
¢,(L) may be computed immediately from Eq. (13) after an
adequate spatial-mean Bi has been selected from the previous
list.

Discussion of Results

There are four controlling parameters: 1) N, 2) X;, 3) Bi,
and 4) Bi,. Owing to an abundance of parameters coupled with
journal space limitations, only representative results will be
given here for two arrays consisting of N = 4 and 16 fins.
Fixed values of the parameters X, = 0.05, Bi, = 50, and Bi, =
1 have been chosen to conduct the calculations for both arrays.
For purposes of comparison, the bulk temperatures based on
the three-dimensional distributed model may be regarded as
the exact baseline solution. The heat transfer performance will
be presented in Figs. 1 and 2 with the bulk temperature ¢,
along the ordinate and the axial position Z along the abscissa.
As expected, the total heat liberation Qr is enhanced as the
number of fins increases.

Without loss of generality, we should anticipate that the ex-
act bulk temperatures based on the three-dimensional distrib-
uted model will lie somewhere in between those bulk temper-
atures calculated with the approximate one-dimensional
lumped model. For the one-dimensional model, the data based
on the arithmetic-spatial-mean Bi, are portrayed by circles,
whereas those for the geometric-spatial-mean Bi, are identified
by triangles. The curves that are situated in the upper part of
each figure are for the one-dimensional model with Bi, (upper
bound), while those in the lower part of the figures are for the
Bi, (lower bound). The importance of the latter rests on its
association with the minimum heat removal capabilities of the
externally finned tube, say Qrm.. The results for the harmonic-
spatial-mean Bi, being a weak lower bound are not plotted in
the figures in order to preserve clarity.

From an overall appraisal of both figures, it is seen that none
of the approximate temperature estimates are very far from
those given by the exact temperature predictions. This is an
affirmation of the forgiving nature of the discontinuous exter-
nal convective coefficients £,(6), which are conveniently em-
bedded into the dependable spatial means, A, and A,, respec-
tively. The main message of these figures is revealed when
overall comparisons are made among the successive set of fig-
ures. First, it may be observed that for a sparse array, N = 4,

the bulk temperature curve supplied by the one-dimensional
model with Bi, is moderately lower than the exact bulk tem-
perature curve based on the three-dimensional model. It may
be observed that the curve of the one-dimensional model is
shifted upwards, providing a qualitative statistical estimate. As
the number of fins in the array is increased, an approximate
symmetrical behavior is noticed and the exact curves are equi-
distant from the bounding curves. In contrast to the case for
N = 4, the opposite pattern is in evidence for a dense array of
16 fins. Here, the disparity between the temperature curves of
the one-dimensional model with Bi, and the exact curve of the
three-dimensional model is very small. This tendency dem-
onstrates that the curve of the one-dimensional model is shifted
downwards, supplying another qualitative statistical estimate.
These features elucidated in Figs. 1 and 2 are worthy of note
because they put in evidence an intrinsic sweeping behavior
attached to the one-dimensional temperature curves.
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Introduction

MPINGING jets are currently widely used in manufacturing

and other commercial operations. In some cases it had been
found that an oscillation forced on the flow improved the heat
transfer, but required auxiliary external power to drive the de-
vice that caused the oscillation. Our objective was to produce
enhanced heat transfer without an external power source.

Experimental and theoretical studies of transport phenomena
augmentation devices that would be useful for retrofitting ex-
isting nozzles had been under way at Texas A&M University.
The self-oscillating jet impingement nozzle (SOJIN) was de-
veloped under the leadership of R. H. Page. It was demon-
strated by making a minor addition to a standard in-line jet
impingement nozzle. A schematic of the standard in-line jet
(ILJ) nozzle and the SOJIN is shown in Fig. 1. The collar is
extended over the o.d. of the existing nozzle to a distance
where the shear tone frequency is in resonance with the organ
pipe frequency of the existing nozzle.! ~* A self-oscillation then
occurs that has been found to enhance the surface transport
phenomena.
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Background

The self-oscillating jet was first discovered and documented
as a freejet by Hill and Green.* The jet shear layer separated
from the constant diameter nozzle exit producing vortices that
impinged on the collar lip when the collar was properly ex-
tended beyond the pipe exit. This shear-layer impingement
provided an oscillation known as a shear-tone. The matching
of the shear-tone and the organ pipe frequency of the pipe’s
finite length resulted in what Hill and Green* called the whis-
tler nozzle. Hasan and Hussain™® further refined the study of
the whistler nozzle. At Texas A&M, the authors decided to use
the same general phenomena as a mechanism for enhancing
an impinging jet’s transport properties. Using airflow, Chin-
nock® experimentally studied the surface heat transfer and sur-
face pressure distribution of the SOJIN and compared it to an
ILJ nozzle. Flow visualization studies,’ conducted with water
flow in a water-filled test section, revealed free transverse
wave oscillations and enhanced vortex shedding. Additional
airflow visualization studies' were carried out using infrared
(IR) imaging of CO,-laced airflow that illustrated the shorter
potential core length of the SOJIN compared to the ILJ nozzle.

Results

Nozzles used for this research consisted of a convergence,
constant cross section pipe and a collar. Figure 2 illustrates a
typical SOJIN configuration. Impingement heat transfer ex-
periments were conducted utilizing the Heat Transfer Jet Im-
pingement Facility (HJIF) at Texas A&M University.” Room
temperature air was supplied to the nozzles whose jets im-
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Fig. 1 Schematic of the two nozzles.

—‘l———@%m

NOZZLE

\
N - STANDING

. Y FULL WAVE

ACOUSTIC LENGTH /

/

'L SHEATH
¢| EXTENSION
S BN | N

pinged on an electrically heated foil. The measurement of the
local adiabatic and heated surface temperatures along with the
electrical input to the foil enabled calculation of the local heat
transfer coefficients during impingement.® Because of the I-s
time constant of the IR thermography system, such surface
temperature studies provided time-averaged temperature data
and time-averaged heat transfer coefficients.

Figure 3 illustrates typical results of a comparison between
the average heat transfer coefficient of a SOJIN with that of
an ILJ nozzle. The first-stage oscillation refers to the first au-

" dible acoustic oscillation when the collar is extended past the

constant diameter exit. The second stage refers to the next
distinct mode of oscillation as the collar was further extended.”
These results were obtained with tests conducted with a nozzle
i.d. of 6.35 mm and a length of 19.05 mm. The nozzles were
located three diameters above the impact surface to determine
the effect of the self-oscillation on an existing ILJ nozzle. It
was readily apparent that the vastly increased vortex shedding
of the SOJIN during first-stage oscillation enhanced the aver-
age heat transfer coefficient over a large area. An error analysis
of the accuracy of the heat transfer coefficient measurements
with the HJIF indicated a maximum error of 7%.

Surface pressure measurements for a larger ILJ nozzle and
SOJIN are shown in Fig. 4. Both nozzles had an i.d. of 25.4
mm and a length of 76.2 mm. The ILJ nozzle was positioned
at six diameters above the impingement surface. This is its
optimum height for heat transfer. The SOJIN performed best
closer to the surface and was positioned at a height of four
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Fig. 3 Average heat transfer coefficient over area of interest (D
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Fig. 2 Sketch of observed SOJIN flow pattern.
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diameters. Although the total force on the impingement surface
is the same for both nozzles, the SOJIN’s higher mixing rate
resulted in a lower peak pressure. Also, it was observed that
the extended collar of the SOJIN performed like a subsonic
diffuser. The pressure ahead of the nozzle dropped slightly
when the mass flow was held constant and the operation was
changed from standard in-line jet impingement to first-stage
oscillation. The second-stage oscillation also decreased the
pressure ahead of the nozzle for the same flow rate. Thus, the
SOIJIN decreases the flow pumping requirements.

Flow visualization studies in a separate experimental facility -

using a submerged water jet showed vortex shedding during
oscillation that came in pulses somewhat similar to those ob-
served by Yokobori et al.” and Crow and Champagne.'® Acous-
tic measurements were taken with a decibel meter and a spec-
trum analyzer. It should be noted that the high-frequency
oscillations are audible and advantageous for some situations,
but may be objectionable for others. The nozzle used for the
experimental results shown in Fig. 3 exhibited first-stage os-
cillations at 5000 Hz with strong harmonics existing into the
ultrasonic range.

Conclusions

A SOIJIN has demonstrated higher heat transfer than that of
a standard jet nozzle close to a surface. No external power was
required and the pumping requirements for the same nozzle
mass flow as a standard jet nozzle were slightly reduced. In
addition, the SOJIN distributed the pressure increase over the
impingement surface area in a less concentrated manner than
that of a standard jet impingement nozzle. Thus, inexpensive
modifications of industrial systems are possible with the SO-
JIN, which has untapped application potential.
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Introduction

OST studies on film cooling available in the literature

have been found to perform in the subsonic flow region,
very few studies were done in the supersonic flow region.
Goldstein et al.' experimentally studied the film cooling effects
in a supersonic flow following a slot. In their work, they used
a trip to trigger an oblique shock at a place upstream from the
porous section where the mass injection occurred, and studied
the film cooling effect from the trailing edge or the porous
section to the impingement point of the reflected trip shock.
They found that the Mach number was reduced from the
boundary-layer trip over the usable portion of the tunnel floor.
We believe that the portion of floor where the test data col-
lected was still in the subsonic separated region because of the
upstream boundary-layer trip. O’Connor and Haji-Sheikh® nu-
merically studied film cooling by injecting a heated secondary
airstream through a rearward-facing slot into a supersonic
mainstream with a Mach number of 3.0. The secondary stream
was injected with a blowing ratio (secondary-to-main), varying
from 0 to 0.328 (Mach numbers of secondary stream were
from 0 to 0.986). We noticed that the authors did not extend
their studies to have the secondary flow injected across the
sonic line (i.e., Mach number of 1). In their studies, the main
flow separated because of the slot protruding into the flow
region and the inviscid/viscous interaction of flows. A sepa-
rated flow region was created from the downstream side of the
slot to the place where the main flow (compressed shock) reat-
tached. This separated flow was further extended downstream
as the blowing rate increased. Notice that this region is essen-
tially dominated by subsonic flow, regardless of its size. From
the previous two film cooling studies, a question was raised
as to whether the film cooling effect would exist if the sec-
ondary flow was injected supersonically into an already su-
personic main flow. Since there are not many investigations in
supersonic film cooling, the objective of the present work is
to explore the causes and the fundamental physics involved in
film cooling, especially in the supersonic flow region. The ef-
fects of both subsonic and supersonic inlet flows on film cool-
ing is experimentally investigated. A simplified one-dimen-
sional control volume model with mass addition is developed
to determine the essential features involved in film cooling.
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