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Heat transfer from rotating annular fins
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Abstract—Experiments have been performed to determine the heat transfer coefficients for arrays of shaft-
attached, rotating annular fins. The experiments encompassed a wide range of rotational speeds and interfin
spacings (including the limiting case of the single annular fin). The efficiency of the fins was equal to one. It was
found that the fin heat transfer coefficient decreased with decreasing interfin spacing, the extent of the
decrease being of major proportions at low rotational speeds but being quite moderate at high speeds. Thus,
closely spaced fins can be used at high rotational speeds without a significant spacing-related decrease in the
transfer coefficient, but at low speeds the fins must be farther apart to avoid overly low values of the coefficient.
The heat transfer coefficient also decreased as the rotational speed decreased, with a particularly rapid dropoff
at low speeds when the interfin spacing was small. For the most part, the fin heat transfer coefficients
substantially exceeded those for an unfinned rotating shaft, thereby providing an incentive for finning. It was
alsofound that at high rotational speeds, the heat transfer coefficient for arotating disk served as alower bound
for the annular-fin heat transfer coefficients. To facilitate the use of the results for design, a correlation was
developed which represents the fin heat transfer coefficient as a continuous function of the investigated
independent parameters.
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INTRODUCTION

THE UsE of fins to enhance convective heat transfer is
standard practice in a broad range of technologies. A
major issue in the design of fins is the availability of heat
transfer coefficients which are appropriate to the type of
fluid flow which passes over the fins. In reality, the fluid
flows induced by the presence of fins are often highly
complex, so that available coefficients tend to be no
more than estimates. In certain situations, the
necessary heat transfer coefficients are altogether
unavailable, and it is such a situation that is the focus of
the present work.

Consideration is given here to an array of annular
fins affixed to a rotating shaft. Such fins may be used to
increase the rate of heat transfer from the shaft to the
surrounding fluid. The fluid motions are induced solely
by the rotation of the shaft and are, therefore, primarily
circumferential. This distinctive pattern of fluid flow
sets the rotating annular-fin array apart from more
familiar annular-fin configurations, which are station-
ary and are washed by crossflows.

A survey of the heat transfer literature failed to
disclose prior work on the heat transfer characteristics
of shaft-attached, rotating annular fins, despite
numerous studies involving other types of rotating
surfaces (e.g. [1]). Among the latter, the most closely
related to theannular-fin array are therotating disk and
the unfinned, rotating shaft. Indeed, in the absence of
annular-fin data, it is likely that the available data for
the disk and the unfinned shaft would be used to guide
the design of the fins. The present annular-fin data will
be compared with literature information for the disk
and the shaft. Although the fluid flows for the three
configurations are strongly circumferential, there are
major differences in other aspects of the respective flow
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patterns, which should be reflected in the heat transfer
characteristics.

The work described here encompassed a systematic
set of experiments in which primary attention was
focused on the effects of interfin spacing and rotational
speed on the per-fin heat transfer coefficient. The
investigated spacings included the entire practical
range as well as the limiting case of a single annular fin
(i.e. infinite interfin spacing), while the rotational speed
was varied by nearly an order of magnitude. For the
sake of generality, the experiments were conducted
with fins whose efficiency is equal to one (i.e. isothermal
fins). To avoid end effects in the heat transfer results,
arrays consisting of either eight or 10 annular fins were
employed (except, of course, for the single-fin case), with
the heat transfer measurements made at the
centralmost pair of fins. Supplementary experiments
were performed to examine the possibleintrusive effects
of natural convection.

In the presentation of the data, a universal cor-
relation was developed which relates the Nusselt
number to the dimensionless interfin spacing and to the
rotational Reynolds number.

THE EXPERIMENTS

The fin heat transfer coefficients were determined
by applying the analogy between heat and mass trans-
fer to mass transfer measurements made with the
naphthalene sublimation technique. In general, the
naphthalene technique affords higher measurement
accuracy, smaller extraneous losses, and simpler
fabrication than do corresponding heat transfer
experiments. In particular, for the physical situation to
be investigated here, the use of the mass transfer
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NOMENCLATURE
A mass transfer surface area of a fin S interfin spacing
D, inner diameter of annular fin Sc¢  Schmidt number
D, outer diameter of annular fin Sh; fin Sherwood number, KD,/%
92  mass diffusion coefficient Sh, fin Sherwood number, KS/2
K  fin mass transfer coefficient, equation (1) V  characteristic velocity.
M rate of mass transfer per fin
R; inner radius of annular fin Greek symbols
R, outer radius of annular fin A function of S/R; in definition of R¥,
R* radius for characteristic velocity, equation equation (5)
(5) v kinematic viscosity
Re; Reynolds number, (R,w)D,;/v Paw naphthalene vapor density at fin surface
Re, Reynolds number, (Rw)S/v Pno haphthalene vapor density in ambient
Re* Reynolds number, (R*w)S/v «  angular velocity.

technique avoids the difficulties of conveying electric
power and thermocouple e.m.fs across a rotating
interface.

Another advantage stems from the nature of the
boundary condition at the subliming naphthalene
surface. That condition, uniform naphthalene vapor
density, corresponds to uniform surface temperature in
the analogous heat transfer problem. Therefore, the
heat transfer coefficients deduced from the mass
transfer measurements correspond to isothermal fins.
This feature avoids the need to correct for the effect of
the fin temperature drop, as is common in the
processing of data from fin-related heat transfer
experiments. Such corrections (based on the fin
efficiency) are, in themselves, of uncertain accuracy, so
that the accuracy of the corrected heat transfer
coefficients is also uncertain.

Experimental apparatus
A schematic diagram of the experimental apparatus
is presented in Fig. 1. The main components of the
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F1G. 1. Schematic diagram of the experimental apparatus.

apparatus included: (a) an array of annular fins, (b)
spacer rings which established the interfin spacing, (c) a
shaft over which the fins and rings were slipped, (d) an
end cap which fixed the fin-spacer assembly in place,
and (e) a holder which supported the shaft and
interfaced with the spindle of a vertical milling machine
whichserved as the source of rotation. Anenlarged view
of a portion of the fin-spacer assembly is provided by
Fig. 2.

Each fin was an annular disk with a bore diameter
equal to that of the shaft (clearance = 0.00254 cm) and
an outer diameter equal to D,. All the disks were made
of brass and had a common thickness of 0.254 cm. As
seen in Figs. 1 and 2, two types of fins were used in
assembling the array. One type was provided with a
naphthalene-filled, annular cavity. The outer wall of the
cavity was beveled (Fig. 2) to enable the exposed surface
of the naphthalene to extend to the periphery of the fin,
aside from a 0.020-cm retaining rim. The sublimation
which occurs at the surface of the naphthalene
simulates the fin heat loss. In keeping with annular
fin practice, this surface will be characterized by
its diameter ratio D,/D,, which was fixed at 1.55
(D; = 2.858 cm, D, = 4.445 cm).

Two of the just-described fins were positioned on the
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F1G. 2. Representative portion of the fin—spacer assembly.
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shaft so that their naphthalene-coated surfaces faced
each other. The exposed metallic surfaces of these fins
(i.e. the rear face and the tip) did not participate in the
mass transfer process.

The other fins in the array were purely metallic
(i.e. without naphthalene) and were, therefore, nonpar-
ticipants in the mass transfer. Their function was to
create a fluid flow pattern in the central portion of
the array which closely corresponded to that for an
infinite array. The two mass-transfer-active fins were
centered in the array, midway between the ends.

Each spacer was an annular ring with a bore
diameter equal to that of the shaft and an outer
diameter D, (Fig. 2). The spacers were made of brass.
The axial length of the spacer rings served to establish
the interfin spacing. Three multi-fin arrays were
investigated, respectively characterized by interfin
spacings S/R; = 0.178, 0.356, and 0.711 (S = 0.254,
0.508, and 1.016 ¢cm). As can be seen in Fig. 1, a
supplementary spacer was, when appropriate, put in
place atop the uppermost fin in order to tailor the
overall length of the array to the length of the working
section of the shaft.

The shaft onto which the rings and fins were
assembled was made of Delrin, a free-machining
plastic. Delrin was chosen as the shaft material to
thermally isolate the fin array from the spindle of the
milling machine which served as the source of rotation.
As seen in Fig. 1, a shoulder (i.e. an abrupt change of
diameter) was machined into the shaft to serve as a
positive stop for the fin-spacer array. The diameter of
the lower portion of the shaft (i.e. the working section)
was 1.905 cm, and the other shaft dimensions are to
scale in Fig. 1.

For the interfin spacings S/R; = 0.178 and 0.356, 10
fins were used in the array, while for the S/R; = 0.711
spacing, there were eight fins in the array. To model the
limiting case of infinite interfin spacing, a single mass-
transfer-active fin, centered in the working length of the
shaft, was employed along with sufficient spacers to
form a continuous surface of diameter D; both above
and below the fin.

With the fins and spacers in place, the working
section of the Delrin shaft is, in effect, the inner core of a
shaft whose outer diameter is defined by the outside
surface of the spacers. Thus, from the standpoint of the
fluid flow and heat transfer, the diameter of the rotating
shaft is D;.

The assembly of fins and spacers was locked in place
by an aluminum cap which fitted over the lower end of
the Delrin shaft. The cap exerted upward pressure on
the adjacent spacer ring when a retaining screw was
tightened.

The upper end of the Delrin shaft mated with a holder
which, in turn, mated with the rotating spindle of a
vertical milling machine. The holder was made of steel
for strength. Collinearity of the axes of the holder and
the shaft was ensured by machining them together in a
lathe.

During the course of the research, the milling
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machine was operated at seven fixed rotational speeds
between 264 and 2237 rp.m. These speeds were
periodically verified by both a direct-contact and an
optical tachometer.

Figure 1 illustrates the presence of a thermocouple
that was installed adjacent to the mass-transfer-active
fins in order to measure the temperature of the
naphthalene. The thermocouple junction and the lead
wires were laid in a shallow groove in the Delrin shaft.
The groove extended from the junction to the steel
holder. It was filled with body putty, after which the
surface was sanded smooth. The lead wires which
emerged from the groove atits upper end were threaded
through a small hole in the holder and terminated in the
socket portion of a subminiature, quick-connect
connector taped to the side of the holder. During
periods of rotation, the thermocouple circuit was not
closed; rather, as will be described shortly, the
temperature measurement was accomplished after the
rotating shaft was brought to rest. The thermocouple
was made of 30-gage chromel and constantan wire and
was calibrated prior to its installation.

The apparatus illustrated in Figs. 1 and 2 and
discussed in the foregoing was supplemented by
auxiliary equipment and by instrumentation. To
suppress sublimation from the mass-transfer-active fins
during certain preparatory stages of a data run, an air-
tight shroud was fabricated which totally enveloped the
two active fins. Aluminum was chosen for the shroud
material because of its high thermal conductivity—a
factor which contributed to the more rapid attainment
of thermal equilibrium of the shrouded assembly. The
storage, transport, and assembly of the active fins and
the adjacent spacers was facilitated by the use of a stand
consisting of a Delrin shaft (equal in diameter to the
rotating shaft) and an integral base. In particular, the
active fins and adjacent spacers could be preassembled
onthestand and then transferred as a unit to the shaft of
the rotational apparatus.

The mass transfer coefficients were determined by
measuring the change of mass of the active fins which
occurred during a data run. The mass measurements
were made with a Sartorius ultra-precision, elec-
tronic analytical balance with a resolution of 1075 g
and a capacity of 166 g For the shaft-embedded
thermocouple, the e.m.f.s were read with a 1 uV digital
voltmeter.

Experimental procedure

Thenaphthalene face of each mass-transfer-active fin
was implanted by a casting procedure. As a first step,
the residual naphthalene remaining from the preceding
data run was removed by evaporation and melting.
Then, the fin was clamped in place on a highly polished,
stainless steel plate with the cavity opening facing
downward. Molten naphthalene was then poured into
the cavity through an aperture in the rear surface of the
fin, while the displaced air escaped through a second
aperture. Once solidification was completed, the fin
was separated from the polished plate, exposing the
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cast naphthalene surface, the finish of which was
comparable to that of the plate. The pouring and vent
apertures were sealed with impermeable tape to
prevent sublimation.

The mass transfer rate is proportional to the
naphthalene vapor pressure at the surface of the fin.
Since the vapor pressure is highly sensitive to
temperature (10% change per °C), strict procedures
were adopted to attain temperature constancy during
the course of a data run. These procedures included
lengthy equilibration periods prior to the data run,
both in the presence and in the absence of rotation. In
particular, the run proper was preceded by a period
during which the fully assembled apparatus (with the
shroud in place) was rotated at the preselected speed for
the run, with temperature measurements being made
periodically until a steady value was attained. Then, the
shroud was removed and the data run initiated.

Another thermally-related precaution was the
avoidance of finger contact with the mass-transfer-
active fins, and insulated gloves were worn whenever
such contact was necessary. Care was also taken to
attain constancy of the laboratory ambient tempera-
ture and also to minimize extraneous air currents.

As noted earlier, temperature measurements were
not made when the shaft was rotating. To facilitate the
temperature measurement, the rotating spindle of
the milling machine was braked to an abrupt halt,
and the plug portion of the connector was mated
with the socket portion. These operations, together
with the reading of the thermocouple e.m.f. from the
display of the digital voltmeter, were accomplished in
about 10 s.

The mass-transfer-active fins were weighed both
immediately preceding and immediately following a
data run. The duration of the run was selected so that
the sublimation-related recession of the fin was no more
than 0.0025 cm, which corresponded to a change of
mass during the run of about 0.02 g. After the
completion of a run, a calibration procedure was
performed to determine the extent of the extraneous
sublimation which may have occurred during the
weighing, setup, and equilibration periods. The
resulting correction in the mass transfer ranged from 1
to 149,

RESULTS AND DISCUSSION

Data reduction
The per-fin mass transfer coefficient K was evaluated
from the defining equation

In this equation, M is the rate of mass transfer and A is
the surface area of the naphthalene, both per fin. The
numerical values of M were calculated from the change
of mass which occurred during a data run and from the
duration of the run. In the denominator of equation (1),
Paw and p,., are, respectively, the naphthalene vapor
densities at the fin surface and in the ambient. The

former was evaluated from the vapor pressure/
temperature relation for naphthalene in conjunction
with the perfect gas law, while the latter was zero for
the present experiments.

The dimensionless counterpart of the mass transfer
coefficient is the Sherwood number Sh, the evaluation
of which requires the specification of a characteristic
dimension. In what follows, Sherwood number results
based on both the interfin spacing S and on the inner
diameter D; of the annular fin will be presented, with the
respective definitions,

Sh, = KS/9, Sh,=KD,/9. ©

The diffusion coefficient & appearing in equation
(2) was eliminated by means of the Schmidt number
Sc = v/, with Sc = 2.5 and v as the kinematic vis-
cosity of air. The interfin spacing S was corrected to
account for sublimation-related recession of the naph-
thalene surface.

Another key dimensionless group in the presentation
of the results is the Reynolds number, for which a
characteristic dimension and a characteristic velocity
have to be specified. To match the Sh, and Sh;
definitions of the Sherwood number, corresponding
Reynolds numbers Re, and Re; may be defined with §
and D; as the respective characteristic dimension. In
view of the different dimensions in Re, and Re,, it was
deemed appropriate to use the same characteristic
velocity in both, for which the rotational speed R;w of
the unfinned shaft was selected. Therefore,

Re, = (Rw)S/v, Re; = (Rw)D;/v. (3)

In the correlation effort to be detailed later, it was
found useful to vary the characteristic velocity as a
function of the interfin spacing.

The other variable dimensionless parameter of the
work, in addition to Sh and Re, is the ratio S/R;. The
diameter ratio D /D, of the annular fin was fixed at 1.55.

Mass transfer coefficients

The per-fin mass transfer coefficients for all of the
investigated rotational speeds and interfin spacings are
presented in Fig. 3. In the figure, the Sherwood number
Sh; is plotted as a function of the Reynolds number Re;
for parametric values of the dimensionless interfin
spacing S/R;. Note that both Sh; and Re; are based on
the characteristic dimension D;, which was fixed
throughout the experiments. In addition, the velocity
R,w embedded in Re; is a direct reflection of @ because
of the constancy of R; (= iD)). Thus, although Fig. 3 is
couched in dimensionless terms, it is actually a graph
showing the variation of the mass transfer coefficient
with the rotational speed for several fixed values of the
interfin spacing. To provide continuity, smooth curves
have been passed through the data for each spacing.
Also presented in the figure for comparison purposes
are results for other rotating configurations. The
comparisons will be dealt with in a later section.

Inspection of Fig. 3 shows that, as expected, the
transfer coefficient increases with increasing rotational
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FiG. 3. Dependence of the fin Sherwood number on the
Reynolds number for parametric values of the interfin spacing.

speed. However, the sensitivity of the coefficient to
changes in speed is strongly dependent on the interfin
spacing. In particular, the smaller the spacing, the
greater is the sensitivity. Thus, for example, for the
smallest spacing (S/R; = 0.178), the transfer coefficient
increases by more than a factor of 12 over the
investigated range of rotational speeds, while for the
largest spacing (S/R; = o), the increase is a factor of
three.

The aforementioned characteristics are reflected in
theshapes of the Sh;, Re; curves. For the largest spacing,
the curve departs only slightly from a straight line,
tending to drop off gradually at lower Re;. As the
spacing decreases, the low-Re dropoff becomes pro-
gressively greater, and at the smallest spacing the
curve plummets. This behavior is due to the inability of
the ambient air to penetrate tight interfin spaces when
the rotational speed is low.

Further examination of Fig. 3 shows that at all
rotational speeds, the transfer coefficient decreases as
the interfin spacing decreases. The change in the
transfer coefficient with spacing is enormous at low
rotational speeds but moderates as the rotational speed
increases. The moderation is due to the relatively rapid
rise of the low-spacing transfer coefficient with
increasing speed, reflecting the greater ability of the
ambient air to penetrate tight interfin spaces. Thus, a
61-fold increase of Sh; with increasing spacing (i.e. S/R;
increasing from 0.178 to oo) at the lowest Reynolds
number (700) diminishes to a 50% increase at the
highest Reynolds number (6000).

The foregoing findings have direct implications for
design. In particular, at high rotational speeds, closely
spaced fins can be used without incurring a significant
spacing-related decrease in the transfer coefficient. On
the other hand, at low speeds, the fins must be spaced
farther apart to avoid overly low values of the
coefficient.

HMT 29:6-B

Attention will now be turned to the two sets of data
(upfacing and downfacing triangles) for the infinite-
spacing (i.e. single-fin) case. One set was obtained with
the mass transfer surface facing upward, while the other
set was for the mass transfer surface facing downward.
The motivation for employing these two orientations
was to investigate the possible effects of natural
convection. If such effects existed, they would be more
pronounced for the single fin and at lower rotational
speeds.

The primary set of data was collected for the upfacing
orientation. For the downfacing orientation, experi-
ments were performed at four Reynolds numbers.
For Re; = 700, the upfacing and downfacing data
are coincident and could not be plotted separately.
For the other three cases, the slight Reynolds
number displacement enabled the individual points
to be plotted, revealing excellent agreement. Another
indication of the absence of orientation effects is
provided by the fact that in the multiple-fin experi-
ments, the mass transfers at the two active fins
generally agreed to within 1-14%, without a systematic
difference in the mass transfer at the upfacing or
downfacing fins.

The possible effects of room air currents were
examined by performing datarunsin the absence and in
the presence of room air conditioning. Although these
comparison experiments were carried out for the
most disturbance-prone cases—the lowest Reynolds
number and the largest interfin spacings—there were
no measurable differences in the Sherwood number.

In general, whenever verification runs were made,
data repeatability was in the 19 range.

Figure 3 provides mass transfer information for any
value of the Reynolds number in the investigated range
but is limited to discrete interfin spacings. To provide
results which are a continuous function of the spacing, a
crossplot of the Sh;, Re, curves of Fig. 3 has been made,
the end result of which is presented in Fig. 4. In this
figure, the Sherwood number Sh; is plotted as a function
oftheinverse spacingratio R,/S for parametric values of
the Reynolds number Re;. The inverse spacing (rather
than the spacing itself) was chosen as the abscissa
variable to enable the results for the infinite spacing
case to beincluded in the figure. As already discussed in
connection with Fig. 3, Sh; and Re; may be respectively
regarded as reflecting the mass transfer coefficient and
the rotational speed. The discrete points appearing in
Fig. 4 are those obtained from the cross-plotting, and
smooth curves (i.e. the solid lines) have been passed
through the points for continuity. The dashed lines
appearing in the figure will be derived and discussed
later.

Figure 4 affirms the previously identified decrease of
the mass transfer coefficient with decreasing interfin
spacing, the extent of the decrease being markedly
accentuated at lower Reynolds numbers. The sen-
sitivity of the transfer coefficient to changes in
spacing is moderate at large spacings (small R,/S) and
becomes greater as the spacing decreases.
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Development of a correlation

Both Figs. 3 and 4 share the common characteristic
that one of the independent parameters is varied
discretely while the other varies continuously. A
correlation will now be sought which will represent the
Sherwood number as a continuous function of both of
the parameters. The correlation will be developed by
making use of the freedoms available in selecting the
characteristic dimension in Sh and the characteristic
dimension and velocity in Re.

As a first step, the interfin spacing S was selected to
serve as the characteristic dimension in both Shand Re
while maintaining the characteristic velocity as Ryw.
The resulting Sherwood and Reynolds numbers, Sh,
and Re,, evaluated for the finite S/R,; data only, are
plotted in Fig. 5. From the figure, it is seen that the Sh;,
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F1G. 5. Rephrasing of the mass transfer results in terms of
Sherwood and Reynolds numbers based on the interfin
spacing S as the characteristic dimension.
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Re, distributions for the various S/R; are distinct (i.e.
they have not merged). The distributions are, however,
similar in shape, and this suggests that a horizontal
translation of any two of the three curves (or of all three)
might yield the desired universal curve. Such a
translation can be accomplished by a redefinition of the
characteristic velocity V which appears in the Reynolds
number. To this end, let

V =R*ow @)

where R* isrelated to the radial dimensions R;and R, of
the annular fin as

R* = R+ A(R,~R) (5)

and A is an as-yet undetermined function of S/R;. With
this, the Reynolds number can be written as

Re* = (R*w)S/v (6)
so that
Re*/Re, = R*/R, = 1 +A[(R,/R)—1]. )

It remains to be shown that values of A = A(S/R;) can be
found which translate the Sh,, Re, curves of Fig. 5 so
that they coincide.

As long as congruence of the curves is achieved, it is
immaterial how they are translated. Therefore, the
numerical value of A for one of the three interfin
spacings was selected arbitrarily, namely, A =1 for
S/R; = 0.711. The A values for the other S/R; were found
by trial and error. The procedure involved guessing a
A value for a particular S/R;, computing the Re*
corresponding to the given Re, from equation (7), and
then plotting the Sh,, Re* results. The Sh,, Re*
distributions for the three S/R; were plotted together
and their degree of convergence assessed by visual
inspection. Changes were made in the A values until the
three distributions merged into one.

A further test of the quality of the 4 determination
was to employ the universal Sh,, Re* distribution to
predict the experimental results given in Fig. 4. Indeed,
it was the accuracy of that prediction which ultimately
led to the selection of the final values of 4. In this way,
the A(S/R;) values which resulted in a universal Sh,, Re*
distribution were found to be A(0.178) = —1.1248,
A0.356) = —0.4680, and A(0.711) = 1, the latter by
definition. Note that the negative values of 4 result in
R* > R;,asdoes 1 = 1.

It is noteworthy that A increases with S/R; and,
correspondingly, so does the radius R* [equation (5)]
which fixes the characteristic velocity V' = R*w. The
increase of V with S/R; reflects the greater ease with
which the ambient air can penetrate the interfin space as
the spacing is increased.

The universal Sh,, Re* distribution is presented in
Fig. 6. The actual data points, keyed to their §/R; values,
are shown in the figure to illustrate the fidelity with
which the experimental data are represented by the
universal curve. Inspection of the figure indicates that
all of the data fall on a single curve with virtually no
scatter.
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To use the Sh,, Re* correlation to determine the
Sherwood number for any S/R; between 0.178 and
0.711, a functional relationship for 4 = 1(S/R;) must be
available. The following linear function was found by
least squares to best fit the three available A values

4 = — 1.8588 +4.0047(S/R,). ®)

To predict the Sherwood number for given values of
S/R; and w, the appropriate steps are to compute A from
equation (8), R* from equation (5), and Re* from
equation (6). Then, Sh, can be read directly from Fig. 6
using Re* as input. To facilitate more accurate
predictions than are possible using the grid-free,
journal version of Fig. 6, the coordinates of the
universal Sh,, Re* distribution are listed in Table 1 to
facilitate its replotting on graph paper.

To demonstrate the validity of the universal
correlation, it was used to predict the Sh;, R;/S
distributions of Fig. 4. These predictions are plotted as
dashed lines in the figure. As seen there, the predicted
Sh; are of satisfactory accuracy. Overall, the average
errors are about 2%, with an extreme error of 63%,. At
the larger spacings, the predictions are error free.

Table 1. Coordinates of Fig. 6

Re* Sh, Re* Sh, Re* Sh,
25 0.50 90 3.02 600 138
30 0.77 100 335 800 16.6
35 101 120 3.96 1000 19.1
40 1.23 140 452 1200 212
45 1.44 160 5.08 1400 232
50 1.64 180 5.62 1600 25.0
55 1.83 200 612 2000 28.1
60 2.00 250 736 2500 318
70 2.36 300 844 3000 35.1
80 2.70 400 105 3200 36.3

837

Literature comparisons

As noted in the Introduction, no prior information
was encountered on rotating annular fins, thereby
precluding direct comparison of the present results with
the literature. In considering other rotating bodies with
which to make comparisons, it appears that the
unfinned rotating shaft and the rotating disk are the
most relevant.

The fluid flow and heat (mass) transfer for a rotating
disk are an exact solution of the governing con-
servation equations. The mass transfer coefficient
predicted by theory [2] for naphthalene sublimation at
a rotating disk is

K/92 = 0.884(w/2v)'2. )

According to theory, the local transfer coefficient is
uniform over the disk surface, so that the local and
average coefficients are equal. Naphthalene sublima-
tion experiments for a rotating disk [ 3], performed with
a test setup similar to that employed here, yielded mass
transfer coefficients which agreed to within a few
percent with those of equation (9).

Heat transfer results for unfinned rotating shafts are
reported in the literature and, in addition, unpublished
naphthalene sublimation experiments have been
performed at Minnesota. Those experiments were
contemporaneous with those reported here, used a
similar apparatus, and were carried out with a virtually
identical experimental technique. In view of these
factors, the just-cited naphthalene sublimation results
for the unfinned rotating shaft will be used for
comparison with the present annular fin results, in
preference to literature information on rotating-shaft
heat transfer.

The comparisons are made in Fig. 3, where the
present results are plotted in the Sk;, Re; format. The
results for the rotating disk can be recast into this
format by multiplying through equation (9) by D,,
yielding

Sh, = 0.884 Rel'2. (10)

This equation is plotted as the short-dashed straight
line in Fig. 3. The data for the unfinned rotating shaft
(diameter D;) are represented by the long-dashed line.

From the figure, it is seen that, broadly speaking, the
Sherwood number values for the fins, the disk, and the
unfinned shaft fall in the same general range. The disk
Sherwood numbers are greater than those for the most
closely spaced fins and, at lower Reynolds numbers,
also exceed those for the next-to-closest spaced fins. On
the other hand, the Sherwood numbers for the more
widely spaced fins are larger than the disk values over
the entire investigated range of Re;.

At Reynolds numbers beyond the investigated range,
the disk results fall below those for all of the interfin
spacings. Thus, for these larger Reynolds numbers, the
disk results serve as a lower bound for the fin results
and, if used in design, would yield a conservative
prediction of the rate of heat (mass) transfer from the
fins.
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The Sherwood numbers for the unfinned rotating
shaft are generally lower than those for the fins, except
for the smallest interfin spacing and at lower Re;. The
fact that the fin transfer coefficients are usually larger
than those for the unfinned shaft provides an incentive
for the use of fins.

CONCLUDING REMARKS

The experimental work reported here yielded mass
transfer coefficients for an array of shaft-attached,
rotating annular fins. The Sherwood numbers for mass
transfer can be converted to Nusselt numbers for heat
transfer by the relation Nu = Sh(Pr/Sc)" where, for
most convective heat (or mass) transfer situations, n is
in the range between 1/3 and 0.4 (note that Sc = 2.5
for naphthalene sublimation in air). The measured
Sherwood numbers correspond to Nusselt numbers for
fins whose efficiency is equal to unity. It appears that
heat transfer coefficients for shaft-attached, rotating
annular fins have heretofore been unavailable in the
heat transfer literature.

Primary attention was focused on the response of the
fin transfer coefficient to variations of the interfin
spacing and the rotational speed. The former, expressed
as the ratio S/R, (S = interfin spacing, R; = radius of
shaft), ranged from 0.178 to oo. The latter, when
expressed in terms of a Reynolds number based on the
shaft surface speed and the shaft diameter, extended
from 700 to 6000. The radius ratio of the annular fin was
fixed at 1.55.

The fin mass (heat) transfer coefficient decreased with
decreasing fin spacing, with the extent of the decrease
being highly sensitive to the rotational speed (i.e. to the
Reynolds number). At the lowest investigated Reynolds
number, the overall spacing-related decrease of the
coefficient was a factor of six, while at the highest
Reynolds number the decrease was only about 35%.
Thus, from the standpoint of design, closely spaced fins
can be used at higher Reynolds numbers without a

significant spacing-related decrease in the transfer
coefficient. On the other hand, at low Reynolds
numbers, the fins must be spaced farther apart to avoid
overly low values of the coefficient.

The variation of the transfer coefficient with
rotational speed was quite sensitive to the interfin
spacing. In particular, at very small spacings, the
coefficient dropped off very rapidly as the Reynolds
number decreased in the range of low Reynolds
numbers.

To facilitate the use of the experimental results for
design, a correlation was developed which represents
the Sherwood number as a continuous function of the
investigated independent variables of the problem.

The annular-fin Sherwood numbers were compared
with those for a rotating disk and for an unfinned
rotating shaft. For the most part, the fin Sherwood
numbers substantially exceeded the unfinned-shaft
Sherwood numbers, thereby providing an incentive
for finning. The fin and disk Sherwood numbers
intermingled at lower and intermediate Reynolds
numbers, but at Reynolds numbers beyond those
considered here, the disk Sherwood numbers fall below
those for the fins.

Supplementary experiments demonstrated that the
measured Sherwood numbers were unaffected by
natural convection, even at the lowest investigated
Reynolds number.
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TRANSFERT THERMIQUE PAR DES AILETTES ANGULAIRES TOURNANTES

Résumé—Des expériences sont conduites pour déterminer les coefficients de transfert thermique par des
arrangements d"ailettes annulaires sur un arbre tournant. Elles concernent un grand domaine de vitesse de
rotation et d’espaces entre ailettes (incluant le cas limite d’une seule ailette annulaire). L'efficacité des
ailettes était égale a I'unité. On trouve que le coefficient de transfert thermique d’ailette décroit quand
I’espace entre ailettes diminue, avec I'étendue de la décroissance qui est importante aux faibles vitesses de
rotation, mais modérée aux grandes vitesses. Ainsi des ailettes serrées peuvent étre utilisées aux fortes
vitesses de rotation, sans décroissement du coefficient de transfert significativement lié a ’espacement, mais
aux faibles vitesses les ailettes doivent étre suffisamment séparées pour éviter des valeurs basses du
coeflicient. Celui-ci décroit aussi quand la vitesse de rotation diminue, avec une chute particuliérement
rapide aux faibles vitesses quand I'espacement des ailettes est petit. La plupart du temps les coefficients de
transfert thermique de 'ailette dépassent notablement ceux de I’arbre tournant non aileté. On trouve aussi
quaux grandes vitesses de rotation, le coefficient de transfert pour un disque tournant est une limite
inférieure pour le cas des ailettes annulaires. Pour faciliter I'utilisation dans les cas pratiques, une formule
est donnée qui représente le coefficient de transfert d’ailette comme une fonction continue des paramétres
indépendants étudiés.
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WARMEUBERGANG AN ROTIERENDEN KREISRIPPEN

Zusammenfassung—Es wurden Experimente zur Bestimmung des Wirmeiibergangskoeffizienten an Reihen
von kreisringformigen Rippen, die auf einer rotierenden Welle angebracht waren, durchgefiihrt. Die
Untersuchungen umfassen einen grofen Bereich von Drehgeschwindigkeiten und Rippenabsténden (auch
den Grenzfall der einzelnen ringformigen Rippe). Der Rippenwirkungsgrad war gleich eins. Es ergab sich,
daB der Wirmeiibergangskoeffizient an den Rippen mit kleiner werdendem Rippenabstand abnimmt,
wobei die Abnahme bei kleinen Drehgeschwindigkeiten ausgeprigt aber bei groBen Geschwindigkeiten
nur gemiBigt vorhanden ist. DemgemdB ist bei dicht angeordneten Rippen und groBen Dreh-
geschwindigkeiten keine vom Abstand der Rippen abhingige, signifikante Abnahme der Wirme-
iibergangskoeffizienten vorhanden. Bei kleinen Drehgeschwindigkeiten miissen die Rippen mit groBem
Abstand angeordnet werden, um zu kleine Koeffizienten zu vermeiden. Der Wirmeiibergangskoeffizient
nimmt mit abnehmender Drehgeschwindigkeit ebenfalls ab, wobei ¢in besonders rascher Abfall bei kleinen
Geschwindigkeiten und kleinem Rippenabstand vorhanden ist. Die Warmeiibergangskoeffizienten an der
berippten Welle sind in der Regel wesentlich gréBer als an einer unberippten. Eine Berippung empfiehlt
sich also. Weiterhin wurde herausgefunden, daB bei hohen Drehgeschwindigkeiten der Warmeiiber-
gangskoeffizient fiir eine rotierende Scheibe als untere Grenze fiir ringformige Rippen angesehen werden
kann. Zur leichteren Anwendung der Ergebnisse fiir die Auslegung wurde eine Bezichung entwickelt,
welche den Wiirmeiibergangskoeffizienten an den Rippen als kontinuierliche Funktion der untersuchten
unabhingigen Parameter beschreibt.

TENJOHEPEHOC OT BPAHIAIOIMXCA KOJIBLIEBBIX PEBEP

Annoramua—IIpoBesieHs! SKCIEPHMEHTHL IO ONpeAesiennio koddpduimentos TennoobMena ANsi PAROB
BPAILAIOLIAXCH KOJIbLEBbIX pebep, NPMKPEIUIEHELIX K BaJly. DKCIEPHMEHTH OXBATHIBAIOT WHPOKNA Aua-
[a30H CKOPOCTEH BpallleHHs H MeXpeOGepHBIX PacCTOSHMHA (BKUIIOYas MPEeNesibHBIN Clyvall €IMHHYHOrO
pebpa). DddexTupHOocTs pebep papna enmuuue. Haiinewo, uto xoddduument Temnoobmena pebpa
nagaeT ¢ ymeHblICHHEM MeXpPeOepHOro PACCTOAHUS, IPHYEM NPH MAJIbIX CKOPOCTAX BPAILCHHS MANCHHE
OCTUraeT HaHGONBIIMX 3HavYeHHH, a NpH Sonbuux—sBigeTcs yMmepenupiM. Takum obpasom, Gausko
pacnosioxeHHsle pebpa MOTYT HCIO/B30BATHCA IPH GONBIIMX CKOPOCTAX BpaueHus 6e3 cyliecTBEHHOTO
piusHAs MexpeGepHoro paccTosHus Ha kodbdumuent rennoobMena, TOrla Kax NPH MAABIX CKOPOCTAX
Bo M3GexXaHHe CHABHOTO yMeHbIleHus Koxpduuuenta MexpeGepHsic PACCTOARMA AOMKHE O5ITL Goib-
wnmn. Koadupnument TemnooSMena nagaeT ¢ yMEHbIUEHHEM CKOPOCTH BPAILEHHs, IPHYEM MPH MaBIX
CKOPOCTAX M MeXpebepHEIX paccToAHMsIX nafeHue peskoe. Bosplueit yacTeio koadduumuentsl Tennoos-
MeHa OpeGPEHHOTO BaJla BILIE, 4eM JUIA HEOPeOGPEHHOro, YTO yKaIbiBacT HA 3Q(EeXTUBHOCTE Opebpenns.
Tpu GoJBIUKEX CKOPOCTSX BpaieHus Xo3hdHUMEHT TeniooOMeHa i BPAINAOIIETOCs AHCKA CNYKHT
HibkHel rpanuueil xoadduurenTor TenioobMeHa kxosbeBoro pebpa. [ pacueTHBIX HesneH BbIBENCHO
COOTHOLIEHHE, NpeacTassuoutee ko3dduiuneHT Tennoobmena pebpa Kaxk QYHKUMIO HE3ABHCUMBIX napa-
METpOB.
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