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SUMMARY

The purpose of this investigation was to determiné the effect of
pulsations in a turbulent airstrean upon'the average hesat transfer
coefficient from an elgétricallylheated fiat.plate placed in the air-
.stream. | |

For these experiments air was forced through & six-inch stéel pipe
by & large blower. About two feet from the downstream end of the pipe
a four-inch square by 3/8-inch thick plafe was secured parallel to the
airstream by two wires. This plate was constfucted of three pieces of
1/8-inch thick bfgss-sheet fastened together at the-corgers“with small
screws. The center of the middle sheet was removed and an electric
heating element, which was made by wrapping 30-gage Nichrome wire
around a piece of sheet mica, was inserted. Four thermocouples were
sbidered to the upper surface of the plate. ‘

Power waé supplied to the plate through a variable transformer con-
ﬁected to a voltage regulator. A wattmeter was connected iﬁ the plate
circuit to indicate the power diséipated.

Pulsations were produced in the airstreém by a butterfly valve in
the downstream end of the six-inch pipe. Two different sizes of bufter-
Tly valves were used to give two different pulsation amplitudes.

Three total pressure probes and one static pressure probe were plésed
one and one-half inches in front of the plate and spaced equally betﬁeen

the centerline and edge of the plate. By using thege, together with a
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rotating valve and three manometers, it was possible to obtain instantapeous
velocity readings at three points along the front of the plate.
A total of 16 runs of different frequency were made at the high
amplitude; The frequencies ranged from 92 to k48 cycles per minute.
Five runs were made at the low amplitude at frequencies ranging from 92 to
245 cycles per minute. The Reynolds number of the air in the pipe, based
on the average velocity past the plate, was approximately 250,000 fOr.all
runs, and the.power_input 1o the plate ﬁas approximately_50 watts.
There was an increase.in the average heat transfer coefficient
.,from the.pla$e with increasing frequency. At fhe'higherwémplitude_this
increase was about ten per éent;of the steady state value. At the lower
amplitude the maximum increase for the data taken was fiye per cent of the
steady state value.
The varistion of velocity with time as obtained from the velocity
probes is plotted in the appendix (see Figs. 3 to 12).
An analytical énalysis of fhis problem is presentedlin which éhe
assumption is made that the instantansocus heat transfericoefficient nay
be obtained from the instantaneous_air #éldcity over the plate and this
value integrated ovef one completeﬂpulsation cyclé to obtain an éverage
heat transfer coefficient. Velocities used are those found experimentally
with the ﬁrobes. Values of heat transfer coefficients obtained from this
anélysis incfease up to five per Cenﬁ at the high amplitude'an@ up to three

per cent at the low amplitude.
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CHAPTER I.
INTRODUCTICN

A large portion of the theoretical and experimental vork in
convective heat-transfef has béen conicerned with sﬁeady-flow phencnena,,
but numerous appliqa%ioné arise in which the.velocity Qf the fluid
invqlved in the heat transfer varies pefiodically with time. The
object of the present éxperimenﬁ is to détermine the effect of the pul-
gsation of @ turbulent airstream upon thevavérage hea£ transfer coeffi-
cient from a heated flat plate.

The results obtained in those few cases where an investigation was
made of the average heat transfer rate to a fluid whose velocity varied
periodically_with time have varied widely and have sometimes been con-
tradictory; In order to establish the preseﬁt status of this problem,
a brief review of thé literature which deals with pulsating flow heat
transfer will be giveé.

Martinelli and ﬁoeltér (1)* experimentally and theoretically inves-
tigated the effects of verticg} vibrations.of a horizontal cylinder
upon the free convection heat transfer coefficiént. They fouﬂﬁ_that

within the range of their experiments the free convective heat transfer

was .not altered by the vibrations.

*The mumbers in parentheses refer to items in the bibliography.
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Martinelli and coworkers (2} investigated the rate of heat transfer
from é vertical tube ﬁeated by condensing steam to watér ﬁumped th;ough
i by a reciprocsating pump opersating at speeds from 13 to 265 revolutions
per minute. They -obtained data for average values of Beynolds number, Re,
between 2,660 and 77,300 and compared the average measured Nusselt number,
ﬁﬁ,'for.the ?eriodic flow to the steady flow Nusselt number, MNu, com-
puted from the average Reynolds number, This average Reynolds number
was based on the average mass flow rate with pu;sations. Within the
renge of frequencies studied, the frequency had spparently no effect on
the Nusselt number. _When both ayeragé and steady flow values of the
Nusselt number were plotted aga;nst Reynolds number, all points fell nearly
on the same line,

At the end of a papér by Ma:tinelli.(3), J. H. Marchant presents @& dis-
cussion which contalns experimental data for the heat tranéfer between
steam condénsing on the outside of a tube and water flowing through the
tube in stead& flow and gt pulsation rates of 10, 25; and 60 cycles per
mihute. IThe value ﬁf the Réynolds number varied between 0O and 100,000.
For these tésts there was no apparent deviation of the heat transfer
coefficient for pulsating flow from that for steady flow except for Re <
2000, where some of the values for pulséting flow were as much as 30 per
cent higher than the correspoﬁding steady state values.

Webb (4) and Morris:(5) sebarately reported the results of heat-
transfer coefficient méasurement.for the laminar pulsatiﬁg"flow QfIOil
in a piﬁe. The average Reynolds number varied between 26 and 1375.
Pulsations were produced by a reciproca&ing pump. Both réport no increase
of heat transfer rate for pulsations; in fact, many of the values fell

slightly below the steady state values.
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Mueller (6) presents experimental results for air flowing turbu-
lently inside a vertical brass tube in a Reynolds number range of 53,000
+o T76,000. fhe air was pﬁlsamed by a valve placed upstream of the test
section. Pulsation rates varied over a frequency range of 2.3 to 14.9
cycles per.minute. The average HNusselt number was found to be slightly
less than the steady stabte Nusselt number for the same average flow con-
ditions. He then made an analysis to show that the heat transfer rate
should be slightly less for those pulsating flows which cah'be considered
as quasi~-steady and suggests a criterioﬁ by whiéh a flow may be judged to
determine if it is quasi-steady.

Knbanski (7) reported the results of.his tests in which he placed
a 1.5 cenfimeter diemeter brﬁss tube perpendicular to the air flow in
the open section of a wind tunnel at a Reynolds number in the wind tunnel’
of about 2500. By using certain frequencies pf sound waves, it was
possible for him to increase {the heat trahsfef coefficient up to 50 per
centf

Romie (8) performed an experimental investigatioﬁ of the variation

of time average heat transfer coefficient of & pulsaeting airstresm flow-

ing through a one-inch diemefer stainless steel tube at a Reynolds
number of 5000, A 25-diemeter sectién of the tube wasg electrically
heated. Fluctuations were imposed on the airstream upstream of the test
section and varied in frequencj from 3.3 to 133 cycles per second. It
was found that the ratio of the heat transfer coefficient with pulsating
flow to the heat tfansfer coefficiept measured in steady flow first in-

creased with increasing pulsation rate, then decreased to a value of




less than one, and lastly, slowly increased ﬁo greatér than one at the
highest frequencies tested. He then ga&e a brief qualitatiye'discussion
in whi@h he described the reasons for these resy;ts.

Some of.the first data to show that heét transfer rates for turbu-
lent pipe flow may_be significantly increased in certain cases duwe to
fluctuations in the flow velocity is due to West and Taylor (9). For
their experiment the pulsations were produced by a single cylindér,
reciprécating pump operating at a congtant speed of 100 revolutions.per'
minute. Tﬂe water from the pump pasged through a surge chamber where
the pulsations could be damped to any desired degree by varying the

amount of sir in the chamber. The retioc of maximum to minimum volune

~of air in this tank was called the pulsation ratic and used as a measure

of the severity of the pulsations. For the tests the mass flow réte of
ﬁhe water'wés neariy constant. The temperature of the water entering .
the heated test sgection was controlled to twe different values giving |
gverage Réynoldé numbers of aboui 35;000 and 75,000 in two series of
heating tests. A third run in which the water Wwas gooled was made with
8 Reynclds number of about 45,000. The ratio of average heat tfansfer
coefficient for pulsatiné flow, h, to average heat ﬁransfef'coefficient,
h, computed from average flow conditions was found to increase with
pulsation ratio to a meximum value of nearly two at a pulsation ratio
of about lih. The ratio began to decrease at higher pﬁlsation ratios.
Since ne measurement of surface temperéture was made by West and
Taylor, the heat transfer coefficient of the #ater could not be diréctly
calculated. An average heat transfer coefficient was obtained by mea-

suring the average total resistance based on steam or c¢ooling fluid to
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watér temperatures end subtracting from this & computed resistance for
the pipe and the outside fluid. Since.the value for the‘buisating
water heat transfer coefficient depends largely upon the calculéted
therﬁal resistancg.of the outside fluid, the results contain a large
element of uncertainty. However, since the same method was used for
all of the runs, the trend indicated by thé test demeonstrates a definite
increase in the heat transfer rate due to the pulsatibns. The general
conclugion of West and Tayler was that it would frequéntly be possible
to increase the capacity of heat exchangers by pulsating the fluid flow-.
ing through them. Sinﬁe the frequency and Reynolds numbers of these
tests were the same as for some of the experiments by Ma.rti.nelli. (2),
aﬁd both pulsations were produced in tubes by single cylinder. reéipro-—
cating pumps, there is a definite cpntradiction that awaits explanation.
Havemann and Rao (10) carried ouf investigations of airlneai'atmos-
pheric pressure flowing through a horizontal pipe one inch in diameter.
Heat transfer coefficients were measured both at steady flow and with -
fluctuations produced by a popp’ét valve in the flow. Wave form .and
amplitude were measured for & series of tests in which Reynolds number
varied from 5,000 to 35,000 and ffequency of pulsations ranged from 5
to 33 cycles per second. It was found that the averagé Nusselt number
changed up to sbout 30 per cent under differeﬁt conditions of frequency,
amplitude, wave form and Reynolds number. In general; the change was
negative below a certain frequency and positive ébdve it. This fre-
quency was a funﬁtion Qf wave form and, tb some extent, Réynolds number,

At low amplitudes, little change in the average Wusselt number was found,,

- but at large amplitudes the change in average Nusselt number was not
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proportional to amplitude, but depended also on Treguency and

Reyvnolds number.
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CHAPTER II

EQUIPMENT

In this experiment air was forced through the system (see Fig. 1)
by & large American Blower Company centrifugal blower. This blower
was powered by a 15 horsepower, 3-phase Allis-Chalmers indiction |

motor. ' ‘ : : . !

Air entered thé system through a five—fo&t length of six-inch
steel pipe which had a three-inch thin plate orifice placéd L2 inches
from the en£rance. The orifice was placed according to ABME orifice
staﬁdards (11) and the discharge coefficient taken from a table in the
standards. A h8-iﬁch i-tube manometer contéining water was connecﬁed
across the orifice to flange pressure taps one inch from each face.,

This manometer was gradﬁated in tenths of an inch and could be read to
% 0.05 inches of water. The -air discharged from the pipe into a chamber
which helped to dampen the pulsations in the air so that accurate read-

ings could be. obtained with the orifice. The air then passed through

a metering velve, which controlled the flow rate of air in the system,
and into the blower. |

The air discharged from the blower into a nine-foot length of six-
inch diameter pipe. A single thickness of window screen was placed over
the entrance of this pipe and = bank of straightening tubes made of
one-inch steel tubes, nine inches'lbng, was placed in the pipe to make

the air velocity distribution over the pipe nearly constant and
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straighten the flow. The velocity was later checked and found to be

‘constant within five per cent across the plate in steady flow. The

flat plate used in the tests was secured parallel to the air flow
about two feef from the exit end of this pipe, and a bubterfly
valve, which produced the‘pulsations; was rlaced six inches'from the
end. Variation of the amplitude of pulsation was accomélished by | E;
changing the size of the disk used for this val#e, Two different.disks
were used in this experiment; one for low pulsation amplitude with a
diameter of four and one;half inches, and one for high pulsation ampli-
tude with a diameter of five and one-half incheé. The iﬁside pipe | |
diameter was six inches. | |

The ‘butterfly valve was driven by & timing belt which was turned

by a Vickers hydraulic transmission. This transmission could be ad-
Justed to give.any desired frequency of pulsation. |

The flat plate used for this experiment (see Fig. l3)-ﬁas constructed
éf tﬁiee pieces.of 1/8-inch thick by fourlinches square brass plate.
The brasgs plates were placed flat on top of esach other and secured -
together at each corner by a small screw. The leading edge of the plate
- wag flat. Tﬁe center section of the middle plate was removed to leave
a hollow in the ﬁlate. In this hﬁllow was placed: & heating element made
by wrapping a thin sheet of mica with a&bout thirty tufns of 30-gage.
Nichrome wire. Other sheets of mica were placed around this heating
element to shield it from the plate. B

Pover was supplied to the plafe through a voltage regulator con-
nected to a variable iransformer, ﬁhigh in turn was connected to the

rlate. The voltage regulator was supplied by ﬁ standard 110 volt power




cutlet. A 0-100 watt General Electric waitmeter was connected directly
in the circuit with the plate to give readings of the power dissipaﬁed
by the plate to the air. Thig meter was accurate to % 0.25 watts. At
the end of the Tirst operating'périod (see Tsble 1), this meter was
damaged and was replaced with a 0-500 watt Weston wattmeter vhich was.
accurate to tl£5wmia

Four small holes were drilled in the upper surface of the plate
(see Fig. 13) and thermocouples made from 30-gage copper and constantan
wire were brought up through thése hqieg'and soldéfed to the surface
of the plate. Two of:these thermocouples were on the right side of
the plate and, of these, oue was 1/2 inch in :.fr;:mtﬁ of the middle of
the plate and the other_was.l/E_iqch behind the middle. The other |
two were on the left edge of the piaée with gﬁe 1/2 inch from the
front and the other 1/2 inch from the rear of the platé. All thermo-
couples were about 5/8 inch in ?roﬁ-the edges of the plate., The ther-
mocouﬁle wires ran inside the plate and out & small holé in the back
of the plate. The col& junction_of ﬁhe thermocouples was plgged in
an ice bath. The voltage was read with a Leeds and Northrup Model
8662 potentibm;ter. The measured témperatures are probably accurate
within % O_.5O Fahrenheit,'

Three total‘pressuré probes and one statisc pressure probe were
spaced across the pipe one and one-half inches in front of the-plate;
One of the total ﬁ:essure probes was at the center line of the plate,
one at the edge, end the third midway between the two. These static
pressure probes were made from 0.072 0. D. stainless steel-hypodérmic

tubing. A 90° bend was made in the tubing one inch from the end aﬂd
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this short se;tion faced into the airstream. The static pressure
across the tube was checked both in steady state and with pulsation
rates of 350 and 190 cycles per minute and found to have no variatilon
greater than 0.05 inches of water. Becsuse of this, only one static
pressure probe was used. It was centered between two of the other
probes. For this static pressure probe a small ﬁitoﬁ tube was used
with the total pressure probe left unconnebted. These probes were
connected to three manoﬁeters through & rotating valve (see Fig. 1k)
whiqh opened only for a short time at a set point in the pulsation
cycie. This valve consisted of a fixedfsteel plate through which four
pairs of holes were drilled, and & rotating disk with four élots cut
in its surface. For each pair of holes there was a tube from a pres-
sure probé‘connected to one hole and a.tube lea&ing to a manometer
connected to the other. As the disk rotated, a slot would come behind
a peir of holes and connect the probe and manometer for a short period
of time. This shaft was geared through a small differential and turned
by the timing belt from the Vickérs bydraulic transmissien. By changling
the position of the differential, the valve could be made to open.at
any point in the pulsation cycle. With this arrangement it was possi-
ble to read velocity pressure at a certain time in the cycle and from
this to calculate both velocity as a function of time and the velocity

profile in the pipe at any time,




Figure 1. Equipment Layout

(See next page for key)

T




- il.

12.

1.

16.
17.
18.

T I T L

15.

KEY TO FIGURE 1

EQUIPMENT

Blower Drive Motor

Blower

Blower Inlet Pipe

Pulsation Damping Chamber
Air Metering Pipe

Manometer

Orifice

Constant Voltage Transformer
Variable Transformer

Test Plate

Butterfly Valve

Hydraulic Transmission

Electric Motor

Velocity Pressure Manometers

Rotating Valve
Pressure Probes
Six-inch Pipe

Potentiometer

12




13

CHAPTER IIT
PROCETURE

The blower was started and allowed to run until the témpera-

.tufe 6f the alr leaving.it_was-changing no faster than Qne degree in
30.minutes. The inlet valve to the blbwer-was adjusted until the
manometer across the orifice in the inlet ﬁipe read 22.% inches of
water. With pulsations, the manoﬁeter réadiﬁés variedlgs much as

* 0.2 inches of'water, éo an average reading had to be'taken. This
falue wasg maintained throughout the tests.

After_the air temperature had stabilized, the heater elemeﬁt in
the plate was turned on and adjusted to a power output of fifty watts.
This value was set at the starf of each operating period of the equip~
ment and not changed for that seriés of tests. ‘

During the tests sevéral runs were made without pulsations to serve
as a reference for the runs with puléations. The equipment was allowed
o run until no change of ﬁlate fempéra.ture in a t_en:mi.nute period could
be measured. The temperaturés of the four thermocouples on the surface
of the flat plate and of the thermocouple in the airstream just ahead
of the plate were recorded.

The butterfly valve was thén-rotated in the pipe to produce pul-
sations in the flow. With the air flow rate and plate power §utput kept
constant.as mentioned above, readings of.plate and air temperature were

again taken when they became steady. Then the pulsation rate was
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increased snd the procedure repeated. During the first operating
period of the equipment; one shbeady-state run and runs gt frequencies
of about 90, 125, 160, 190, and 240 cycles per minute at both high and
low amflitude'were made. The heater in thé plate burned out during é
245 cycles per mimte, low.amplitude run and had to be repaired.
Because of thé error involved in replacing the plate in exactly the
same position in the pipe and in setting the power input to the plate,
the steady state heat transfer chqnged"about 12 per'cent. To allow |
for this, the heat transfer coefficient for pulsgting flow-waa_com-
pared to the heat transfer in steady flow as obtéinéd only from those
runs made during the same operating period of the eéuipment.

| In the final two operating periods of the equipment, two steady
state runs vere made; one &t the beginning and one at the end of tﬂe
series of funs.

Velocity data were not taken during.thé first operating period

of the equipment. A series of runs at the same frequency and amplitude
were made later and only velocity data were tsken then.

Both velocity and heat transfer data were taken during the second

and third operating periods.
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CHAPTER IV
RESULTS

At low amplitude Tor which AU/U., the ratio of the

steaﬂy ’
tota; change in instantaneous velocity to the average velocity, was
about 0.5, runs were made for four different values of frequency
varving between 92 and 187 cyclés per minute. Whilé making a run at
245 cycles per minute, the plate heater burned out. . Since the varia-
tion of heat transfer coefficient with pulsations had only been about
five per cent at maximum to this point, it was felt that it was not
worthwhile to continue tests at this amplitude. Therefore, after the
Plate was repaired, all runs were nmade at the high amplitude.

| At the high amplitude the ratio AU/U,, ste ady was about lh
Datsa were taken for 16 runs with fréquencies varying between 92 and
448 cycles per minute.

An arithmetic ayerage'of the temperatures on the plate was used
to obtain the heat transfer coefficient for the plate. At the larger
pulsation amplitude the-ratio of average heat transfer coefficient
with pulsations to steady state heét fransfer coefficient increased
with increasing frequency until it reached a maxihum'of l.lo.at about
250 cycles per minute. At higher freguencies than this it decreased.

very slightly, finslly reaching a value of 1,09 at 448 cycles per

minute, the Highest frequency for which tests were made (see Fig. 2).

B e e : T T w|
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At the smaller amplitude the ratio of 'E/hste ody incréased with .
frequency to a value of 1.05 at 187 cycles per minute, the highest
frequency used for low. amplitude. The value Of‘hsteady for these
tests was approximately 26 BTG/hr_fte °F. A rough calculation using
an equation for a flat plate in turbulent floﬁ.gave a value of about
20 B /nr £t2 °F. |

It is realized that the variation of heat transfer coefficient
is small compared to the error possible in the system. Since the values
obhtained for heat transfer coefficient are compared only to values ob-
tained for steady state during the same cperating period and the power'
input to the plate kept constant during the operating period, it is
felt that the trends indicated by the results are valid. |

Curves of the time variation of veiocity through one cycle at
various frequencies and both amplitudes hafe'been'plotfed and are in-
cluded in the appendix‘(see Figs. 3-7). Only the values.of.velocity at
the edge and centerline of the plate are plotted. The :velbcity at the
third prove &id not vaﬁy more than five per cent from the velocity”
indiceated by the probe at the edge of the plate.

At the higher amplitude the velocity préssure mancmeters gave
negative readings for some points in the cycle. This probably indi-
cates reversed flow, but these readings have no significance in compu-
ting vélocity. These points were disregarded and the éha?e of the time

variation of velocity curves estimated for these points, assuming that

the negative velocity pressure indicates at least some reversed flow.
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As the butterfly valve closed, the velocity near the center of

the plate decreased more repidly than the velocity near the edge. At i

the high amplitude and certain freguencies it had sometimes dropped to
' | zero, while the velocity near the edge was over 60 feet per second.
This was probably caused by the annular spacé left around the butterfly
valve.

The resonant frequencies of-the air in the pipe were calculated by
congidering the pipe as open at both ends, and one of these was seen

to occur at 220 cycles per ninute. It can be seen from an examination

of the curves of velocity agaiﬁst time (see Figs. 3-?) that the velocity
at the center of the plate and the velocity at the edge of the plate

are nearly in phase at zholcycles per minute and high amplitude, while
théy are somewhat out of phase at other fregquencies and high amplitude.

This would seem to indicate a resonant frequency. The heat transfer

rate is seen to reach its maximum value at this point also. This is
probably due to the fact that the air is in resonance.

An analytical anelysis of this problem (see Appendix I) is made

in which it is assumed that the instantaneous heat transfer coefficient

may be obtained from the instanteneocus air velocity over the plate and
this value integrated over one complete pulsation cycle to get an average
heat transfer coefficient. %Elocities used are those found experimentally

with the probes. Values of heat trahsfer coefficient obtained from this

analysis increase up to five per cent at the high amplitude and three’

rer cent at the low amplitude.

R TEAR TEA TR A THL ST SRR A
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All velocities used were calculated from the readings of thg
pressure probes. The readings fron the orifice: were used only to
keep the flow through the system constant while the runs were made,

The orifice did not indicate the correct air fldw through the discharge

pipe since only a part of the total flow passed through the orifice. v
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

It wes found that the rate of heat transfer from a flat plate to
an airstream flowing over it could be changed by periodically pulsating
the airstream. The magnitude of this change increased with both fre-
guency and amplitude of pulsation at low frequencies, but did not
change further with increesing frequency over 250 cycles per wminute.

The analytical work done on this problem indicates that the
waveform of. the pulsgtions may well be cone of the important considera~
tions in dealing with a pulsating floﬁ.

Much more work must be done on this problem before it will be
completely solved. It is fecommended that in future work this problem

be extended by increassing the range of freguency and smplitude, by

© varying the Reynolds number of the air flow and by changing the wave-

Torm of the pulsations.
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& ANALYTICAL ANALYSIS OF HEAT TRANSFER IN PULSATING FLOW

iii Karlsson (12) performed an experimental investigaxioﬁ of the
.. effects of pulsation of a turbulent airstresm upon the boundary lsyer
séz | formed on a flat p;atg, To do this, he sinusoidally pulsated air
ingide a square duct and used a hot wire anemometer to measure the | ‘ '

iﬂ; instantenecus vhlues of velocity in the boundary leyer. He found that

& - in all of his testé, which include the frequencies and amplitudes used ‘_

in this series of tests, the instantaneous velocity profile in the

boundary leyer was almost exactly the same as would be found in the )
steady flow boundary layer that would be formed at the ingtantaneous
'Reynolds nuﬁber.
It is therefore supposed that the time average heat tranéfer
coefficieﬁt gt some point on the plate might be obtained by integra-
ting over one pulsation cyclé one of the equations used in steady flow

to relate heat transfer to fluid flow conditions, This is admittedly a

crude analysis of the problem, but it should help to give some insight
into it. A similar study was maede by Mueller'(é) in vhich he assumes a
sinugoidal pulsation. For this case he shows that the-average he§il
transfer coefficiént will decrease. |

For moderate temperature difference and fully developed turbulent

flow, an equation which relates the Coburn heat franafer féctor, j:

e e T T A

)
N
-
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to the properties of the fiuid flowing over a flat plate was found by

an experimental procedure to be: : '

1/‘
j = hx AC_P ' - O.Qggé
(=)

Rearranging to get an expression for h.: - 1

h = 0029620 (MC:? uoe -
x = ( _ -

And from the aésumption made in this analysis: _ i

r . ‘ef; .
e 29 Ce MCP 0.8 I,zl
xP2\0.2 ( K-) Uoo d8
.AT) _ i

To get an average value for the entire plate, this value could i

be Integrated over the length of the plate.

0. 0296 z"C‘ A C o. '
f/;#/f = ( ? uadde

Since the integrations are independent, the integration over

the length may be performed fifst,-giving:
[

;=.E'1'i-‘/ oo(7,of, (ao) U2 1o

Or, for a given problem in which the flow velocity is the only

variable:




-2/3'
A L 0027 PCp (A1 Ce
Where cl_ o3 ( = )
Y

From the same type of analysgis, the steady state heat transfer coeffi-

cient would be a function of the average flow velocity without pulsation:

h - C‘ U 0.8

STEADY o _ : -

So, the ratio h/h ady Would be:

ste t
- v o.8 ff‘
_’7L = 4£___________ B
SreADY 217'
% sreacy
Or:
}_; i y o8
= — =]
/hsruav ZT/ ( J )
A “.Ir?lo,f

The values of Upe and U, were taken f‘rom the test dsta ob- i‘

* steady
tained with the velocity probes and the integral evaluated by using the

trapezoidal rule for approxlma.te integra.tlon. The results obtgined from

this are as follow5°5

’
Frequency A‘ U/U '

Cycles per steady H/hsteady E/hsteady ‘ E
Minut_.e ;_ Computed Experimental .
H 92 : 0;5 1.02 1.03 F
| 160 0.5 1.05 | 1.0k i
! 190 0.5 1.0k 1.05 ?
92 1.4 0.98 1.0 FE
160 1.4 1.05 1.08 ]
240 1.k 1.05 1.10 ?
320 _ 1.4 1.03 - L. r?

386 - - 1.k 1.03 _ | 1.08

AREE LBt e b LB d Y I
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Hest Trensfer Results

Table 1

Fregquency / Plate Temp. Air Temp. .
Cycles Per AU/U Operating oF oF h/h
" Minmute steady Period 1 2 3 4 B/ steady
0 o} 1 137 138 140 140 118 -—-
92 0.5 1 140 143 142 42 121 1.03
120 0.5 1 13 1k 146 146 124 1,00
162 0.5 1 143 145 6 W7 125 1,0k
187 0.5 1 14l 145 147 187 126 1.05°
92 1.k 1 139 140 12 142 121 1.05
124 1.4 1 143 145 h 146 126 1.09
162 1.4 1 1kl 146 17 W7 127 1.10
189 1.4 1 146 7 118 148 129 1.1h
240 1% 1 147 148 149 149 129 - 1.10
0 0 2 151 151 152 152 125 -———
145 1.4 2 152 153 154 154 129 1.07
178 1.4 2 153 5L 154 154 130 1.06
28 1.4 2 154 15k 155 155 131 1.08
258 1.4 2 153 154 155 155 131 1.09
276 1.h 2 153 154 155 155 131 1.09
320 1.k 2 153 154 155 155 131 1.09
0 0 2 150 151 152 152 126 -—
0 0 3 148 148 149 149 124 _—
338 1.4 3 150 151 151 152 129 1.09
364 1.4 3 150 150 151 152 129 - 1.09
386 1.h 3 150 151 151 152 129 1.09
420 1.4 3 150 151 151 152 129 1.09
44,8 1.k 3 150 151 151 152 129 1.09
0 0 3 149 150 150 151 125 -——




Table 2

Variations of Velocity Pressure with Tinme

AU/U,, steagy = 0+5

Pressure (inches of water)

Point in Cycle
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(Contimued)

Table 3

Pressure ~(Inches of water)

. 'Point in Cycle
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Table 4

Variation of Velocity with Time

DYV steady = 02

31

Velocity (Feet per second)

Point in Cycle

1 e 3
N¥ 92
. *%1 8.0 94.5 97.2
X2 91.9 97.2 99.5
KHNHT 89.0 94.5 97.2
N 120 '
1 70.3 83.h 91.9
2 73.8 86.3 97.2
3 73.8 86.3 97.2
N 162
1 77.0 89.0 94.5
2 80.3 9k.5  99.5
N 187
1 70.3 83.4 89.0
2 77.0  89.0 94.5
3 77.0 .86.3 94.5
N 245
1 6.8 T7.0  89.0
2 70.3 80.3 94.5
3 6.8 80.3 91.9
*N
#¥1

4 5 6

99,5 106.,8 91.9
102.0 109.0 99.5
99.5 106.8 99,5

97.2 102.0 99.5.

02,0 1:09.0 111.3
102.0 109.0 113.7

g97.2 94.5 91.9

5 102.0 104.3 104.3

9%.5 91.9  89.0
99.5 102.0 104.3
97.2 102.0 204.3

9h.5 97.2 10h.3
99.5 106.8 111.3

99.5 106.,8 111.3

Cycles per minute

7.0
oh.5
89.0

7.0
89.0

8.3
89.0
89.0

91.9
ok.5
ou.5

Velocity probe located at plate

centerline

Velocity probe located one inch from

edge of plate

Velocity probe located at edge of -

plate
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Table 5
Variation of Velocity with Time

AU/U, steaty = 1.4

ﬁ: Velocity (Feet per Second)
Point in Cycle -
1 2 3 b 5 6 7 8

' : *%1 73.8 1€2.0 10h.3 109.0 99.5 0.0 - --
HHRD Ye,5 9h.,5 102,06 111.3 126.0 10L.3 62.9 --
%3 b4.5 9h.5 102.0 111.3 126.0. 102.0 58.8 --

N- 124 ' : '
1 80.3 109.0 123.9 123.9 102.0 22,3 -- --
2 0 - 73.8 89.0 106.8 12g.1' 106.8 73.8 0
3 -- 70.3 89.0 106.8 132.3 111.3 80.3 22.3
N 162 K
1 66.8 80.3 97.2 102.0 102.0 49.8 -- -
2 66.8 83.4 97.2 10h.3 119.9 99.5 70.3 --
3 62,9 80.3 97.2 104.3 119.9 102.¢ 80.3 -
N 189 _ ' :
1 62,9 83,4 ' 99.5 10k.3 99.5 0 - ==
2 58.8 86.3 99.5 109.0 119.9 9.5 31.h 54,5
3 58,8 86,3 99.5 109.0 119.9 94.5 31.4h 5Sh.5
N 240
1 31.4 49,8 89.0 102.0 113.7 91.9 58.8 -
2 Lh,5 54.5 94,5 109.0 123.9 10k.3 62.9 .-
3 Wi.5 54,5 01.9 106.8 126.0 106.8 62.9 --

*N Cycles per minute
*¥), Velocity probe. located at plate

centerline _ .
X2 Vélocity probe located one inch

: from edge of plate-
*¥*¥3  Velocity probe located at edge of
: plate

{ Continued)
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Table 5 (Continued)
Velocity (Féet per second)’ o
. Point in Cycle _
1 2 3 4 5 6 T8
N 145
1 0 66.8 83.4L 94.5 99.5 97.2 — -
2 0 62,9 80,3 . 9%.5 99,5 115.6 104.3 80.3
3 22.3. 62.9 80.3 91.9 102.0 117.8 106.8 86.3
N 178 _
-1 22.3  L4.5 102.0 109.0 111.3 97.2 0 -
2 22.3  L4.5 91,9 102.0 109.0 113.7 99.5 62.9
3 31k 49.8 91,9 102.0 106.8 115.6 97.2 66.8
N 218
1 - 49.8 99,5 115.,6 122,0 106.8 0 -
2 -- 38.5 91.9 111.3 123.9 123.9 99.5 0
3 -- 38.5 94,5 113.7 122.0 123.9 102.9 0
N 258 .
1 -- Y4.,5 80.3 1202.0 122,0 119.9 149.8 --
2 -- 31.4  70.3 97.2 119.9 126.0 109.0 54.5
3 - 31.4 73.8 99.5 119.9 127.9 106.8 49.8
N 276 .
1 - 38.5 83.4% 109.0 119.9 12117.8 54,5 --
2 -- 22.3 73.8 99.5 117.8 126.0 109.0 62.9
3 - 22,3 77.0 102.0 119.9 127.%9 111.3 S8.
N 320 ' |
1 - 38.5 80.3 102.0 117.8 122.0 70.3 -
2 -- 22,3 T70.3 94,5 115.6 127.9 122.0 66.8
3 -- 22,3 63,7 86,2 117.8 127.9 119.9 66.8
N 338
1 -- 0 5.5  77.0  89.0 117.8 99.5 31.h
2 -- 22.3 62,9 80.3 99.5 123.9 122.0 73.8
3 - 0 58.8 83.4h 102.0 122.0 122.0 73.8
N 36k _ - _
1 -- 4h.5 70,3 97.2 115.6 119.9 99.5 31.h
2 - 4.8 7T0.3  97.2 111.3 123.9 123.9 77.0
3 --  Lh,5 66,8 97.2 113.7 123.9 126.0 73.8
{continued)
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Table 5  (Continued)

386

420

448

w o+ W= W o -

W=

Velocity (Feet per second)
Point in Cycle

1 2 3 b 5 6 7 8

.- 38,5 73.8 102.0 115.6 117.8 9L.5 31,k

-~ 38.5 73.8 97.2 111.3 123.9 122,0 83.k

-- 3L 70.3  97.2 113.7 123.9 122.0 83.4

- 22.3 73.8 99.5 117.8 119.9- 97.2 hh.5
-- 38.5 70.3 94,5 115.6° 123.9 123.9 91.9
-- 31,4 -70.3 94.5 115.6 123.9 123.9 69-0

-- 3.4 T70.3 91.9 109.0 119.9 97.2 38.5
-- 31k 66,8 89.0 10h.3 123.9 123.9 94.5

- O 66.8. 89.0 106.8 _126. 123.9 94,5

97.2
97.2
97.2
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SAMPLE CALCULATIONS

I. Calculation of h/hsteanty

. The definition of h is:

n = heat transferred
area X temperature difference

For the constant hest output and ares of the plate used in this
experiment:
A

h Toteady

hsteady ATpulsa.ting

where AT is the arithmetic average of the plate temperatures minus

the free stream air temperature.

For example, at 92 cycles per minute, low amplitude:

A _ 137 + 138 + 140 + 140

Tsteady - I . - 117.8 = 21°F
139+ 140 + 142 +142 '
ATpulsating = n - 121 = 20°F
h 2197
= = 1.05
hstead,y 20°F

JI. Calculation of Velocity

Velocity of the air in the pipe may be calculated from the velocity

pressure data by using the relation:

where h is the pressure read on the manometer in feet of water.
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For'example, at 92'cyclesyper ﬁinuté, low qﬁplituﬂé'ané;pdiﬁt 1:

\I= N/;g

il 88 9 ft/sec

% - 210x:|_03“
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APPENDIX III

DETAILS OF ROTATING VALVE AND FLAT PLATE

b




1/8" Brass Plates
Thermocouple

Heating Element

Heating Wires

Thermocouple Wires

Figure 8, Deteils of Plate Construction
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Figure 9. Rotating Valve Design
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