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Abstract:

In this investigation, heat transfer and moment coefficients were determined with and without
transpiration mass transfer for a rotating cylinder in a finite medium with turbulent flow. Reynolds
numbers ranged from 27,000 to 330,000. Mass transfer rates expressed as the ratio (Formula not
captured by OCR) ranged from 250 to 35,000.

For the case of no mass transfer, moment coefficients were in excellent agreement with published data;
however, there is no published data for heat transfer coefficients in the range of Reynolds numbers
used in this experiment. In the moment coefficient experiment an apparent flow transition was
observed at a Reynolds number of 55,000.

With transpiration, heat transfer and moment coefficients increased . with mass transfer. This
phenomenon is consistent with the hypothesis that a laminar sublayer does not exist on the surface of a
rotating cylinder for turbulent flow. The most significant result of this investigation is that the heat
transfer coefficients increased much more dramatically with Injection than did the moment
coefficients.
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ABSTRACT

In this investigation, heat transfer and moment coefficients were

- determined with.eand without transpiration mass transfer for a rotating
cylinder in a finite medium with turbulent flow. Reynolds numbers ranged
from 27,000 to 330,000, Mass transfer rates expressed as the ratio
Veo/Vro ranged from 250 to 35,000.

For the:case of no mass transfer, moment coefficients were in ex-
cellent agreement with published dataj; however, there is no published
date for heat transfer coefficients in the range of Reynolds numbers
used in this experiment. In the moment coefficient experiment an ap=
parent flow. transition was observed at a Reynolds number of 55,000..
With transpiration, heat transfer and moment coefficients increasede 
with mass transfer. - This phenomenon is consistent with the hypothesis
thet a leminsar sublayer does not exist on the surface of a rotating
cylinder for turbulent flow. The most significant result of. this.
investigation is that the heat transfer coefficients increased much
nore drametically with injection than did the moment coefficients.




I. INTRODUCTION

Transpiration from a surface, that is, the existence of a velocity
normal to thé shrface due to mass transfer, occurs. in heterogeneous
catalyéis, combusfion and evaporatioﬁ at low pressures or near the
boiling point. Other exampleé of transpiration inélude cooling sf
aerodynamic‘sﬁrfaces in high'speed flights;:cooling,of'turfine blédes,
and céoiing qf rocket nozzles. The objective of this investigatién was
the‘étuﬁy.df tfénspi;axion from a rotating cylinder in‘a fihite medium
With'possiflé application in the cooling of shafts. ‘Othér applications
_ﬁay'include,fhg use of a rotating cylinder as a blender, spray - applicé-
tor, or cheﬁica; reactor..

Early research on transpiratioh dealt with flat plateé, Pioneer
papers include the theoretical studies of Rubesih (1) and Dorrance and
Dore (2) and the experimental work of Mickley et al. (Sj'in the l950's.:
Since 1960 ﬁan&.coﬁtributions have been made with a'major contributor
béing W. M;'Kays:(h). Mass transfer from a flat plate is_diécussed in
Bird, Stewart, énd Liéhffoot (5). By comparison there are relatively |
few investigations of transpiration with geometries other than”flat
plates. Elzy and Wicks (6) and Johnson and Hartnett (7) have studied
mass tranéfgé féom a stationary cylinder in cr&ssflow. Cozért (8) nas
investigatedftr;hspiration from & rotating disc. Erickson et_al.(9)
.have étudieé,theorétically mass transfer from a moving,continuous flat
ﬁlate; Kriéﬂaﬁ:and Rai (10) end Mishrae (11) have studied theoretically
ﬁeﬁperature aéd Vélocity profiles, respectively, for trénspirétion

between two concentric cylinders for viscous flow. Bahl (12) hes
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studied fhe stdﬁiliﬁy of viscous flow bétween concentric éyliﬁders'
with transpifatipn; With the exceptioﬁ of flat plates, there is little
data feéarding[ﬁranspiréiion from other geometries, particulafly
cylinders. -‘Thus, the purpose of this investigation was the determina-
tion of the effect of mass transfer on the heéat tran;fer coefficients
and moment coefficients for a rotating cylinder in a finite medium.
Although fhe principal concern of this investigétioﬂ was thg
effect of transpiration on heat and momentum transfer; heat transfer
coefficienté aﬁd1moment goéfficients for a rofaming:cylinder wiﬁh‘no
mass trensfeér were alsb determined. ‘A significant amognt of work'op
heat and momentum transfer without mass trahsfe? for céncentrig
éylinders has Been done. A representative list of cohtributoré'for heat
transfer betﬁéen concentric cylinders includes Gaziey (13), Becker and
Kaye (1h), Bjérklund and Kays (15), and Sharman et _al. (16). A paper
on moment coéfficients for rotating cylinders by Bilgen and Boulos (17)
summarizes the work of Taylor (18), Wendt (19), Donnelly (éQ), and
Theodorsen 'and ﬁégier (21). Finélxy, 8 great volume of Workvhaé been
done on stabi;iﬁy of flow between rotating éoﬁcentric-cylinders with

Téylor (22) and Chandrasekhar (23) being important contributors.




II. RESEARCH OBJECTIVES

The purpose of this investigation wag to study the effect of mass
transgfer oﬁ heat and momentum transfer from a rotating cylinder in a
finite medium. Heabt transfer coefficients and mement coefficients were
determined for a robabing, porous cylinder by varying mass injection
rates and angular velocities. The experiment consisted of.rcﬁaﬁihg a
porous cylinder in & tank filled with the same flui@ as the iﬁjectionA
fluid and méasuring temperature differences across the cyiinder wall
and across the tank to determine the heat transfer coéfficienﬁa To
determine th? ﬁoment coefficient, the torque on the robating cylinder
was meagured.

A heat balance for the cylinder and bank system includes the
following terms: heat transfer due. to molecular action across the
tank (qm), heat transfer due to bulk motion inside the ecylinder (qi),
and heat transfer due to bulk motion at thelwall of the ¢ylinder (qw)a
Although some axial heat transfer might be expected due to natiiral
convection, it was considered to be negligible.with.reSPect to radial
heat transfer. .Indeed, Chandrasekhar (24) and Dropkin .and Globe (25)
have shown that-fotation greatly reduces natural convection even when
an axial texﬁperature gradient is inmposed. Of ééurse, there was hno
angular heat trénsfer. Finally, heat transfer due to radiatbtion was
neglected because of the high absorptivity of ﬁater. [Heat tréﬁsféf

due to radiation is given by
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where the system under consideration is the cylinder denoted by the
‘subscript c and.the layer of water next to the cylinder denoted by the
subscript w. Clearly, the areas are the same and the view factor Fa

is one. For € approximately equal to one,

q = s;cAc(TcLL - Twh). | (2)

But the difference between Tc and Tw is very small so 9. is negligible].

The heat transfer terms were defined as follows:

q AT -1, : C®
ay = mO(Ty =T og)s (4)
and
Ty = WOL(T, = Tpog) (5)
Clearly,
a = o, =mo (T, ~T) NG

gives the heat transfer.across the cyliﬁder wgll. ‘EQuating the ekpreé-
sions for heat transfer across the cylinder wall and heat trensfer abfﬁss
the tank reéults.in the defining equation for the heat transfer coeffi-
cient ﬁith mess transfer, i.e., | |

]

K = m‘Cp(T‘i - T /AT, - T,). I (1
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The heat transfer coefficient with no mass transfer;-h-—wgs'detefmined
by extrapolatihg a plot of h versus m tom = 0. .
To deteérmine the moment coefficient, the %ordﬁe'on the rotating

cylinder was measured. From Schlichting (26), the moment coefficient

was defined by the ‘equation,

. Tgc
C_ = .
m 0.5 ﬂpweREL ‘ (8)




IIT. EQUIPMENT

A.  HEAT TRAI\TSF"E_R COEFFICIENTS

Basicalij, the heat transfer experiment consisted of rotating a '
porous cylinder in a tank. The heaé source was the inﬁection fluid; a
refrigerated cooling hath served as the heat sink. Figure 1 shqwé the
method of fixing the porous cylinders to a rotating.shaft with collars.
Two POrous éyiinders—-l—l/Z inches I.D. by 1=31/32 inches 0.D. by 5-3/4 .
inches loﬁg and 2-1/4 inches I.D. by 2-3/k inches 0,D. . by 5-3/k incheé'
long--were placed concentricglly around the shaft. Allen scréws perpen-
dicular %o fﬁe‘éhéft secured the bottoﬁ collar to tﬁe'shaft. The top
collar was screwed into tubeé’conﬁected to the bottom collaf compressing
‘the porous cylinders into O-ring gaskets. Leakage between the shaft and
collars was prevented by stop-cock grease, .The inner cylinder was uéed
to diffuse the flow and assure ﬁore uniform flow through the outer cyl-
inder. Due-torthe probiem of cofrosion, the shaft was stainless steel,-.
the poroué cylinders were sintered hronze purchased from Thermet, and
the collars were aluminum. The most difficult aspect of the heat trans-
fer experiment involved the installation of the thermocouples in the
porous cylinders, Becaguse of the very small clearances, a fine, supﬁle
thermocouple wire was required. Thus, the chromel—alumei thermocouple
wire chosenlwgé'BO gauge with no waterproof coating, since a.Waterproof
coating would_stiffen the wire too much in addition to increasing the :
diametér'siénificantlyr To protect the wire‘from water aﬁd subsequent
shorting, the tﬁermocouple wire outside thé shaft was placed'inside 8

1/16 inch 0.D, stainless steel tube. Epoxy glue was used to seal the




Collar

O-rings
Porous
Cylinders
Collar

N ~a

VA,///////A/////W///////////M

E e e ey

2\
Il

N

b —

Jili

1L

ERRCOATORN R AN N R AR R AR R N N

L R VR R T A

— Shaft

Figure 1. Porous Cylinders and Collars




-~ 8-

thermocouple,junctions to the tubes end the tubes‘to the sheft'(see
Figure 2). ,To transfer the emf signals from the rotating shaft a ::“
Power Instruments, Inc. model No. 6118- lll—h slip ring was used (see
Figure 3). Above rotation gpeeds of 100 RPM there was no noise in the-
,slip ring; occaSionally-below 100 RPM, a satisfactory reading could be
obtained only by stopping rotation. EMF was measuredlon an extremely‘
accurate potentiometer readings could be made in millivolts to four
;decimals-—an accuracy probably not inherent in the‘thermocouples.‘

The porous cylinder was rotated in an. ll—3/h inches diameter by
T—-1/4 inches high aluminum tank with phenolic~resin board stiffening
rings at top,an& bottom; Brass bolts were used to secure the stiffening:
rings. The cooling bath around the tank was made from l/h inch lucite
and had the dimenSions 16 inches by 16 inches by 10 inches high. The
cooling fluid was Water; overflow fron the tank due to injection entered'
the cooling bath} an overflow weir on the“cooling bath maintained'COné'
stent level. The same wire uas used ior the tank uall thermocouple as
for the cylinder thermocouples. The portion of the thermocouple ﬁire in.
the cooling bath was waterproofed by slipping a length of plastic tube
over it and sealing with a silicone glue at the tank Wall.

The distilled water used for injection was filtered and heated and -
entered the shaft by méans of ; rotating wnion. Flow rates‘were deter=—
mined using -calibrated rotameters. The filter consisted of a 2 inch g

diameter porous plate covered byAb;B micron filter papet. A'sufficient.
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amount of scale was present in the distilled water system to neées—
sitate chénginguof.ﬁhe filter one or more ﬁimeg during'an operating

day, depend;ng on fiow.rates; The heaper was & L inch diameter by 36'
inches long pyrex tube wrapped with 25 feet of nichrome wire. The
heating rate was nontrolled by a rheostat and_outlet temperaturés were
limited to.leés than 150°F. dne tn.localized boiling in the tube. The
rotating uninn was purchased fronl Deublin Company. ".All equipment nof
purchased for this nroject was available ﬁithin the Cnemical Engineéring
department or fﬁbricated by technicians frbm fhe Chemical Engineering or
Mechanical Engineering departments at Montana State University.

. Heat renoval in thé cooling bath was accomplished by.means of
cooling coils.and a refrigeration unit. A small pump was used to cir-
cula$e the'éooling bath in order to prevent.fréezing on the coils. The
refrigeration nnit (from an old refrigerator) had a rather smaii duty;—
a.pproxima‘bely' 1000 BTU/hr—-so that at high injection rates the bath
temperaturé reéched 15°C. .On the othér hand, at very low flow rateé,
warm water was added to the cooling bath to prevent freezing. .

The rotating shaft was held in.place by three sets of flange bear-~
ings. Leakagéjnround the shaft at the bottnm of the tank was eliminated
by a screw=type nacking gland. The shaft was fotétéd by a ;/2 HP,
1725 RPM motof with a pnlley on the mqtor,‘an idler pulley, and g pulley
on the shaft,éo that several speeds were afailable. | )

IFinally the.rotétional speed in RPM!'s was determined using“a'light




Figure 5. Heat Transfer Equipment
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source and photocell, a disk with 60 evenly spaced holes, and a

Berkeley eput meter (see Figure k). Because the eput meter counted

for only one second, the 60Q-hole disk gave RPM as follows:

. rev __counts rev " 60 sec.

RPM = min ~ sec 60 sec, min,

| Figure 5 is an overall view of the heat transfer équipmenf.

During éxperimenfal runs . "equilibrium" was usually reached after
two hours, so that in the next hour millivolt readinés-would change only
in the third decimal and the heat transfer coefficient would very by
usually not. more. than 2%.

B. MOMENT COEFFICIENTS

Althouéh the experiments for determining heat transfer coeffiéiénts
and moment coefficients we?e analagous, the equipment for the moment com
efficient deferﬁinations was much more sdphisticated. To measure torgue
on the rotaﬁing cylinder, other sources of torque in the equipment were
eliminated or méde relatively small., For example, the commercislly
available rotéﬁing union with tﬂe smallest tofque required 64 oz=in,
Since the lafgéét‘torque measured in the experiment was 0.68 oz-in, this
rotating unioﬁ was clearly unacceptabie.. Similarly, conventioﬁal bear-
ings and paéking glands require ex£remely large torques. Thus, "fric-
tionless" beariﬁgs, packing gland, and rotating union.wefe ﬁéededf

Virtually-ffictionless air bearings we}e purchased from Profession-
al Instrumentszbompany. However, with no lbwatérque fotating unions com=

mercially available, the fedsibility of the ekperiment was not assured
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until this investigatdr developed the "frictionlesé rotating union."
Thus, the importanée of the "frictionless rotating uhion"'to:the
experiﬁent canﬁot be overestimated, hoWever simple the devic; may apfeér.

Actually, "frictionless rotating union" is a misnomer since the
device was statlonary, rather, the deV1ce was & frlctlonless substi-
tute for a rotatlng union. A description of the "frictionless rote~
ting union" follows (see Figures 6 and T). |

The device, constructed of lucite, consisfed of éix sections—--~
four of Which.ﬁad the dimensions 3 iInches by~3'incheé'b& 1/2 inch with-
a 2 inch diameter by l/h inch machiﬁed groove, the fifth had.the.dimén—_
sions 3 1nches by 3 inches by 1 1nch.w1th a 1-1/2 inch diameter by 3/h
inch machined groove, and the sixth had the dimensions 3 inches by 3
inches by l/h inch and was used as & spacer above the largest sectlon.
The six sectlons were plnned together erid the shaft hole drilled. The
outside tw0‘sections,.containing the "air cheambers," had 1/8 irch fit-
tings for coﬁpressed air. The next sections from the outsgide, contain-
ing the "leak'éhambers,” were connected by a smdll hole with an 1/8
inch fitting in'ﬁhe Bétfom section open to the atmosphere. The largesf
section, éontaiﬁing thé "injection chamber," had & 1/k4 inch fitting for:_
the injection: fluid and aﬁ 1/8 inch fitting open to the atmosphere.

Figuré B.iéla diagram of the eduipment_location for the moment co- -
efficient expe?iﬁent. ﬁy connecting a drive shafﬁ to ﬁhe shaft holding

the porous cjlihder with a torquemeter, the torque on the shaft, predémi—
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nantly due to ﬁﬂe porous cylinder, could be determined as a fuiction of
angular ;peed ;nd injection. The machined shaft purchased from Tweritieth.
Century Mqéhine Company is shown in Figure 9.

From Figure 9, it can be seen that. fluid was injected radially into
the shaft, wheré it flowed axially down the shaft and then radiélly:
again into thé porous cylinder. Thus, the top radial holes in the shaft
were aligned in £he center of the "injec£ion chamber" 6f the‘"frictién—

" less rotating union." As fluid was pumped into the "injection chambér,ﬁ
the compresséd'air flow into the "air chambers" was adjﬁsted so that

all the fluid fiow was foreed into the shaft through the ra@ia; hoieé.l
Althoughvthé "frictiqnless rotating ﬁnién" cﬁuld be-operafed so that no
fluid leaked fgbm the "injection chamber," in general some leakége was.
allowed so thaﬁ there ﬁas no éhance of air entering the "injebﬁion
chamber" - with tﬁe result of air's being injected through the porous
cylinder. The amount of fluid-entering the "leak chambers" was actually
very small. ‘Finally, the level of fluid in the "injection chamber" was
adjusted by means of the 1/8 inch fifting. (See appendix for more‘infbf—
mation regardiﬁg opeiation of the "frictionless rotating uniéﬁ."). The
”frictionleés”packing‘gidnd" was built on the same principle as the
"frictionleés'ro£ating union." That is, tﬂe packing gland consistedvpf-
an "air chamber“ for compressed aif qﬁd a "leak chamber" for leakégé.;

Althbughfthe equipment was assémbled on a very cérefully méchined,\.v
stable set of piatforms,'alignment Wwas troublesome due to the vefy sméll

tolerdnces=—0.002 inch--between the shaft and the rotating union and,‘
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packing glaud' Use of levelirg screws facilitated alignment however.
Because the alr bearlnés were attached to the shaft by means of Ourlngs,
the ajir bearlngs were essentially self-aligning. Since the.re51Qual
torque, i.e.; the torquelproduced in an"empty tank with no injection, .-
varied from o'."oe oz’—-in‘a'b 30 ,RP'M t0' 0.063 oz-in at 360 RPM, the eq_uip-a
ménf waS'indeea-Virtually frictionless. The torque used in the moment
coefflclent calculatlons was ‘the torque measured w1th a full tank less}
the res1dual torque., |

| Flnally, to determine whether or not changes in torque durlng
1nject10n coul& be attrlbuﬁed to the "frlctlonless rotating union"

rather than to injection through the porous cyllnder the plug on the

bottom of the shaft was removed and 1ngectlon was made dlrectly down the

shaft and out.. Mo flow was observed from the porous eylinder; furtheru-
more, the residual torque was unchanged even at ‘the highest injec%ionl
rate used in the experiment. Therefore, 1t was concluded that the

"

"frictionless rotating union" was indeed frictionless,

The tank used in the moment coefflclent experlments was lucmte wmth“

the d1mens1ons 11—1/2 inches diameber by 10 inches high.. Overflow from ;

the tank was . caught 1n an overflow welr and. recycled to the feed tank.

The porous cyllnders and collars were ldentieal to those uged in the

heat transfer eXperlments | HOWeVer & slight eccentrlclty in the porous :

cylinders produced some difficulty wmth allgnment at rotaklonal speeds
above 100 RPM.

Distilled waber from the feed tank was pumped'ﬁy a small capadity
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worm wheel puup‘through'a filter ana & calibrated rotameter to tﬂe;.
"frictionlese.retating union." A surge tank was installed after the
pumt te eliminete flow pulsation due to the nature of the pump. Beeeuse
of persistent edele in the pump & larger filter--a 4 inch porous.staiﬁL
less steel plete with 0.8 micron fiiter paper--was requirea for the .
moment coeff1c1ent experiment than for the heat transfer experlment and
it had to be changed more frequently. Fortunately, ‘runs in the moment
coefficient eﬁperiment could be maae in a matter of minutes, A pump
' was re@uired‘for‘the moment coefficient experiment‘since_the "“friction-
less rotatiﬁg‘union" a1d not operate well below 20 psi and the maxiuum
pressure on.the uistilled Water.system was 13 psi. Below 20 psi, which
included the pressure drop through.the filter, air entered the.“injectien]
chamber" frem the‘lower "leak chamber" even with no air pressure on the |
lower "eir chamberh of the "frictionless rotatiné union." Probably 5"”
reason for this phenomenon could have been found and a solutiou deterp T ' o
mined, but iucreasihg,pressure abeve 20 psi Wae more expedient, partie-_
ularly since the pump was already installed because the preseure drops .
through both-tte heat trausfer and moment coefficient experimeute were
expected to te ﬁuch higher than actually found.

Two Power Instruments, Inc., torquemeters were used to determlne :
the torque on the shaft——Model No. 781-B~10 in the range of 0.5 to lO 0
gm-cm and Model No. T83«C~1 in the range of O. 05 to l 0 oz<in. (see
Elgure 10). 4 flexible alumlnum coupling was used to attach the torque‘Q '

meter to the Sheft with the porous cylinder to facilitate aligoment. It
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was estimated that approximately 5% of the torque readings could be
attributed to the shaft and collars and the remainder to the porous
cylinder; therefore, this error was ignored and the torquemeter
readings were used directly in determining moment coefficients. In
practice no torque was observed for the shaft and collars. Because
the torquemeter was attached directly to the shaft and rotated with
the shaft, a Strobotac strobe light was used to read the torquemeter.
Although it was intended to use the same motor and pulley ar-

rangement to drive the moment coefficient experiment as was used in the

Figure 10. Torquemeter
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heat transfer experiment, enough.viﬁration resulted to affect alién—
ment of the shaft. Furthermore; the synchronoﬁs motor éoﬁld not be
started sloﬁ eﬁough with a rheostat to prevent overload on the gm-cm
torquemeter when'overcoming the inertia of the shaft. Therefore, a
small brush motor was installed directiy in line with the shaft.
Because the brﬁsh motor had & low tdrqﬁe——h.? inélb—;reéiétance in
the flange bearings aligaing the drive shaft resulted in variations
in the rotatiqﬁél spééd. To overcoﬁe these speed’%ériatiohs; the
pﬁlley system wag connected with the synchronous motor turned off,
thereﬁy creating a flywheel effeét. Finally, the rotational speed

.. in the mohent~coefficient experiment was determined in the éame manner
as in the heét transfer experiment.

Figure 11 is a diagrem of the air system for the moment coeffi—
gient experimenﬁ; Although not previously mentioned, the air beariﬁgs"
required clean,;dry air aﬁ 100 psi. A large filter éoﬁtaining Dry-rite
as well as é porous étainiess steel plate and 0,8 micrdn filter papef-
was installed . in the main air supply line. 1In addition, Gélman7filt§r§
were placed. on the individual supply lines to the air bearingé (twé per
air bearing).

Figur§ l2:is an overall fiew of the moment coefficient equipmepf‘

Figures 13 and 1k are overall view of the entire experimentsl equipment.




Filters

Air Bearing
X]r' 2

Air Dryer and }_<::)
"Frictionless Rotating Vnion" Filter—> _

Sy A5

)

(re——

Porous
/Cylinder

"Frictionless" Packing
AJ Gland

Pressure
Regulator

1= <
>

Filters

=l

VZ\ Air Bearing

Figure 11. Air System for Moment Coefficient Experiment

—Ea_




O]

Figure 12. Moment Coefficient Equipment




Figure 13. Equipment (Overall)




Figure 14. Equipment (Overall)



IV. RESULTS AND DISCﬁSSION

Several factors limited the range over which injection rate épd
angular veloéity could be varied in fhe investigation. In the héaﬁ
transfer expé?iment the largest flow rate used was 350 gm/min because
of the low pressure a&ailable from the distilled watér system. At
very low flow rates and subsequent low ﬁeat transfer rates, the'tem—
perature difference'across tﬂe tank became toq small to measure
accurately., Thus, the minimum flow rat; varied from 20 gm/min at
76 RPM to 60'gm/ﬁin at 276 RPM. The lowest rotational speed évailable
from the pulléy:system was 76 RPM, Other rotationéi'speeds.uéed were
102, 153, 205, -and 276 RPM. At the next highest rotational speéd-— 
305 RPM——tob.ﬁﬁch vibration resulted, -

Injection rates in the moment coefficient experiment-Qaried from
400 gm/min to 1600 gm/min gt 60 RPM; - below 400 gm/min no sigﬁificant
éffect of injecfion.C6uld be detected, Sixteen hundred grams pef‘
_ minute was'theIMaximpm capacity of the pump. Injection was made only .
at 60 RPM sincélthe lowest Veévroratios were availsble at tnis spée@.
Below 60 RPM, ﬁﬁe drive motor rgpidly overheated because it had to be
"lugged'dowﬁ"'subétanfially'to maintaiﬁ constant speed. In determining
'mqment cdeffiéientlwithout.injectiong the lowest r§tational épeed used
wés 30 RPM bépausé fhe‘net tqrqué became very smell at this s§eedf;.
0.6 gm—cm. -The highest speed uSed‘was 363 REM., Indéed, the eccen-~ .
tricity of the .1p‘orbus cylinders made torque r,ea_din_éé ab6ve 200 REM

difficultlbécause of* oscillations.
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Figures lS'and 16 are plots of Nusselt number versus ReynoldST
number and moment coefflclent versus Reynolds number respectlvely, for
" a rotating cyllnder in a finite medium for the case of no mass trans—

fer, There is no published dath fdr the Nusselt number in the rangel
of Reynolds numbers used in this experiment. However, Rilgen and
Boulos (17) nave3published a signiflcant amount of:data for moment
coefficlent versus tlp Reynolds number (Re ) Comparlson of Flgure 17
and Table l,shows excellent agreement It is of interest, that whlle
in this 1nvest1gat10n the torque on the rotating cyllnder was measured
directly, Bilgen and Boulos, Taylor, and Donnelly determined the-torque
~on the rotating.cylinder by measurlng the reaction on the outer,cy1-
indetr Theodorsen and Regier determined the torque onh the rotating cyl—.
inder ty measurlng the energy required for rotation.

From Figure 16, it is clear that at a Reynolds mumber of 55,000."'
the slope of moment coefficient versus Reynolds‘number éhanges from
positive to negatiye. Data of Schultz-Grunow and Hein in Schllchtlng
(26) indicates transition flow.at a Reynolds number of T920. for small

. gap w1dth. Furthermore, the range of tlp Reynolds numbers used in thls-
experlment is well within the turbulent flow regime deflned by Bllgen
and Boulos (l?) It is beyond the scope of this 1nvest1gatlon to spec-:
ulate about the apparent flow trans1tdon at the Reynolds number of »
55,000, and tnere is not enough data-to Warrant d01ng.so. However, 1t?

is reasdnable to suggest that transition Reynolds nuibers may be.very;
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different dé;pehdihg on gép width.

Figure IS_is a plot of the ratio of the heat transfer éoefficiéﬁt'
with mass transfer and the heat transfer coefficlent withouﬁ mass |
- transfer vergus‘the ratio of the angular and radial velocities at the
cylinder surfa¢e. Figure 19 is a piot of the ratio of the momept co=-
efficient withfmasg transfer and thé momént coefficient without ﬁasé
- transfer versus the ratio of the aggular anﬁ radiai véiocities at the_
cylinder surfagg. Clearly, the heat transfef‘and mgment_coeffidiénﬁs
increase with méss transfer with.tﬂe'heat transfer coeffi;ieht in-"
.greésing mu;h more dr;matically.

There ié:hb'pubiishéd data for transp;ra£ion f;om a rétating c&lf .
inder.. Howevef, for the case of inséction from flat plates'and sta-
tionary cylinde?é in‘cfossfl6w, experimental dafa éhows the heat trans-
fer coeffic;éhtidecreasiné‘with mess transfer for turbulent flow. Al-
most Certainiy, the anoﬁaly can be gxplgined by examipation of the |
theory of thg iaminér suﬁlayer. The hypqﬁhesi? of a.laminar'sublayer' 
for turbulent flow must be guestioned for the tase of a rotatiné éyl—"‘
indrical suffacgl The de—stabiiiging'éffect of qepﬁrifugal fércé wop;dn-
be .expected t§ result in'secondary.flows_resembiing Tajlor‘vértiéés ) |
near the cyiinaridai sufféce., Such a phenomendn would not'be‘bbndﬁcifé
to thevforméﬁioﬁ of a leminar subiaygr. Therefore, it is hypothesized:
that no laminar Sﬁblayer éxists-on the surface of a rétating'cyiindér.

for turbulent flow. With traﬁspirationg the assumption thet no laminar
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sublayer exists can be more fdrqefully'gréued from éxperimentai aata.
In order to discuss this assumption, equétioﬁs for heaﬁ trapsfer and
moment coéffié;énts are presented.

Heat transfer for turbulent flow can be written as

- mC: _ -0 - &
9o = _2(T, =T ) =h®(T -T) = -k(l + ZH)ar
(o} .dr r o= Rc

By substituting R = r/R, end T = (T - T )/(T_ - T.), the equation for

5
the heat transfer coefficient isg

n® = -k [1+ fE)an
Rc" o /4R

R=1"
The force on'thé cyiinder-surface for turbulent flow with mass transfer
is given by equafion (11); the torque is given by equation (12):

(11)

FO = 21rR-QLVeoVrop _ 2mR_Lov (l”+ .&.:..Ni)(i a rve-)
g, _ 8a v /\r dr r'=‘Ré.
E ‘ 2%#2LVA v 2nﬁ2i ol . e/l d rv ’
and 9 = e g, rop - c P .G.+ _M)(; 9) . (12)
gq . 8o v J\r dr r = Rc
By substitu%iné R = :E'/RC and V, = ve/Ve , equation (12) becomes
s o . o .
. :2 ) N ) .
o o ZRIVV, o _ 27chLveopu(l . EM)d Rvel _ (13)
- 8. - v J dR R=1 :
. e . 2 2. : . ‘ .
By definition, C. = 7g /0.5mpV; R"L so that , x
. oo om e Bo c : 4 .
o= My g (14 fm)d-R-V?e ‘ . o aw
. V.. Re\ V) a& |R=1

86

(9)

(20)
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For the case of a laminar sublayer, the eddy viscosity;-e --gnd.- the -

M
eddy diffusiuitycof heat--eH——will be zero at the cylinder surface.
Then from inspection of equation (10), the heat transfer coefficient
would he proportional to the derivative %%3 which is & negative quanti-
ty. It is easiiy arguéd that increasing mass transfer would result in
el LAl
the magnitude of aR

would decrease. Thus, the hypothes1s of e laminar sublayer requlrlng

decreasing; hence, the heat transfer coefflclent

the eddy dlffusiv1ty of heat to be Zero at the cyllnder surface is
contrary to. the experlmental data. .

: ThlS analys1s is not appllcable for the eddy v1scos1ty, s1nce
from equatlon (lh) the moment coefficient is the. sum of two. terms.
‘However, iu is unreasonable td expect the eddy viscosity to be zeroc
at the cyllnder surface when the eddy diffusivity of heat 1s not To
argue so 1s tantamount to propos1ng that a 1am1nar sublayer exlsted '
in the moment.ccefflclent'experlment where one did not exist in the .
heat fransfer'cbefficient'experiment, even though’thelsame c&linders;

approximately the same gep widths, and the same range of Reynolds

: numbers Were used.

It is reasonable to ‘assume that the eddy V1scos1ty and the edij

d1ffus1V1ty of heat are dlfferent functlons of the radius, the ratlo

of angular and radlal ve1001t1es, the derivative d rv the Reynolds .
dr-
number and the Prandtl number, i.e., ' ‘
'—f('e a vy ) - R - (15)
ey = fylr,_8, - "8, Re . | o , 15

Vr .dr
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and = fH(rgxg,

V. dr
r

By d Vs . Re, Pr). (16)

From Figures 18 and 19, h®/h is 2.0 at LA /V. = 30,000, whereas C°/C
o To . > “m’ “m
is-only 1.5 at Vg /V_ = 250. Thus, the effect of the eddy diffusivity.
R o o . o . _
of heat on the heat transfer coefficient must be much more pronounced

than the effect of the eddy viscbsity on the moment coefficient.. Un-
’ o

doubtedly, the magnifude of €y must be significgnfl&,larger than the

megnitude of ;M‘ Probably, e; is a much stronger function of Vé/Vr

than is €y sinée for the case of no mass transfer, experimental date

from Knudsen and Katz (27) shows that e, and ¢, are not greatly dif-

H M

ferent for pipe. flow, &nd, indeed, in the absence of data, it is often

assumed that ey = %M.

In éddifion.to experimental values for the heat transfer aﬁd mo-
'ment coefficients, data on temperature and velocity profiiés would Qiso
be‘requi;ed to-detgrmine eddy viscogities ghd eddy diffusivities of |
heat; Althouéh:it would be'diffiqult_to détermine the fgnctional ée—
lationships in. equations (15) and (16), the problem is éompounded be=
céuée & single set of equatioﬁs cannot describe thé flow~in thé gap be-
tween concenfpic cylinders. Taylor (28) has shown that to account for
éxperimentalldata‘on velocity profilés the MomgntummTfanspbrt thequ
must be aépliéd:neai surfaces, whereas the remeinder of -the flow where

d Vo ig apﬁrOXimately zero must be described by the Vorticity Trans-—

dr
port theory. Finally, the nature of the porous cylindrical surfgcé




- 38 -

'would.make‘aﬁiahalysis of radial velocity extremely difficplt. Pérhaps,-

as 1s generaliy’the case with turbﬁieht.flow, further invesfigatiohoin

_ transpiration’from a rotatihg cyiinder should be of an embirical,.rather g

than a theorgtiéal, nature.




V. CONCLUSIONS

From this investigation of transpirational heat.and momentuﬁ trans-
fer frém'a rotating cylinder the fo;léwing conclusioné wereireached:

' I.' Heaﬁ ﬁransfer céefficiehts ﬁifh no mass transfer increaSed with
Re&noldé number but were not comparable to published data,

2. Momernt c¢oefficients with'no méss transfer decreased with Rey-
nol&s tiumber and were in excelleﬁt agreemehtlwith published
aa‘b'a. e#gept that

3. An appérent’flow trahsition was observed at a Reynoldslnumber

] of‘SS,QdO, and -

L, With transpiration? heat‘tfanéfer-and moment coefficients ine

© creased ﬁith-mass transfer with the heat traﬁsfer coefficiept
incréaéing much more dramétiéélly.”

Certainly, future investigations of traunspiration from a rofaﬁipg
cylindér should'invp;ve different ratios of insidé to outside cylinder
radii and different Prandtl mumbers so that the gap can be filled be-
Ttween published'heat transfer coefficients with ho mass transfer and
those values'iﬁ'this report. Changes in these variables may also lead
to a conclusion fegérding the apparent flow traﬁsitién found in the
moment coefficiént experiment. - Probably, an attempt to determine eddy
yiéqositieé and eddy diffusivities.of'heat forlthe case of mgés transfer
w&uld be exfremely difficulf so that éh empirical; rathéf fhan a ﬁheo—.
retical, approach ﬁould be more practical. With & sufficieént g@éﬁnt of

data, an. analogy between heat and momentum transfer with (and without)




- U0 =~
mess transfer for a rotating cylinder in & finlte medium with turbulent

flov may be possible.
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Table 2. Nomenclature

Constant, 32.17

‘Heat transfer coefficient

Heat transfer coefficient with mass
~ transfer L

.Thé}mal conductivity

- Cylinder length

Masé flow rate

-Ré¢e of heat transfer

Raté of heat transfer per unit area

Radius

.éylinder radius

Tank radius

Teniperature .

Explanation Units
‘Arée of cylinder £t
Moment coefficient dimensionless
Mbﬁent coefficient witﬁ'mass transfer . dimensionless
Heat capacity BTU/(1b) (°F)
-Gap width, Rt - Rc £t
Force on cylinder surface with mass 1b force
' transfer :
View factor diménéioniess

(1) (££)/(1p forée)(sec?)
BrU/ (hr) (££2)(°F)

BTU/(pr)(fta)(°F) ;

BTU/ (hr) (£4) (°F)
P
1b/hr
BTU/hr

BTU/ () (£42)
£t
£t
5

OF




Pr
‘Re -
Re,

Re

_-ué','_

Table 2. Nomenclature(contlnued)

-Angular ve1001ty

Explanatlon .'ﬁnits
Tempereﬁure at cylinder surface :éF..
: Temﬁereture ineide cyllﬁaer °f l
~,'ﬁefererce:£emperature - ‘°F.“
Tehperafure‘et tankIWall éF
:;Angulerlveldcify ft/éeé
.Angular velocity at cyllnder surfece ffr/sec
'-Radlal ve1001ty ft/see
_Radlal veloclty at cyllnder surface. m/A ft/éec
'_'Nusselt number hd /% 'dlmenslonlese.
.Praﬁ&tl number; v/o = C u/k dimensionless
',Reynolds number 2dV. /U dimensionlese.'
.fAngular Reynolds number 2R V /U .dimenslonless-
;}Tlp Reynolds number wR /U ‘ e dimeneioeless _
EStefan—Boltzmann constant : _ -BTU/(hr)(ft2)(°R§)fﬂ
 Thermal‘&iffuéivity; k/pdp 'f£2/hr:'
- __Emlsswlty | Qimersionless
,:-Eddy dlffu51v1ty of heat : ':ftz/h'r' |
't,Eddy vlseos1ty fﬁa/ﬁr .1
J ”Viécosif&l 'lb/(friteedj |
JKlnematlc rlsces1ty .fta/hr' |
- raéiens/eee
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Table 2. Noimenclature (continued)

Exﬁlapation : - .thits
5éﬁ;ity o . | | Y
‘Torque . ) | (ft)(lb’f;rce)
‘Torque with mass trénsfer N (ft)(lf force)
Beéidual torque S © {£)(1b force)
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Taﬁle 3. Experimental Data for Moment Coefficients

RPM
. 30

g
. 60

76
o
153
205

-, 282

" 305
. 363
60
60
.

60

60

m (gm/min)

T (gﬁ—cm) '

T, (gm—cm) |

o O O O O O O O O o

hos
800
1100
1400
1600

2.0

2.9
L.o

1.k
1.45
1.5
1.8
2.5
2.7
3.3
3.9
4.0
L.h
1.5
1.5
1.5
1.5
1.5
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Table 4 Experimental Data for Heat 'i‘ransfer Coefficilents

RPM m (gm/min) Ty (°F) T, (°F) Ty (°F)
76 be.2 90 . 58.75 .  ° 50.25
76 . 130.8 110 . 72.75 55.5
76 . 21.5 59 - 45 b2.5
.76 295.6° 112.5 80 © 56
- 153 - 130.8 - 107.75 56.5 .. hk.s
1205 130.8 112.5 s - - U2.5
102 .. 130.8 112 60.5 . 41.5
153 46.2 [ 41.75. - 37
102 7.3 92.25 - 50.75 38.25 -
153 7.3 106 0 38.25
153 A 223 CLLT7.75 T1.75 - 56.75
205 . 223 118.75 - 71.25 59
102- - 223 118.6 78 59
205 7.3 . 111.75 . 50 41.5
102 ° 46.2 78 46 38.5
102 350 109 81.2 62
102 30 60.7 40,25 36.3
163 350 107.5 76 61.5
205 ' 350 107.5 .7 62
153 59.1 86 45.2 3.7
205 59.1 88.6 45.3 39.5
153 295.6 110 73.75 57.8
153 -. = 1%0.8 111.8 61.9 48.4
153 .. . 200 118.75 73.2. 58.1
205 4o 72.75 41.6 38.25
153. - ho 72.9 42.9 38.4
205 203.4 118.9 70 57.4
102 203.8 112.1 70.7 51.6
205 . . . 103 - 110.6 52.5 42.25
262. 103 116 49.9 42.1
102 - 103 . 109.4 58 40.8
276" " 350 101.4 67.75 58.75
276 . 200 111.5 60 51.25
276 7 94.3 - 41.8 36.3
276 150 - 107 51.2 43,1
205 L6.2 80.6 43.8 39.5

7% - T 101,75 66 55.75




"FRTCTTONLESS ROTATING UNION"

The principal desién criteria'for the "frictiohless rotating union"
was that there.he no mechanical friction_and'negligible viscous’friction
in %he“device{ These criteria were met by the device deséribed in the

-Equipmenf'seétioh of the thesis. The concept of.a-device consisting of.
a chamher fiiled with injecfion fluid ih which leakage through the gaps
between the chamber and the rotating shaft was prevented by air pressure
uas rather ea51ly transiated into an operatlng plece ‘of equlpment |
.Operatlon.of the "frlctlonless rotating union" was considerably
more dlfflcult than des1gn.‘ At fluld pressures less ~than 20 ps1,‘a1r
entered the fluld chamber from the lower air chamber even w1th no air
pressure on the lower alr chamber. .On the other hand, at 20 psi pres-
sure oh the fluid chamber, the requireq'air pressures.oh the'upper and
lower air'chahhers.for suitable operation were 40 psi and 2 psi, respec-
tively. Cleariyg.operation of the device was more‘art_than science and
required considerable technique. 'Unequal tolerances between the cham—
bers and the rotating shaft and the extremely complicate& flow in.the
fluid chamber may have accounted for the W1de range of pressures in the
device. However to obtaln experlmental data, it was‘only necessary to
adjust air flow rates so that all the 1njectlon fluid entered the shaft

a technlcal-explanatlon of flow phenomena-was not requlred;
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