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The heat traansfer by convection in the annular gap
' etween tre rotating heated inner cylinder and the stationary
sater cylinder was deterniined in the air, at various rotational
s;eecls, and variatle beat inputs. The resalts show that the
c'nrecteristies of the heat transfer have two nodes.

4t low rotational speeds, nariely when( 2% Ig;)<l39,
tre rent tronsfer is not effected by the rotational speed,
which is pertra.s due to the laminar flow, and the heat transfer
Ly coaduaction and radiation predoninates.

.t hirrer speeds of rotation, which makes the Taylor
nuster greater than 39, the heat transfer increases with ‘
rotatinaal speeds. This is perhaps due to the inflauence of
sceccadary vortices induced by tre centrifugal force. In this
range the hcat transfer ray be expressed Ly

UL = 152 ( EhI(E~) «52 f5pr air only where
) y K

U denotes the over all heat transfer coefficient
trrough the gap, ¢ the widih of the gap, K the therrial
condactivity, Y the kineretic viscosity, & aad V are the radius
aad rotaticaal peripheral velocity of the rotating cylinder.
The noxisiu: ceviation was found to te 164 . The experinental

results o' tained were conpared with those of previous workers,

and foaaid to Le in reaszncily godd agreenent.
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NOMENCLATULRE

Cylindrical sQrface area of the test section, ft?
width of the annular gap, cece e fta
length of t he test section , csasee ft.
radius of rototing surface, eccesa ft.
diémeter, ecsc s ft.
angalar speed of rotation, eeese. rad.ssec.
periphreral val. of rotor surface , cecee ft. /sec.
thernal condictivity of fluid, Btua/ft.hr °F
kinenetic viscosity of t hre £flaid, ... . ft.%sec.
absclute viscosity based con mean temp., 1bs /ft.sec.
dénsity of the fluid, 1bs s£t.2
accelaration due to gravity, . ft./sec?
coefficient of volumetirie expansion, 1/CF

overall cbnvcctive keat transfer coeff. Btu/ft?hr oF
stephan Boltznan constant
entissivity

temperature difference tetween inner and

outer cylinder, cecns op
aksolute temperature , .« e °K
tenperatire of cecolings water at inlet, °p
temperature of cooling water at outlet, oF

nean tenperature of the fluid (tr+ls)/2,bF

rate of tectal heat flow Lty comvection and

radiaticn, ceae Btu/hr.
rate of reht flow by convection Dti/hr,
rate of heat flow ty radiation ceee Bta/hr,

Rote of cooling water flowing per tire

Taylor nurker, cee e %F ’%
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Nusselt nuanter c oo
Prandtl namber , goas
Grashof nurter , e s ew
eynolds nunter, co e
SUFFIXES

refers to t he rotating cylinder
refers to the stationary cylinder

referes tn the convection
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The sirplest case of concentric cylinder flow is that in which
no axial flow occures. In this case the flow is actuated only
Ly the rotaticn of one of the cylinder.

Tre prinary protlem is to investigate those variatles
which esntrel the rate of Feat transfer in the air gap Tetween
a rctatin: i:mner cylinder and the concentric outer cylinder.
The first factor on which the hecat transfer depends is the
flow recuietry, or in this case it can te represented as a
éirensinnless curvature factor, which can ke expressed as the
tatio of t e rotor radius to gap width i.e. & .

st the start of this work, it appeareg that for a fixed

gecnetary the rate of heat transfer in the gap would depend

on the follnwing variakbtles.

1. Speed of Rotation

2. Tenperature gradients at walls annulus

3. ixial velocity of the fluid in the gap

4. Surface roughnes in air gap due to teeth,slots,and cowe

. laninations. '
5. Intrance effects caused bty developrent of btoundary

layer flow in entrance region of air gap
In the prescnt stady, the aanulas is forrmed ty rotating smosth
ianer cylinder and stzticnary oater cylinder. This is chogsen
in srder to elininate, as nearly as possitle, the surface
o1 Fnes and entrance effects present in actucl rotating machineé
an this sirplifying tre actual ccmplex proltlen.

anstrer variable is trhe speel of rot-tion, which
deterrines whether the gap deynolds n?mber Lased on rean speed

»f rototion is telow or atove the critical value.
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INTRODUCTTION

Heat transfer bty convection in an annular gap tetween a
retating inner cylinder and stationary outer cylinder occurs in
various rotating machines such as electric rmotors and generators.
Careful heat transfer analysis in the design of electric rotating
machinery is necessary not only to prevent exceedldlng raterial
temperature limitations, but also to enalkle size reduction and
increase in rower rating.

Considering tre conventional electric machines, the rotor
is the inner movins cylinder of the annular gap, and irreversitle
electrical, mechanical, and ma;netic processes within the rotor
and stator result in generation of beat throughoat the nachine
fan illustrati:ﬂ of the cverall thermal analysis of the relatively
sirple electric machine, narely, a srall D.C.Motor is found in
the paper ty Kaye and Gouse. It is well known that the heat
generated within the rotor bty " Core', "Copper" and other losses
results in excessive tempeyatures unless this heat is rercoved
in an orderly fashion ty ccreful design . 4 portion of the keat
generated in the rctor is removed by the axial conZuction through
the shaft ond sore is removed also ty convecticn from the onds
of the roter to the air witkin the machine housing. Ilowever, in
many elcctric nackines nuch df the heat gencrated in the rotor
is tronsferrcd from the cylinderical sufface of the rotor to the
air in the zir ~ap. Frequently cnol air from the fan or lLlower
is often frreed through this air gap in the axial direction.
Otker 'wcrns of colling rotors,‘employing ~a1cts f-r ianternal

air or liquid colling, alsc have lieen uatilizecd.
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The sirplest case of concentric cylinder flow is that in which
no axial flow occures. In this case the flow is actuated only
by the rotation of one of the cylinder.

The prinary protlem is to investigate those variatles
which ecntrol the rate of reat transfer in the air gap tetween
a rotating iLmner cylinder and the concentric outer cylinader.
The first factor on which the heat transfer depends is the
flow reovitetry, or in this case it can be represented as a
Cirensicnless curvature factof, which can te expressed as the
ratio of t he rotor radius to gap width l1.e. B .

uat the start of this work, it appeareg that for a fixed

gecmetary the rate of heat transfer in the gap would depend

on the following variatles.

1. Speced of Rotation

2. Temperature gradients at walls annulus

3. ixial velocity of the fluid in the gap

4, Surface roughnes in alr gap due to teeth,slots,and cowve
. laninations.

5. Entrance effects caused bty developrment of boundary

layer flow in entrance region of air gap
In the prescnt stady, the aanulas is formed by rotating specsth
ianer cylinder and staticnary oater cylinder. This is chogsen
in srder te elininate, as nearly as possitle, the surfacec
rou: knes and entrince effects present in actucl rotating machineé
and this sirplifying the actual ccmplex proltlen.

astrer variable is the spee” cf rotr-tion, which
deterrines whether the gap Reynolds n?nber tased on rean specd

sf rotation is lLelow or aktove the critical value.
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The second variatle is the temperature gradient at
walls annulas which effects greatly the heat transfer. The
tenperature gradient depends upon the-heat input to the test
section, which can e varies according to the requirement.

Finally the Frandtl numter, which is a Juncticn of the
fluld properties alone , and is a measure of the ratio of heat
transmission and energy storage capacities of the nolecules, also
effects the heat transfer characteristics. 1In the present
investigation experimentél data on heat transfer through the
alr gap with rotating inner cylinder and stationary outer
cylinder, without the axial flow have vLeen reported. The inner
cylinder is heated électricallf at a uniform temperature. The
outer cylinder is water jacketed and theﬁ finally insulated
from the surroundings, in order to keep the stationary surface
at uniforn ﬁenperature and to measure the total heat passing

throagh the annulus.
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SURVEY OF LITBERATURTE

Although a considerable amount of research work has
already been carried ocut on heat transfer and fluid flow in
annuli, it‘has not been possible to determine the combined effect
of all the factors actually enceountered in practice due to the
complexity of the problem . In fact, 1t appears that the
relationship between the rate of heat transfer, speed of
rotation, and axial flow, are guite complex even if the surface
and enterance effects are not faken intc consideration.

: Fluid flow in ducts and passages of various shapes has
been studied quantitatively almost for two centuries. A

speclal type is the flow in an annular ducty one limit of
annular flow‘corfesponds to flow in a simple duct when the inner
- surface of the annulus shrinks to zero size fer a fixed size

of the outer surface, a second limit of annular flowcorresponds
to flow between parallel plates when the annular gap or opening
shrinks to zero size for a fixed size of either the inner or thé
outer surface of the annulus. If new we consider that one of

the concentric surfaces forming the annulus can rotate, then it
is possible to cornbine suqh rotation with axial flow of fluid
through the annulus to produce different and interesting flow
cortinations. Perhaps Ostorne Reynold in 1883 was the first .
person to investigate the axisl flow in annular passages without
any rotation.G.I. Taylor(3) in 1¢23 analysed mathematically the
stability of incorpressiltle Viscous flow in a narrow annulus
Tetween rotating concentric cylinders of infinite length fer

the case ¢f zero axial flow.
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He assuaned snall pertartations in the velscity corponents of
the Ttasic equations of laminar flow 3 he then expanded the
snlati~n in a series of Dessel Jjuncti-ons, and finally solved
trhe resulting infinite deterrinant for the lowest values of
the speed of rotation for which the pertuartations would grow.
Te s-eedof rotation for which the laminar flow treaks down
and ot wrich the perturtatisns grow, leading to the forration
of sec:ndarly Taylor vortices, is called the critical speed.
Taylor ol tained the following equations for the

critical speed for zero axial flow btut with rotation 3

We? - Y R +A) 2 1
2P b> R '
where Wc = ingalar critical speed of rotation
Pz .0571 (1=.G52 L) 4 .00056 (1-.552 b )+ 2
R R
T T
Rr = radius of rotating cylinder
g = radius of stationary cylinder
t = gap width
r % = kinemetic viscosity of fluid
lat Rn = niean gap width
Br_+ RS
= ————é-———

for liniting value of 2 o ¢

The wvalue of ? is . 0577

Taylor also defined a dirensi-nles factor

7
Ta = Taylor numter = wc %ﬁ‘//;/ ceea 3
)J
and (Ta)g = 41.2
end @e), = 41.2%2&yt ceee 5



For any finite value of h he ottained

Tm

We = Wec)o Fg cieesecs _ 6
Where Fg is the geometrical factor and is a jimetion -{

, Which is given by

2
Tbo= Zi%E' (l'b/232_1 » p-1 feeesena 7
G.I.Toyler(3) predicked that for values for speed of
rotticn less tlan Qc, the flow in the annulus would be
st=lle and laninar, where as for speeds greater than Wc,
tie flow wzild te unstatle with the formation cf steady sec-
n1dary flew inthe form of pairs of counter rotating donghnut
sroped vortices. These vortices are shown schematically in
Fig. 1. I'e also showed that t he critical valie of the gap
Reynmoslds nivter is given by

(leg) = 41.1(1'{/}))-% ccsse e 8
Taylor (3) confirmed experimentally the atove expressions
frr criticnl velocity ( for ne axial velocity tut with
rotation,) as well as the existence of t he pairs of
vortices Lty uasiag the flow of water bhetween verticai
cylinders witk zero axial velocity and ty injecting dye
et veri~us points in t he annualus. Taylor 2lso investigated
tre sxial flow with rotation.

I". Lewis in 127 confirred experimently Taylors

ox ressi-ns given in equati~rns (1) and (8) for zero axial

velocity *v akserving the motion of ninute particles

gsasneaded in viscous fiaids...
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He also observed that once the Taylor vortices are formed, as the
- speed of rotation is then graduaally reduced , the vortices persist
to lower speeds than the critical speed at which they originated.
This phenomenéﬁis similar to the persistence of turbulent flow

in round pipes to Reynolds numbers less than the critical value

of atout 2000 as thke velocecity is gradually reduced telow the
critical value.

F. Jeffreys in 1928 investigated mathematically the
stability of the layer of incompressible fluld with a decreasing
ternperature in the vertically upward direction.

S. Godd Stein (5) iﬁ 1€37 analysed mathematically the stability
fw of the incompressible viscous fluid. Using the method of the
Inx small purturtations, and using severe approximations, he
found bty numerical integration the critical speed of rotation
for which the laminar flow becomes unstatle. Tor no axial
flow his value of the critical speed agreed with that of Taqur(4).

Shih I.Pai(é) in 1943 studied experimentally the turtulent
flow of air iman annulus ketween a rotating inner cylinder and
an outer stationary cylinder for zeroc axial flow. He used a hot
wire anenoneter to rieasure the mean valocityand the root mean
sgaare fluctuations of the velocity , and also measured the static
pressure distritution,qﬁlong the ﬁnnulus. He concluded that both
the steady moticn of the Taylor's vortices and the random motion
of the turtulance were present.

W.H, Hagerty in 1¢50 utilized the optical properties of
solations of glycerin and water to study the flow Patterns in a
short annulus Letween a rotating inner cylinder and stationary

outer cylinder wilthout axial flow.
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Other 1nvestigators also studied some of the cases without
axial flow with differecnt variables and different toundary
conditions. These studies were found in papers of S.Chandra Shakar
and H. Schlichting.

J.Kaye and E.C.Elgar (9) investigated the flow inan annular

gap with a rotcting inner cylinder by the hot wire method and !E

b

photography. Their findings confirmed Taylor's predictions.
i
Ke 4 by thee
, ot !
Tre heat transfer -charactistics were studied; however

Fig 1 is the schematic picture of vortices, which were

generated in the gap.

the results were presented qualitatively but not guantitatively.
F. Tachitana, S.Fukui, and H.Mitsuoura(10) in 1960
investigated, as a simplified case, the heat transfer between
an inner rotating cylinder and a stationary outer cylinder with
out axial flow with variocus gap widths, rotational speeds,
redii of the cylinders, and different fluids. They used five
sizes of the annalar gap : 083,1.97,4,6, and 10 nm in the
cylinder of 58 mm diameter, and and four sizes 2,12,20,and 55om
in the cylinder of 120 mm diameter.
They used thermisters for measuring the surface
temperature of the rotor surface . They evaluated the heat
transfer in the air , spindle @il and motilioil- for a range
of Raynolds nunmker from .84 to 4.7 x 10% ana Taylor nunbter fron
0.49 to 4.5x10% with th§ rotational speedsof 3 to 2840 r.p.m.
The radii of the inner cylinders were 292, and 60 nn.
. It was predie@ted that when the rotational speed was low with
%tle narrow gap in #he” air, the over all heat transfer coefficient
was smaller. Adadiation and conduction govern the major part of

of the whole heat transfer.
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Accordingly the heat transfer was not effected Ly the
rotational speed.
When the rotational speed was increased and

the width of gap was large, and the square of the Taylor 27

e mm R e

nuniter difined as'

Ta =¥k JL ___ .. o
>y r

exceeded arout 1700, a secondary vortex was generated by
the centrifugal ferce, and the coefficeent of heat transfer
¥wg®s increased with velocity increase. In this region it .
was shown that the radiation and conduction tecome less
prominént, and the convection of the secondary vortex

was ‘preédoninating '+ The experimental data were correlated
ﬁgg\the Nusselt nuaber and the Taylor numkter.

By this correlation the influence of the radmus)
gap width and rotational speed were rcpresented Ly one
straight line. However , recause the Prandtl number
of the fluid again/éffect&the nusselt number, the daﬂé&}
were rearranged by tre Prandtl number of fluid and .
represented by other straight lines. In their paper the ordhate
was N&é% and the atscissa was (Ta)? for TaZ» 1700 ’
they found good agreemnent of data with the equation

Nu = .21 (Ta2 rr)h oo 10
This flow in the annulus was a sccondary
steady flow in the form of pairs of counter rotating
vortices and the vortices continued regularly in the

stripe pattern.
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This machanlisz of heat transfer in the annular gap is similar

to that of the air gap of the enclosed horigontal parallel

planes when the heat is transferred from the lower one to
the upper one. For this case the next equation was given
by Jakob:

_U_;_b_ =00196 GI"Z‘ . s e & v @
X

( 4x20° > Gr > 10%)
Where U is the overall heat transfer coefficient from the
lower surface to upper one. As the motibt®h force of
convection is centrifugal force in the case of a rotating
cylinder, the centrifugal force term ¥? , Wwas sutstituted
for the terr of the buoyancy force g gAt in the above

equation then:

Ub = .195 q§%§§ .R%_;i%

K
This equation is applicatle only for air ,so
it is rewritten Tty assuning that Prahdtl nunker is(i?i,
as follows:

op = @21 (¥%? .p LBop)f
K P2 2

Which is the same as egquation (10)
In this pa er it was further predicted that
the atove equation can te applied upto Ta? = 1010 even

though exceeding the Grask of limit 4 x 10° .

In reference (10) it has been shown that when the rotational

speed was low at srall gap widths, and when Ta2>-l7oo , the

flow in the annalus was of the laminar character and the

heat transfer Ly conduaction aad radiation was prodominating,

and in addition the effect of natural convection was super

imposed.

1l

12

13
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For alr this effect was shown to ke small, tut for often
liguids it was rather large as the product Gr.Pr exceeds

104 the experimental data agreed well with the equation
Nu = .11 (Gr.kr)=°

Further for Ta > 1000, the heat transfer
coefficent can not Le represented by the aktove equation
as the flows due to rotation and natural convection are

super inposed on each other.

14
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STATEMENT OF THE #ROLLLEM

The main objectivefof the presant work were

the following:-

.

1, To ottain heat transfer data through the

- air gap from;&otating inner cyliander at constant
termperatare to bﬁ%gétationary oater;cylinder at unifornm
tenperature.

2. To correlate from the experimeantal data the
non dimensional heat transfer coefficients in the form of

Taylor Numbter and Nusselt Nunmter

3. To compare the results with those of other

investigators.
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‘3.1 Photogrzphs on page /é shows the general view
of experimental set up . The details of the complete
assenlly are shown in the separate assembly in ¥igure 2

The equiprment has an indirectly heated inner rotating
cylinder, the outer and iﬁner diamentefs of which were
3.5/15 and 3.1/8 inches respectivelys; and was nade from
i.0.ripe 18 inches long. The test section is nearly in the
centre and is only 1lz". Tre remaining portion on toth sides
of the test cylinder was used to serve as the guard section
heater upto 4 inches fron right, the cylinder had a knarling
portisn for fixing the 10 sliprings,each guard heater
section on toth sides is 1% inches long. Each section was
heated Ly means of nichrowe wire provided in the heater
assently, the details of which are separately shown and
discissed.

3.2 lgater assenk.lys?

Fig. 3 shows the details of the Heater assembly
the Central pipe is 3" standard G.l.ripe and 27 inches long.
This is having 4 nos. 3 inch dia. holes in half of the
portion of the pipe as skown. The 1,/8" asbestos rope soaked
in plaster of paris was wound on it upto 2.3,/4 inches
dianeter, leviag the holes. Over the astestos rope, the
plaster of paris nixed with ~um was cast in order to nake
the dianmeter of alcut 33" leaviang the holes. This was then
tirmed on la‘he to makethe correct dianeter of 3.1,8". V

threads (10 threads per inch) were cut on this as shown.
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The 24 é.w.G. Jichrome wire was wound in the
thread grooves in 4 sections the leads were then taken out
through the twoe holes in the silica tukes, which were fitted
in each " hole. The enlarged view of the silica tute
fitting is separately shown in the figure. To avoid the
short circuiting of the heater lead wires, a 16 S.W.G.
eﬁamelled copper wire was used and on which again geood
quality glass sleeves were pushed on them upto the rooct of
the silica tutre.

3.3. Stationary outer Cyliader:

It was made up in three p.rtisns separately, the
two guard sections on either dide and the test section in the
middle. The test sectibﬁ vas Jjacketed by another cylinder of
5" dia and 1% inches long. The details of the test section
are shown in Fig. 4 The inner cylinderical portion of the test
section was made from 1,L8" thick coppér sheet and was of 4"
ianer diameter and 14 inches long. The outer jacket was
made from 16 Db.G.M.S.Sheet to form the 5 inchkes outer
diameter and it was 1% inches long.

The jacketed cylinder was provided with two 1,2"
G.I. sockets, which were used as inlet and outlet for the
cooling water. One etonite ring of . 4" inner diameter ,

4% inches outer diameter and 4+ inch thick, was fixedon each
sidé of the test section by means of aAraldite, Two thermo-
coaple janctions were also fixed on the inner sarface of the
test section and the thermocouple wires were taken out
through a 1,8" dia. hole in each etonite ring. These holes

were then closed by 4Lraldite.
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On each side of the test section the guard
section stationary pipe ( 4" standard G.I.Pipe) was fixed as
shown in the figure 2.

Therﬁccouple Juanctions were placed in the inlet
and outlet water sockets ty passing through 1,8" dia holes,
which were finallf-closed by Araldite adhesiwue.

After fixing all the thermocouples the water
Jacket was completely heat insulated from the surroandings

Ly providing abtout one inch thick laver of astestoss

3.4 L{e_amz__sxﬁm

As a continaously low voltage supply is reguired
iadividuaally to all the 4 séctibns of the heater, a power
transformer is used teo supply 55 volts from its fixed tapring
of the secondary. The input is 230 volts to its prinmary
dide. One rheostat (capacity 5 A,45 Ohms) and cne ammeter
(0-£4A), were connected in series with each guard heater, and
finally each heater along with the rheastat was supplied 50
volts individnally as shown in Fig. 6

The test section heater was supplied power
directly from an autotransfer variac . The voltreter and
ameter were also comnected to measure the power supplied to
this section.

3.5 TITemperature Measurement:

Copper constantan thermocouples made from 24 S.W.G.
enonelled thermocouple wires manufactured by Leads and Northru%
Co., Philadalpria, U.S.A., were used to measure varioas
temperatured.
| Thermocouple junctions were made by fusing the

two wires Ly mercary arc. Fig 7 shows the electrical circuit
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used for making the thermocouple junctions. Akout "
insulation was fully removed from the two ends of the wires
and than twisted; Avout 15 volt was tapped from the auto
transformer and the thermocouple junction end was made to
Just touch the mercury surface, giving rise to spark and
consequent fia sing of the two ends . It was necessary to get
as perfect as possible truely spperical beads in order thuot
the junctions have only a point contact when fixed to the
surface.

The stationary thermocouples were connected
directly to the selector switch. However in the case of the
rotor thermocouples a more complicated circuit-amy was
required to compensate fbr sliprin; connections.

- The schematic for the rotating temperature
measurement is shown in TFig 8. The thermocouple leads from
the roteor x surface were Lrought te the slip rings separately
through the key way in the rotor. Bach lead of the thermocouple
wires was silver so;dered to the copper slip rings. One
copper brush rode sn each slip ring which was connected to the
sarie material lead wire as the respective slip ring. The
lead comming originally from the copper side of the
thermocouple was connected directly to the selector switch
However the lead comming from constantan side of the
thermocouple was atilized to form the cold janction. The
copper lead commin: from the cold junction was then again
brought to the selector switch.

Flve thermocouples were fixed on the rotor as
shwon in Fig. 2 . Two thermocouples were fixed on the stator
inner surface by passing through a 1/8" dia hdle in the

etonite ring.
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Two thermocouples were used to measure the inlet and »~utlet
tenmperatare of t he colling water. The thermocouples were
fixed on the surface so that only a point contact as far as
possitle is obtained between the surface and the Janction.
This was achieved by providihg good wuality insulation
sleeves to the lead wires individually.

Cold junction of-all the thermocouaples were
insulated from each other by placing them in separate gla-ss
tules filled with kero§ine oil . This was necessary to avoid
the short circuiting of the thermocouples through the rotor
or stator surfaces the thermocruple junctions were then
dinped in these glass tutes ( i/8" diadugto a depth of atout
4™ i.e. nearly upto the tottom. All these tutes containing
thermocouple junctions were placed in a thermosflask,filled
with crushed ice. The crushed ice is than again pressed in
from the top so that it has a good contact with the tabe. &
small amount of water 1s also poured in, to ensure the
uniforn temperature of 32° F though out.

4 twelve point selector swithc was used to
conect the desired thermocouple to the temperature recorder.
The L.M.Fs. were neasured with a sin;le point speedomex o,
continuously adjuastakle dzar Recorder, manufactured by M/s
Ledds and Neorthrip . For neasuring the temperatures of the
stationary surfaces (i.e.,low temperatures) the 0-2 range was
1sed , wkhile for measuring the higher temperatures of the
rotor the range of 0-10 was used.

The surface speed of rotating cylinder was

calcalated Ly measuring the surface speed fof slip rings (43"dia)



=9

with the help of a speedoneter . Knowing the surface speed of
slip riags, the surface speed of the rotating cylinder of

3.5,18" diameter was computed.
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The currents in each part of the heater} was adjusted to attain
a steady value and the same temperature of the rotor surface

( as indicated ty the constant reading of five rotor
thermocouples with the help of the temperature recorder). The
flow of water was adjusted to get a temperature différence of
about 29F. During this interval the water flow rate was
neasared several times . At the steady state, out puts of all .
the thermocouples were noted with the kelp of the selector
switch and recorder. The voltage supplied to the main test
section heater was also noted.

The electrical input to all the heéters was increased
in steps for the same rotational speed and the readings were
taken at the steady state for each set. Similary readings were
taken for other speeds of rotation of the inner rotating
cylinder.

All the otservations and the results of calculations
were tabulated in a convinient form as shown in tables I & II
various colurms in these taktles represent the variables as
indicated telow:

Colurm 1 ¢ S.No., it represents the Run Number
Colurm 2 ¢ Vs, Sarface speed of slip rings,ft/muin.

Column 3 v " Peripheral velocity of the rotatin; test

e

section ft/sec}

Colum 4 : *r, Terperature of rotating surface,®F
Columm 5 s ts, Temp. of stationary surface, ©F
Polumn 6 : t , Tenp. of inlet water,®F

Colum 7 3 t2 s Temp. of outlet water, °F

Colurn 8 ¢ W,oz/min, Rate of cooling water

Column € ¢ E, Input volts to test section, volts
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BXriATMENTAL PROCEDURE aND TADULATION OF DT

Before starting the experimentation, it was necessary
te check that all the thernocouple reference junctions which
were kept in the individual glass tukes filied with kerosine
were at 32°F. For this all t he tubes were taken out fron
the therrosflask and the thermocouples were pushed in the glass
tubtes if necessary. The thermosflask was cleaned and filled
with crushed ice upto three fourth of its height, the tutes were
placed in it and then again the crushed ice was filled from the
top. Small amcount of water was added to ensure uniformity of
terperature. The selector switch was rotated around for akbout
4 times to ensure good contacts at the switch. The temperature
recorder was first switched on, and after allowing for the
warming time, the outputs of all t he thermocouples were noted.
It was observed that all the thernocouples were at the same
temperature,which confirmed that all the reference Jjunctions
were at the reqguired 32°F temperature.

The speed variator motor was started and the speed
Lrought to the required speedj; 1y measuring the surface speed
of rotation at the slip ring with the help of a speedoneter.
aAgain the cutput of the thermocouples were noted and 1t was
ensured that al; the thermocouple measuring junctions were at
the sare tenmperature and the reference janctions at a other
same temperature. |

The cooling water was allowed to flow arrcund the
jacket . *he FEeaters were also switched on. Feating was
continued for akout half an hour till the steady state was

reached.
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The currents in each part of the heater} was adjusted to attain
a steady wvalue and the same temperature of the rotor surface

( as indicated ty the constant reading of five rotor
thermocouples with the help of the temperature recorder). The
flow of water was adjusted to get a temperature différence of
about 2°F. During this interval the water flow rate was
neasured several times . At the steady state, out puts of all
the thermocouples were noted with the kelp of the selector
switch and recorder. The voltage supplied to the main test
section heater was also noted.

The electricél input to all the heéters was increased
in steps for the same rotational speed and the readings were
taken at the steady state for each set. Similary readings were
taken for other speeds of rotation of the inner rotating
cylinder.

A1]1 the otservations and the results of calculations
were tabulated in a convinient form as shown in tatles I & IX
various colurmns in these tatles represent tﬁe variables as
indicated below:

Column 1 ¢ S.Ne., it represents the Run Number
Colurm 2 ¢ Vs, Surface speed of slip rings,ft min.
Column 3

<

Peripheral velocity of the rotatin; test

section ft/sec.

Column 4 : *r, Terperature of rotating surface,®F
Column 5 3 ts, Temp. of stationary surface, ©F
Column 6 = %, , Ternp. of inlet water,®F

Column 7 = t2 , Temp. of outlet water, °©F

Colurn 8 : w,oz/min, Rate of cooling water

Colurm € 3 E, Input volts to test section, volts
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*
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(1]
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Rate of total heat passing through the
annular gap (per hr.) by convection and
radiation

Rate of heat passing te stationary
Cylinder by radiation, Btu/hr.

Rate of heat passing to stationary

cylinder by convection (QC—Q JBtu/hr.

rad

Over all heat transfer coeff. by
o

convectien, Btu/ftzhr 'F
Mean temp. of the fluid(tr+t83,°F.

| 2
Kinematic viscosity of fliuid at
tm,ftz/sec. 7
Conductivity of fluid at mean temp.,
Btu/ft hr OF.

Nusselt number Ul

K
Taylor number Vb kb
> 2

Square of Taylor number
log. of the square of Taylor number

log. of t he nusselt number.
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TEST RESULTS AL1D CORRBLATION OF DaT.a

The experimental test data was ottaine” ty rotating the
Inner cylinder at different speeds, and for each speed the hezt
input was varried for a wide range. The data thus ottained is
presented in takle I & II . The experirental ronge covered

is given helow:

1. Rotational speed : 15 R.P.M. to 400 R.P.M.
2. Surfzce temperatures 100°F to 300 °F

3. Heat input 0-70 Btu, hr.

“. Taylor numkter 15 to 300

Most of the heat input of the test section is
dissipated Lty convection and radistinn frer the test surfoce
tc the stationary surface; this was cornputed bty neasuring
the temperaturc rise of cooling wrter ond its flow rate. The
conling water was made to flow around the test stationary surface
only. While calcﬁlating the con—ective reat transfer
ccefficient the radiation loss fror the surface was taken into
account to avoid the heat flow ty conduaction axially, the '
gaord heatefs were provided which maintain the saome
terperature as the temperature of the test secticon.

The radiation heat trensfer can e computed fron
the equation

B 4. 4
= Fu € ~T
Q. ., = Fasge( 5T %) U |

The value of ernisivity ¢ for nild steel was taken
as .8 and that for copper as 0.78 and tren the conlkined
erisivity and stane factor F1—2 was calcalated as 0.787
using the eg-iation

r = 1 ccssea 2
- 43 + =1 )
F+('1'e‘,‘l) 2, (I

&2
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The radiant heat transfer was then calcailated Lty
using the following equation

g dp 4y
Fl-g “lq‘ (Tr -TS ) ® e o e & 00

Q

rad
whrere O = Doltzman constant
Heat transfered by con%ection is then ottained bty suttracting
the “eat transfered by radiation fron the total heat

trensfered Q, =Qe-Q The over all convective heat

rad °
transfer coefficient is otrtained ty

U. = Heat transfered bv convection
alt-tg)
Where A is the area of rotating sulrface‘ under test and
tr’ and ts are the temperatures of the rotating and
stationary surface respeciively.

In defining the Raynold number(%??for rotation,
charaéteristic diameter D, has to be specified. For flows
throﬁgh a section otler than a circular one, usually an
equivalent diareter is ased for D. Mokt of the investigators
in the field of annulus heat transfer have used equivalent

diameter as four tirmes tre hydraulic radius as
2

7 (Dy7-D, % )
De= 4 . 4
(D2+Dl?
= (D2—Dl )
=25

where t is the gap width,
Vr is rean speed of rotation of the outer stationary and

inner rotating ecylinder (i.e.V, =¥ )
2

Thus the mesn reynolds nimter (UzD )=_¢2$42h
¥
= Vi

v
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Similarly trhe Taylor number is defined as the
product of mean Reynolds nunter and the dimensionless
cauwature factor i.e. (T, Eh ,rﬂ ) for the purpose of
present investigations, these di?lnitinns have Teen used

45 the data on coefficient of heat transfer by
convection is frequently represented in non dimensional
form, involving characteristic gulantities fof the syster

the data has been corralated bty the equation of the form
N = c(T > (Pr)? ceene. 4

A11 the property va;ues have Teen evaluated at the
rmean tenperature of t he rotating and stationary surface.

Even at high beat inputs and low rotational speeds,
the difference between surface temperature is 60 °F, the
variation of the Frandtl numter for air 1is very small, of
the order of 1.0% its influence has teen neglected? for
the air only. Thus the correlation is represented for air
in the form of

Nu = C(Ta)" ceeeen 5

& graph was pleotted as shown in fig © with
logarithm of the square of Taylor numter as abetissa and
lJogarithm of Nusselt number as ordinate.

It was found trat the following correlation represents
riost of the data (abtove the critical value of Taylor numkter 3¢)
fairly well.

Nu = 152 (T

« 54
a) &~ & & & o @ O 6
In the renge of 39< Ta <~ 304, the maxirmum
deviation of the data was ¥ 18%. other investigators have

also reported the raximuam deviation of t he similar order



37

of mnmagnitude in their correlations.

It would be of interest to compare egua*ion witkr

sirilar eguations given by other investigators. Sutstituting

the value of Prandtl numker as 0.78 in the equation
Na = .20 (1.7 Fr)¥

Suggested by Tachibana and Fukui (10)
for Ta> 41, we get

&

Ha = .21 ( Taz(.’?z)
= .21 x.Gé(Ta)O'S

= .193 (Ta)*®

The wvalue of the constant in the suggested
coorela%ion is 0.1¢3, where z2s in the present investigation
is 0.152, the difference can te accounted by considering
the index of Taylor number which is 0.52 in this
investigation inplace of the index 0.5 as sugrested by
Tachiibana end Fukui in their paper.

Fuarther the value of the critical Taylor nuamber is found

to be 3C while the atove inevestigators reported the wvalie

of the critical Taylor nuamber as 41. This difference of

the critiecal Taylor number is mainly due to the turbulance

occured due to the thermocoiaple lead wires which were fixed

on the rotating cylinder, Further the difference in

constant and index may be accounted for ty the consideraticn

of he following points:

1. Tre forration of true annulus is difficult to
produace experinmentally hy neans of fixing two

separate cylinders.

7
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The use of comlinations of inner sarface and outer
surface with different finished can produce the
discrepancy.

In the present investigation the presence of the
thermoecouple Jjunctlions on the rotating cylinder
caises abtout 5% of the increases in diameter,which
in turn increases the local Taylor number, and on
the other hand reduces width alsc, which nmayresult
to increase in heat transfer.

The local heat transfer may be different due to the

non uniform thicknesses of the inner and outer

eylinder. Different temperature gradients would

be establishe” which inturn may effect the over all .
heat transfer coefficient.

The temperatures ottained through the rotating
Junctions may bé different than the actual

temperatares at the surfaces.



CoONCLUSIOHN

The heat transfer by convection in the annualar

gap between the rotating inner cylinder and stationary

outer cylinder was experimented for tre air at wvarious

rotational speeds. It was found that the heat transfer

can te divided into two regions:

1.

When the speed of rotation is greater than the
speed which makes the Taylor nuamter greater than
3¢, the hcat transfer increases with the rotational
speed probharly due to the formation of secondary
vertices. This relation for air coan te expressed
in the form of

)’5 2

N = 152 ( Ta eeecesss Ta > 39

Lt low rotational speeds i.e. when the Taylor
nurmter is less 3¢, the reat transfer is not
effected ty the speed of rotatirn . In this regicn
the flow is laminar and the heat transfer Ly

conduction and convection prodomminates.
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4 PP NDIX. B

alrLn  CALCILATICN &I COMEUTOR PROGRANDMING

19

Reading Ne. 14

1. &nnalas Data - Dia of stator Dy = 4"

Dia of rotor Dr = 3.5/18"
Gap width bt = v (Dg-D,)

= %(4-3.5/16) inches

= & x 11,16x1,/12 ft.

= 1,35 ft.
Pedius of rotor R, = 53/&3x2x12
= L,13R% ft.
L . l r
- =135 x .138
Rp
= J210
= A4S
b — <46
b = T - 35
T
Test len;th L 2 1.5 Inches
Heat transfer area fron rotpr = ﬂ'Dr L

=3 . 23 e
16 * 2 X T4z

.108 Sq.ft.

2. Surface speed at slip riags (of
reliCas 4%");Vs = 215 ft. /rin.

Surfice speec of rotor V - ft./scc.

Yl% x 16x30

2.233 ft/sec. ... Cclum 3

200 OF
350 °R

o5 OF

3. Terp. of rotor surfuoce

b

4. Temp. of st- tor sarface

555 °R
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5. lilean tenp. tr

. Inlet water temp. t5

7. oatlet water tenp. t2

8. gquantity of weter w

Ante of

passing

total he

)
ct

<

Properties of a2ir at nmean

Y
K

Py

For

——

.2106 sq.ft /sec.

05

.
- -
x <1

= 4,

= 2.50

-+
2
by
F
5 F

Z/mim

- 22 X GO0

15

= ©.375 1lts hr -

304,2

* o

= 9,375(94,.5-91)
= 32.8 BtW/hr.

tenmperatuare 152 F

> e o &

.0138 Btu/hr.ft. CF .ee-

<72

computing the values

the graph was plotted Tetween

su; ested Tty Kreith (‘4 )

Ta

+3

Qrad

vVt E_

.2106 x 1L0-3
175.5

2
3.12 x 10

173 xXTxEx.: [( X

173x1xX.727x.

sy as

T
100

108

.0145 [2000-950]

.01l45 x 10850
15.3 Btu/hr.

Colurm 7 -

4]

Colaxm 15
Coclam 15

of conductivity of air K

log T V/S log K as

sh~wn

in I'ige.

10

Colamn 18
Colan 1€

Coclarm 11



Dae to
pro;srarring

Dijital IEM

the Centeral Building Research Insititute, R-orkee.
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€1 - Qg
32,2 =15.3
17.5 Btu/hr.
Qe

aAt

17.5
.108(209-08)

17.5
.108 x 114

1.415

~

K

1.415
35x.0168

2.42

the repeated calculations the following

Column 12

Colurm 13

Colurn 17

was made to calculate all the resalts ty the

computor, the facility of which was availarle at
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AR FOR ALCILLATIONS  ON  EIBCYTRONIC DIGITAL IoM  COrl2JTER

CC TEAT TRVISFER Pi0rLEM ° C.F,SPARML

100 FOMAT ( SF 10.5)

1. RBLD 100, V,R1,T,,Ty ,CO08, Q

SIGMA = L1713
EPS = .787
A = .los
DELT. = .02864
Ti = V % ,01315/RMU
Tl = T4 % Ta
QR = .0L455 *( (T,,100) *e4=(T,/100) #*4)
= QR

o
L * (Tl-T29
SNU = U * DELT.,CCND

PULCT  101,TA,TAT,QR,QC,U, SHU,
GO TO 1

-3 END s~
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4 P PENDIX C

LIST OF INSTRUMENTS USED

1. Speed Variator : (1) General Electric Triclad Motors
Model 51{ 180}"1 ,H.P.l.S,phase,a,
Cycles 50 1430 r.p.r.Indaction
%ogc§ Mede in Fort Wayne,Indians,

. s dhe *

(2) Clevland Sheed Variator, M.P. 1.5,
input speed 1350, out speed at
constant H.P. 485-4000 r.r.r.

2. Reduction Gear @ Seco Reduction Gears, Macde in

India s
Ratio 1,30, H.F. 0.76
3. Tenperatare - Speedonax ¥, «azar Recorder,
decorder ranufactared ty M/s leeds and
. Nngthrup Corpany, Friladalphia
T % .
. s dle
4, Tachoneter s Smiths hand Tachoneter,

naltirange 0-10000 r.p.n.
made in Englond.

5. Vocurtate Simpseon Model 311 made in U.S.4.
Volt-Chrmeter by Sempson Electriec Co.,
Chicago

-

..

6. Jrmeters 0-5 4, Kaycee,Moving Coil type

7. dreostats

- 08iW,India, 45 ohms 5 imps.,

8, sditotransforrier General Radin Comnany
concord man U.S..AL.
type W 20 F Variac.

C. Fower transformer Type 1 FFIW,input volts 230,
o1t put velts, 5,10,15,20,55,110
manufactuared try antomatic
Electric Frivate Linited,Dormtay-31

10. Thernnsflask Engle ,Capacity 2 1ts.
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