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The heat transfer by convection in the annular gap 
'etween the rotating heated inner cylinder and the stationary 

.ter cylinder was detervined in the air, at various rotational 
sec's, and variaLle heat inputs. The results show that the 
c'.aracteristics of the heat transfer have two modes. 

wit law rotational speeds, namely when(  
the heat transfer is not effected by the rotational speed, 
which_ is per1°a.:.s due to the laminar flow, and the heat transfer 

:.y co i Lictic.)n and radiation predominates. 
-mot hi -'her speeds of rotation, which makes the Taylor 

number greator than 30', the heat transfer increases with 
rotrytioual speeds. This is perhaps due to the influence of 
sccc ndary vortices induced by the centrifugal force. In this 
range the heat transfer may be expressed by 

.152 C Vb [ ) • 52 for air only where 

U denotes the over all heat transfer coefficient 
trr:>ugh the Cap, b the width of the gap, Ic the thermal 
conductivity, ' the kine:._etic viscosity, H and V are the radius 
and rotatio_,.al peripheral velocity of the rotating, cylinder. 
The naxiii deviation was found to be 1G% . The experitiental 
results o' tamed were compared with those of previous workers, 
and fou..rJ to be in re ws~ n ily goad agreement. 
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NOYENCLATURE 

A Cylindrical surface area of the test section, 	ft2 

b : width of the annular gap, ...... 	ft. 

1 : length of the test section , ...... 	ft. 

R radius of rotntin 	surface, ...... 	ft. 

D : diameter, ...... 	ft. 

~l : angular speed of rotation, ...... 	rad./sec. 
V peripheral val. of rotor surface , ..... 	ft.7sec. 
K : thermal conductivity of fluid, Bt.i/ft.hr °F 

: kinemetic viscosity of t he fluid, 	... ft./sec. 
iU. absolute viscosity based on mean temp., lbs/ft.sec. 

ddnsity of the fluid, lbs/ft.3 
g accelaration due to gravity, ft./see. 
P : coefficient of volumetric expansion, 1/°F 

U : overall convective heat transfer coeff. Btu/ft2hr OF 
stephan Eoltznan constant 
erfis ivity 

.At : temperature difference between inner and 
outer cylinder, 	..... °F 

T : absolute atsol-zte temperature 	, 	 .... °K 

t1 : temperature of coolinr water at inlet, of 
t2 t temperature of cooling water at outlet, °F 
t_ mean temperature of the fluid 	(tr+ , J )/2 OF 
Qt : rate of total heat flow by convection and 

radiation, 	 .... I3t-L/hr. 
Qc : rate of 1- ett flow by convection Btui/hr. 
Arad : rate of heat flow by radiation 	.... Btu/hr, 
w : Rate of cooling water flowing per tine 
Ta Taylor nlfl2ter, 	..... V~ 

v  ~ 
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I3,a 	Nasselt ni ter , 	.... 

Fr 	: Prandtl nariber , 	... 

Gr 	: Grasrof riu.rater , 	.... 
le 	:33eynoids number, 	..., 

ST?FFIXE S 

r 	: 	refers to the rotating cylinder 

s 	: 	refers to the stationary cylinder 

c 	referes tr the convection 
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The sinplest case of concentric cylinder flow is that in which 
no axial flow occures. In this case the flow is actuated only 
by the r3taticn of one of the cylinder. 

The primary problem is to investigate those variables 
which central the rate of neat transfer in the air gap Netween 

a rctatin±. ioncr cylinder and the concentric outer cylinder. 
The first factor on which the heat transfer depends is the 
flow ,eci •.otry, or in this case it can be represented as a 
dir_ensi- alcss curvature factor, which can to expressed as the 
ratio of the rotor radius to gap width i.e.  ~3 . 

b 
j,..t the start of this work, it appeared that for a fixed 

gecnetary the rate of heat transfer in the gap would depend 

on the following variables. 
1. Speed of Rotation 
2. Temperature gradients at walls annulus 

3. :aial velocity of the fluid in the gap 
4. 3urfaco roughnes in air gap due to teeth,slots,and cone 

laminations. 
5. ntrance effects caused ay development of boundary 

layer flow in entrance region of air gap 
In the present study, the a_ hulas is formed by rotatiri.. sr_o^th 
i1,ier cylinder and statii'nary o iter cylinder. This is chosen 
in order to eliminate, as nearly as possible, the surface 
rou;.h: es and entrance effects present in actual rotating, machines 
an' this simplifying the actual ccmplex problem. 

..notbcr variable is the si ee' of rot-tion, which 
determines whether the gap Reynolds number Lased on mean speed 
of rotation is below or above the critical value. 
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I N T R O D U C T I O N 

Heat transfer by convection in an annular Cap between a 
rotating inner cylinder and stationary outer cylinder occurs in 

various rotating machines such as electric motors and generators. 

Careful heat transfer analysis in the design of electric rotating 
machinery is necessary not only to prevent exceeding material 

temperature limitations, but also to enable size reduction and 

increase in power rating. 
Considering the conventional electric machines, the rotor 

is the inner movin; cylinder of the annular Cap, and irreversible 

electrical, mechanical, and maLnetic processes within the rotor 

and stator result in generation of heat throughout the machine 

illustration of the overall thermal analysis of the relatively 

simple electric machine, namely, a snail D.C.biotor is found in 

the paper by Kaye and Gouse. It is well known that the heat 

generated within the rotor by " Coy e ", "Copper" and other losses 

results in excessive temperatures unless this heat is removed 

in an orderly fashion by careful design. . 	portion of the heat 

generated in the rotor is removed by the axial con?ucti^n throu€th 

the shaft and some is removed also by convection from tl,e ends 

of the rotor to the air within the machine housing. However, in 

many electric machines nuch of the heat generated in the rotor 

is transferrcc' from the cyli:nclerical safface of the rotor to the 

air in the air cap. Frequently cool air from the fan or blower 

is oftcn forced through this air gap in the axial direction. 
Other cane of coiling rotors, employing :'acts fir intornal 
air or liquid collinL,, also have Teen utilized_. 
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The simplest 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 primary problem is to investigate those variables 
wiich ccntrol the rate of neat transfer in the air gap between 

a r~ tatinp; Inner cylinder and the concentric outer cylinder. 
The first factor on which the heat transfer depends is the 

flow gco'etry, or in this case it can be represented as a 

C.F'onsic'nless curvature factor, which can be expressed as the 
ratio of the rotor radius to L;ap width . i.e.  h_ 

.t the start of this work, it appeared that for a fixed 
gecmetary the rate of heat transfer in the gap would depend 
on the following variables. 

1. Speed of Rotation 
2. Temperature gradients at walls annulus 

3. :. ial velocity of the fluid in the gap 
4. Surface roughnes in air gap due to teeth,slots,and co..e 

laminations. 

5. Entrance effects caused by development of boundary 
layer flow in entrance region of air gap 

In the present study, the annulus is formed t,y rotatin., sm :th 
inner cylinder and stationary outer cylinder. This is chosen 
in order to elininate, as nearly as possible, the surface 

rouc.bnes and entrance effects present in actual rotating, machines 
az(1 this simplifying the actual complex problem. 

,other variable is the spee'. of rot:4tion, which 
detern_ines wether thegap iteynolds n,-tuber based on roan speed_ 

I 

of rotation is below or above the critical value. 
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Gap Renolds Nuhber Reg = (  Eq. Dta .1 ( Mean _ velocity 
Kinematic Viscosity 

_  1v 

The second variable is the temperature gradient at 
walls annulus which effects greatly the heat transfer. The 

temperature gradient depends upon the heat input to the test 
section, which can be varied according to the requirement. 

Finally the randtl number, which is a function of the 

fluid properties alone , and is a measure of the ratio of heat 

transmission and energy storage capacities of the molecules, also 

effects the heat transfer characteristics. In the present 

investigation experimental data on heat. transfer through the 

air gap with rotating inner cylinder and stationary outer 
cylinder, without the axial flow have been reported. The inner 

cylinder is heated electrically at a uniform temperature. The 

outer cylinder is water jacketed and then finally insulated 

from the surroundings, in order to keep the stationary surface 
at uniform temperature and to measure the total heat passing 

through the annulus. 
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SURVEY OF. LITERATURE 

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

Fluid flow in ducts and passages of various shapes has 
been studied quantitatively almost for two centuries. A 
special type is the flow in an annular duct; one limit of 
annular flow corf'esponds to flow in a simple duct when the inner 
surface of the annulus shrinks to zero size for a fixed size 
of the outer surface, a second limit of annular floweorresponds 
to flow between parallel plates when the annular gap or opening 
shrinks to zero size for a fixed size of either the inner or thO 
outer surface of the annulus. If now we consider that one of 

the concentric surfaces forming the annulus can rotate, then it 
is possible to combine such rotation with axial flow of fluid 

through the annulus to produce different and interesting flow 
corkin.ations. Perhaps Osborne Reynold in 1883 was the first 
person to investigate the axial flow in annular passages without 
any rotation. G.I. Taylor (3) in l23 analysed mathematically the 
stability of incompressible Viscous flow in a narrow annulus 
between rotating concentric cylinders of infinite length -  for 
the case cf zero axial flow. 
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He assuned snail pert-.zrt ations in the velocity components of 
the basic equations of laminar flow ; he then expanded the 
sola.ti-ri in a series of Bessel junctions, and finally solved 
the resulting infinite deterrinant for the lowest values of 
the st,eecl of rotation for which the perturbations would grow. 
The s - eedof rotation for which the larinar flow breaks down 
and at which the perturba tinns grow, leading to the formation 
of sec'ndarly Taylor vortices, is called the critical speed. 

Taylor 01 tamed the following equations for the 
critical speed for zero axial flow tut with rotation  

42 
L~ C 	 _ TT Y ~Rr  Rs 	 • .... - 

wi'ere Lc 	= 4ngxlar critical speed of rotation 
P= .0571 (1-.C52 h) + ..00056 (1-.652 	)-1 	 2 

TIr 	Rr 

:tr = radius of rotating cylinder 
_ s 	= radius of stationary cylinder 
b 	= gap width 

y 	= l ine metic viscosity of fluid 
lat R = nean gap width 

Rs 

2 

for linitinc value of ,;i 	0 

The value of P is 	.0577 
Taylor also definer: a di: ensi -nnles factor 

Ta = Taylor n r1 er = c 	 .... 	3 
aad (Ta) 	_ 'i.2  • . • . 	4 
and (GI c )Q 	= 41.244 	 .... 	5 



For any finite value of h he obtained 
rn 

= 	(c )o Fg 6 

Where Fg is the geometrical factor and is a 	unction J 

of '"/r, 	, irk :i c 	is given by 
TI 	 z 

 (l-b/2 .)-i x 	-Z 41.2 	p....... 7 
G.I.Taylcr(3) predicted that for values for speed of 
rot-%ticn less than 	c, the flow in the annulus would be 
stai le and laninar, where as for speeds greater than Wc, 
the flow w uld be unstable with the formation of steady see- 

fl(--,,r .in the form of pairs of counter rotating donghnut 
shaped vortices. 	These vortices are shown schematically in 
Fit,;. 1. 1'e also showed that the critical val.ie of the gap 
Reynolds nu 	er is given by 

(.peg) 	= 41.101,1b)2 	....... 8 
Taylor (3) ct.>nfirmed experimentally the above expressions 
for critical velocity ( for no axial velocity* but with 
rotation,) as well a s the existence of the pairs of 
v-rtices by using the flow of water between vertical 
c;,-li :dors with zero axial velocity and by injecting dye 
at vari^mss points in t he ann•ilus. 	Taylor also investigated 
the axial flow with rotation. 

J.. Lewis in 1C27 confirr.ed experi ?ently Taylors 
oxressi-ns given in eq,1ati0ns 	(1) and 	(8) for zero axial 

velocity.- '-y observin- the Potion of ninuto particles 
sas`~c'n ed in ViSCOnS fl'_tirxs... 
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He also observed that once the Taylor vortices are formed, as the 

speed of rotation is then gradually reduced , the vortices persist 
to lower speeds than the critical speed at which they originated. 
This phenoner4 is similar to the persistence of turbulent flow 

in round pipes to Reynolds numbers less than the critical value 

of about 2000 as the velocity is gradually reduced below the 
critical value. 

H. Jeffreys in 1928 investigated mathematically the 
stability of the layer of incompressible fluid with a decreasing 

temperatu.re in the vertically upward direction. 

S. Gold Stein (5) in l937 analysed mathematically the stability 
fit of the incompressible viscous fluid. Using the method of the 

in small purturkations, and using severe approximations, he 
found by numerical integration the critical speed of rotation 

for which the laminar flow becomes instable. For no axial 

flow his value of the critical speed agreed with that of Taylor (4). 
Shih I. Pai (3) in 1543 studied experimentally the turbulent 

flow of air irian annulus between a rotating inner cylinder and 
an outer stationary cylinder for zero axial flow. He used a hot 

wire anemometer to measure the mean valo city nd the root mean 
square fluctuations of the velocity ? and also measured the static 
pressure distritution.s long the annulus. He concluded that both 
the steady motion of the Taylor's vortices and the random motion 

of the turbulance were present. 
W.H. Hagerty in 1550 utilized the optical properties of 

solati:)ns of glycerin and water to study the flow Patterns in a 
short annulus between a rotating inner cylinder and stationary 
outer cylinder without axial flow. 
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Other investigators also studied some of the cases without 

axial flow with different variables and different boundary 

conditions. These studies were found in papers of C.Chandra Shakar 

and H. Schli chtin g . 
J.Kaye and E.C.Elgar (9) investigated the flow in'an annular 

gap with a rotating inner cylinder by the hot wire method and I~ 

photography. Their findings confirmed Taylor's predictions. 

Fig 1 is the schematic picture of vortices, which were 
generated in the gape 	 O ~ , 

The heat transfer •charactistics were studied; however 
the results were presented qualitatively but not quantitatively. 

F. Tachiban.a, S.Fakui, and H.Mitsumura(10) in 160 
investigated, as a simplified case, the heat transfer between 

an iimer rotating cylinder and a stationary outer cylinder with 
out axial flow with various gap widths, rotational speeds, 

radii of the cylinders, and different fluids. They used five 
sizes of the annular gap : 084,1.97,4,6, and 10 mm in the 
cylinder of 58 nri diameter, and and four sizes 2,12,20,and 55mm 
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 oil and motil.-oil for a range 
of s3aynolds number from .84 to 4.? x 104 and Taylor number froti 
0.49 to 4.Sx104 with • 	rotational speed4of 3 to 2840 r.p.m. 
The radii of the inner cylinders were 20, and 60 mm. 

It was predicted that when the rotational speed was low with 

iie narrow gap in  air, the over all heat transfer coefficient 

was snallRr. adiation 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 9 
number difined as 

Ta = 3 	 9 

exceeded about 1700, a secondary vortex was generated by 

the centrifugal force, and the coefficeent of heat transfer 
w€gs' increased with velocity increase. In this region it 
was shown that the radiation and conduction become less 
prominent, and the convection of the secondary vortex 
was 'po6dominating . The experimental data were correlated 

Cy the Nusselt number and the Taylor number. 
By this correlation the influence of the radius ~ 

gap width and rotational speed were represented by one 

straight line. However , because the Prandtl number 
of the fluid again / ~ffect~s the nusselt number, the da 
were rearranged by ti-e Prandtl number of fluid and 
represented by other straight lines. In their paper the ordiate 

was M~'y 	and the abscissa was (Ta )2 for Tat ) 1700 , 
they found good agreement of data with the equation 

Na 	= .21 (Ta2 ?'r )i 	- - - - 	 10 
This flow in the annulus was a secondary 

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 iaachanism of heat transfer in the annular ;dap is similar 
to that of the air gap of the enclosed horizontal 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 
	= 0.195 Grq 
	

11 
K 

( 4~kl05 > Gr > io ) 
Where U is the overall heat transfer coefficient froi . the 
lower surface to upper one. As the moti} a force of 
convection is centrifugal force in the case of a rotating 
cylinder, the centrifugal force term 12 , was sucstit-ated 
for the terry of the buoyancy force g riot in the above 
equation then: 

.105 	~ r 
K 	y Rr 

This equation is applicable only for air ,so 
it is rewritten by assuring that Prandtl number is (.71, 
as follows: 

	

ILI 	= Q211 ̀ V b2 .b .Pr- 

	

K 	 2 

Which is the same as equation (1 0) 

In this pa er it was further predicted that 
the above equation can be applied upto Tat = 1010 even 

though exceeding the Grash of limit 4 x 105 
In reference (10) it has been shown that when the rotational 
speed was low at snail gap widths, and when Ta2> 1700 , the 

flow in the annal~.zs was of the laminar character and the 
heat transfer by conduction - d radiation was prodoinating, 
and in additi: n the effect of natural convection was super 

12 

13 

Imposed. 
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For air this effect was shown to be snail, but for often 
liquids it was rather large as the -prodact Gr.Pr exceeds 
104  the experimental data agreed well with the equation 

Nu 	= .11 (Gr. Pr )' 20 
	

1-4 

Further for Ta > 1000, the heat transfer 
coefficent can not be represented by the above equation 
as the flows due to rotation and natural convection are 
super inposed on each other. 
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STAT.M.MT OF _ TH F"11OLEM 

The rain objectiveZof the present work were 
the following:- 

1. To outain heat transfer data through the 
air gap fromrotating inner cylinderat constant 

A 
temperature to 1*stationary nester'  cylinder at uniform 
temperature, 
2. To correlate from the experimental data the 
non dimensi•.3nal he-at transfer coefficients in the form of 
Taylor Number and. Nusselt Nimter 

3. To compare the results with those of other 
investi r-ators . 
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3.1 	 Photographs on pace 16 shows the general view 
of experimental set up . The details of the complete 
assembly are shown in the separate assembly in Figure  2 
The equipment has an indirectly heated inner rotating 
cylinder, the outer and inner diamenters of which were 

3.5/1 i and 3.1/8 Inches respectively; and was made from 
i.. S. ripe 18 inches long. The test section is nearly in the 
centre and is only i!". The remaining portion on both sides 
of the test cylinder was used to serve as the guard section 

heater upto 4 inches from right, the cylinder had a knurling 
portion for fixing the 10 sliprings,each guard heater 
section on both sides is lam. inches long. Each section was 
heated by means of nichrove wire provided in the heater 

assembly, the details of which are separately shown and 
disc issed. 

3.2 Leiter 	senL1v: 
Fig. 3 shows the details of the Heater Assembly 

the Central pipe is --" standard G.l . j~ipe and 22 inches long. 
This is having 4 nos. . inch dia. roles in half of the 
portion of the pipe as shown. The 1/8" asbestos rope soaked 

in plaster of paris was wound on it upto 2.3/4 inches 
diatteter, leving the holes. Over the aslestos rope s The 
plaster of paris mixed with um was cast in order to make 

the diameter of about 3z" leaving the holes. This was then 

t a.rned on la he to makethe correct diameter of 3.1/8". V 
threads (10 threads per inch.) were cut on this as sh3wn. 
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WATER OUTLET 

1116 THICK 	RING 	OF I/2 6.1.  SOCKET 
M. S. PLATE WELDED AT BOTH ENDS 

-12 - 

a 
0 

TT, _ T2 TI & T2 ARE THERW90-  

v ;~  COUPLES MEASURING JNS. 
ire 1/4 114 

COPPER 	PIPE 

G . I. PIPE-5"DIA. 

WATER INLET SCALE:- FULL SIZE 

EST WATER JAC 	T 
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The 24 S.W.G. Nichrome wire was wound in the 
thread grooves in 4 sections the leads were then taken out 
through the two holes in the silica tunes; which were fitted 

in each 4" hole. The enlarged view of the silica tube 
fitting is separately shown in the figure. To avoid the 
short circuiting of the heater lead wires, a 16 S.W.G. 
enamelled copper wire was used and on which again good 

quality glass sleeves were pushed on them upto the root of 

the silica tube. 
3.3. Stationary outer Gyli de_  le 

It was made up in three p;rtions separately, the 
two guard sections on either dide and the test section in the 

middle. The test section was Jacketed by another cylinder of 
5" dia and 11L inches long. The details of the test section 
are shown in Fig. 4 The inner cyli.nderical portion of the test 

section was made from 1/16" thick copper sheet and was of 4" 
inner diameter and 14 inches long. The outer jacket was 
made from 16 L.G.M.S.Sheet to form the 5 inches outer 
diameter and it was 14- inches long. 

The Jacketed cylinder was provided with two 1/2" 
G.I. sockets, which were used as iniat and outlet for the 

cooling water. One ebonite ring of 4" inner diameter , 
42 inches outer diameter and * inch thick, was fixedon each 
side of the test section by means of nraldite, Two thermo-
couple junctions were also fixed on the inner surface of the 

test section and the thermocouple wires were taken out 
through a 1/8" dia. hole in each ebonite ring. These holes 

were then closed by hraldite. 
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On each side of the test section the guard 

section stationary pipe ( 41' standard G.I. Pipe) was fixed as 
shown in the figure 2. 

Thermocouple junctions were placed in the inlet 
and outlet water sockets by passing through 1/811 di a holes, 
which were finally closed. by Araldite adhesiue. 

After fixing all the thermocouples the water 

jacket was completely heat insulated from the surroarndings 
by providing about one inch thick layer of astestoB~ 

3.4 iiating System. 

As a continuously low voltage supply is required 
individually to all the 4 sdctions of the heater, a power 

transformer is used to supply 55 volts from its fixed tapping 
of the secondary. The input is 230 volts to its primary 
dide. One rheostat (capacity 5 A,45 Ohms) and one ammeter 
CO--S~~►), were connected in series with each guard heater, and 
finally each heater along with the rheostat was supplied 50 

volts individually as shown in Fig. 6 
The test section heater was supplied power 

directly from an autotransfer variac . The voltmeter and 
ammeter were also connected to measure the power supplied to 

this section. 
3. 5 Tejpej!aturee suuremen t : 

Copper constantan thermocouples made from 24 S.W.G. 
enamelled thermocouple wires manufactured by Leads and Northruf 
Co., Philadalpbia, U.S.A., were used to measure various 
temperature. 

Thermocouple junctions were made by fusing the 
two wires by mercury arc. Fig 7 shows the electrical circuit 
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used for making the thermocouple junctions. About -i-" 

insulation was fully removed from the two ends of the wires 

and than twisted. About 15 volt was tapped from the auto.✓  
transformer and the thermocouple junction and was made to 
just touch the mercury surface, giving rise to spark and 

consequent fi:[ sing of the two ends . It was necessary to get 
as perfect as possible truely spperical beads in order that 
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-aay was 
required to compensate for sliprin; connections. 

The schematic for the rotating temperature 
measurement is shown in Fig 8. The thermocouple leads from 
the rotor x surface were brought to the slip rings separately 
through the key way in the rotor. Each lead of the thermocouple 

wires was silver soldered to the copper slip rings. One 

copper brush rode on each slip ring which was connected to the 
same 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 coriming from constantan side of the 

thermocouple was utilized to form the cold junction. The 

copper lead com_ninE from the cold junction was then again 

brought to the selector switch. 
Five 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 hole in the 
ebonite ring. 
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Two thermocouples were used to measure the inlet and outlet 
temperature of the coiling water. The thermocouples were 

fixed on the surface so that only a point contact as far as 

possible is obtained between the surface and the junction. 

This was achieved by providing good quality insulation 

sleeves to the lead wires individually. 

Cold junction of -all the thermocouples were 
insulated from each other by placing them in separate gla-ss 
tubes filled with kerosine oil . This was necessary to avoid 
the short circuiting of the thermocouples through the rotor 
or stator surfaces the th.en--mocnuple junctions were then 
dipped in these glass tubes ( 1/8" dia)ugito a depth of about 
4" i.e. nearly upto the bottom.-  All these tubes containing 
thermocouple junctions were placed in a thermosflask, filled 

with crushed ice. The crushed ice is than again pressed in 

fr,m the top so that it has a good contact with the tube. A 
small amount of water is also poured in, to ensure the 

uniform temperature of 320  F though out. 

..twelve point selector swithc was used to 
confect the desired thermocouple to the temperature recorder. 
The :..M.Fs. were measured with a sin;;le point speedomax H, 
continuously adjustable Azar :Iecorder, manufactured by M/s 

Ledds and Northrup . For measuring the temperatures of the 

stationary surfaces (i . e . ,low temperatures) the 0-2 range was 
used , while for measuring the higher temperatures of the 
rotor the range of 0-10 was used. 

3.6  SLII'E j NEjALiTT 

The surface speed of rotating cylinder was 

calculated by measuring the surface speed fof slip rings (4 ."dig. ) 
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with the help of a speed©rieter . Knowing the surface speed of 
slip ri~z s, 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 beater) was adjusted to attain 
a steady value and the same temperature of the rotor surface 

C as indicated by the constant reading of five rotor 
thermocouples with the help of the temperature recorder). The 
flow of water was adjusted to get a temperature difference of 

about 2°F. During this interval the water flow rate was 

raeasired several times . At the steady state, out puts of all 

the thermocouples were noted with the help of the selector 

switch and recorder. The voltage supplied to the main test 
section heater was also noted. 

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

All the observations and the results of calculations 
were tabulated in a convinient form as shown in tables I & II 
various columns in these tables represent the variables as 

indicated below: 
Colarzn 1 :. S.No . , it represents the Run Number 

Column 2 : Vs, 	Surface speed of slip rings,ft/uin. 
Column 3 : V 	Peripheral velocity of the rotatinf, test 

section f t/sec. 

Colinas 4 : tr, Temperature of rotating surface,°F 

Column 5 : ts, Temp. of stationary surface, OF 

Column 6 : tl 	, Temp. of inlet water,°F 

col. nn. ? 	: t2 	, Temp. of outlet water, OF 

Column 8 	: w,oz,min, Rate of cooling water 

Column c- 	: E, Input volts to test section, volts 
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EXrLAI1J-=,TTAL PROCEDURE x ND TAPTJLtkTION OF D:;TL 

Before starting the experimentation, it was necessary 

to check that all the thermocouple reference junctions which 

were kept in the individual glass tubes filled with kerosine 

were at 32°F. For this all the tubes were taken out from 
the thermosfiask and the thermocouples were pushed in the glass 
tubes if necessary. The thermosfiask was cleaned and filled 

with crashed ice upto three fourth of its height, the tubes were 

placed in it and then again the crushed ice was filled from the 

top. Small amount of water was added to ensure uniformity of 

temperature. The selector switch was rotated around for about 

4 times to ensure good contacts at the switch. The temperature 

recorder was first switched on, and after allowing for the 

warming time, ±he outputs of all the thermocouples were noted. 
It was observed that all the thermocouples were at the same 

temperature,which confirmed that all the reference junctions 

were at the required 32°F temperature. 
The speed variator motor was started and the speed 

brought to the required speed; by measuring the surface speed 
of rotation at the slip ring with the help of a speedometer. 
i gain the output of the thermocouples were noted and it was 

ensured that all the thermocouple measuring junctions were at 

the same temperature and the reference junctions at a other 

same temperature. 

The cooling water was allowed to flow arrcund the 

jacket . 	he 1:eaters were also switched on. Keating was 

continued for about half an hour till the steady state was 

reached. 
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The currents in each part of the heaters was adjusted to attain 
a steady value and the same temperature of the rotor surface 
( as indicated by the constant reading of five rotor 
thermocouples with the help of the temperature recorder). The 
flow of water was adjusted to get a temperature difference of 
about 2°F. During this interval the water flow rate was 
measured several times . At the steady state, out puts of all 
the thermocouples were noted with the help of the selector 
switch and recorder. The voltage supplied to the main test 
section heater was also noted. 

The electrical input to all the heaters 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 observations and the results of calculations 
were tabulated in a convinient form as shown in tables .I & II 
various columns in these tables represent the variables as 
indicated below: 
Column 1 :. S.No., it represents the Run Number 

Column 6 
Column 7 
Co lur:n 8 
Column S 

Surface speed of slip rings,ft7tain. 
Peripheral velocity of the rotating, test 
section ft/sec. 
Terperature of rotating surface,°F 
Temp. of stationary surface, OF 

tl  , 	Temp. of inlet water,°F 
t2  ) 	Temp. of outlet water, OF 
w,oz/min, Rate of cooling water 
E l 	Input volts to test section, volts 

Column 2 : Vs, 
Column 3 : V 

Col..an 4 : tr, 
Column 5 : ts, 
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Column 10 : Qc  Rate of total heat passing through the 
annular gap (per hr.) by convection and 
radiation 

Column 11. s Qrad Rate of heat passing to stationary 
Cylinder by radiation, Btu/hr. 

Column. 12 : Q Rate of heat passing to stationary 
cylinder by convection (Qc -Qra,d  )Btu/hr . 

Column 13 : U 3  Over all heat transfer coeff. by 
convection, Btu/ft2hr °F 

Column 14 : tm  Mean temp. of the fluid (tr +ts  )` F. 
2 

Column 15 : 1? Kinematic viscosity of fluid at 
tm, ft2/sec. 

Column 16 : K , Conductivity of fluid at mean temp., 
Btu/ft hr OF. 

Column 17 : Nu, Nusselt number 	h 
K 

Column 18 : Ta, 	Taylor number 3Lh 
)'

,J i  
r 

Column 19 : Ta2 	Square of Taylor number 
Column 20 : log(Ta)2  log, of the square of Taylor number 
Column 21 : log(Nu) log, of the nusselt number. 
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TEST ISTJLTS 	CO R_IEL.iTION OF OriT. 

The experimental test data was ottainer by rotctin , the 

inner cylinder at different speeds, and for each speed the heat 
input was varried for a wide range. The data thus obtained is 
presented in table I & II . The experimental range covered 

is riven below: 

1. Rotational speed : 15 R.P.M. to 400 R.P.M. 
2. Surface temperatures 100°F to 300 OF 
3. Heat Input 0-70 Ltu/ hr. 
4. Taylor number 15 to 300 

Most of the heat input of the test secti3n is 

dissipated by convection and radiattrn from.i the test surface 

tc the stationary surface; this was computed by measuring 
the temperature rise of cooling water ;end its flow rate. The 
cooling water was made to flow around the test stationary surface 
o=ily. While calculating the con•-ective heat transfer 
coefficient the radiation loss from the surface was taken into 
acco i nt to avoid the heat flow by conduction axially, ±he 
uzard heaters were provided w!-ich maintain the sane 

temperature as the temperature of tie test section. 
The radiation heat transfer can be computed from 

the equation 

Qra - = F.~ . Err (Tr4-TS4 ) 	 .... ... 	1 

The value of ernisivity e for mild steel was taken 
as .8 and that for copper as 0.78 and then the combined 
em--isivity and shape factor F1`2 was calculated as 0.787 
using the equation 

1-2 - ______________________ ) 	...... 	2 
F ( 	-1) - 	(. 

E, 	~ 
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The radiant heat transfer was then calculated by 
using the following equation 

Fl-2 "1c` (Tr4-TS4) 	 ..... 	3 Q 	= 	 ... 
rad 

where a' = Doltzuan constant 

Heat transfered by convection is then attained by subtracting 
the heat transfered by radiation from e total heat 
tr,nsfered Qc=Qt-grad • The over all convectiva heat 

transfer coefficient is obtained by 

U = Heat t r. an s f - r d by convectio 
A(tr-ts  ) 

Where A is the area of rotating surface under test and 

tr, and to  are the temperatures of the rotating and 

stationary surface respectively. 
In defining the Haynold number (i)for rotation, 

characteristic diameter D, has to be specified. For flows 

through a section otr,er than a circular one, usually an 
equivalent diameter is used for D. Mott of the investigators 
in the field of annulus heat transfer have used equivalent 
diameter as four tires the hydraulic radius as 

's . (D22-D12  ) 
Da= 4 * 4 

(D2  +DI  ) 

(D2-Dl 
=2b 

whore b is the Cap width. 

Vr is mean speed of rotation of the miter stationary and 

inner rotating cylinder (i.e.Vr  = I 
2 

T?-, us the mean reynolds n- '-'n er (VTrD )=V72 _2r. Y 
V 
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3.6 

Similarly the Taylor number is defined as the 

product of mean Reynolds number and the dimensionless 

cuwature factor i.e. (Ta  = Y 	) for the purpose of 
Y R 

present investigations, these 
AR
di initions have been used 

As the data on coefficient of heat transfer by 
convection is frequently represented in non dimensional 
form, involving characteristic quantities fof the system 

the data has been corralated by the equation of the forrl 

Thu 	= C (Ta )n (Pr )n 	...... 	4 

All the property values have been evaluated at the 

mean tenperature of the rotating and stationary surface. 
Even at high hat inputs and low rotational speeds, 

the difference between surface temperature is 60 °F, the 
variation of the }randtl number for air is very small, of 

the order of 1.0% its influence has been neglected, for 

the air only. Thus the correlation is represented for air 
in the form of 

Nu 	= C (Ta )n 	 ...... 	5 
AL graph was plotted as shown in fig S with 

logarithm of the square of Taylor number as ebeblssa and 
logarithm of Nusselt number as ordinate. 

It was found that the following correlation represents 
most of the data (above the critical value of Taylor number 3S) 
fairly well. 

Nu 	= 	.152 (T'a) 54 	....... 6 

In the range of 30 < Ta <304, the maximum  

deviation of the data was 1 16%. other investigators have 
also reported the maximum deviation of t he similar order 
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of magnitude in their correlations. 
It would be of interest to compare equa4- ion with 

sirilar equations given by other investigators. Substituting 
the value of Prandtl number as 0.72 in the equation 

Nu 	= .21 ( Ta2  Fr) S 

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

2 I 1u 	= .21 ( Ta (.72) 
= .21 x.02(Ta)0.5  

= .193 (Ta)•5 	 ........ 7 

The value of the constant in the suggested 
coorelation is 0.193, where as in the present investigation 
is 0.152, the difference. can be accounted by considering 
the index of Taylor number which is 0.52 in this 
investigation inplace of the index 0.5 as suggested by 
Tactibana £n d Fukui in their paper. 
Further the value of The critical Taylor nxiber is found 
to be 3S while the above investigators reported the value 
of the critical Taylor nanber as 41. This difference of 
the critical Taylor nariber is mainly due to the turbulance 
occured due to the thermocouple lead wires which were fixed 
on the rotating cylinder. Further the difference in 
constant -nd index ray be accounted for by the consideration 
of The following points: 

1. 	The forration of true annulus is difficult to 
produce experimentally by means of fixing two 
separate cylinders. 
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2. The use of combinations of inner sarface and outer 
surface with different finished can produce the 
discrepancy. 

3. In the present investigation the presence of the 
thermocouple junctions on the rotating cylinder 
causes about 5% of the increases in diaueter,which 
in turn increases the local Taylor number, and on 
the other hand reduces width also, which mayre suit 
to increase in heat transfer. 

4. The local heat transfer may be different due to the 
non uniform thicknesses of the inner and outer 
cylinder. Different temperature gradients would 
be establishes which intua.rn may effect the over all 
heat transfer coefficient. 

5. The temperatures obtained through the rotating 
junctions may be different than the actual 
temperatures at the surfaces. 
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The heat transfer by convection in the ann~.zlar 
gap between the rotating inner cylinder and stationary 

outer cylinder was experimented for the air at various 
rotational speeds. It was found that the heat transfer 

can be divided into two regions: 

1. When the speed of rotation is greater than the 
speed which makes the Taylor n-.zmber greater than 
3S, the heat transfer increases with the rotational 
speed probably due to the formation of secondary 

vertices. This relation for air can be expressed 
in the form of 

Nom, 	= .152 ( Ta )52* Ta > 30 

2. t low rotational speeds i.e.  when the Taylor 
number is less 30, the beat transfer is not 
effected by the speed of rotati^n . In this region 
the flow is laminar and the heat transfer by 
conduction and convection. prod, ,rain. tes ®. 
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L. P P 	N D  I X I' 
Std SfL3 C<:LC, TLt 'I Usti'  :TD COIMMJUTOR  P 10gR, •:MING 

Reading No. 14 

1. £ nal-is Data :- Die of stator Ds 
Dia of rotor Dr 
Gap width b 

fledixs of rotor 'Ir  

Rr  

_ 48 

= 3.51G" 

= k CDs  -Dr  ) 
k(4-3.5/16) inches 

_ x 11/16x1/12 ft. 
1/35 ft. 

= 53/13x2x 12 
= .134 ft. 

1  
35X .138 

x  b 
r  

Test len,-th L 
Heat transfer area from rotor 

2. ►urf<ace speed at slip rin c (of 
ra2i'as 4j,11 ) Vs  
S'arfL.ce speec' of rotor V 

3. Te--p. of rotor s-arfce 
4. Temp. of st• tDr s-_lrface  

.46 

35 
1.5 Inches 

= 7cDr  L 

=TfWX 16 2 144 
_ .108 Sq.ft. 

= 215 ft./tin. 
_  215 x4 x 5.  ft.isec. 17 x 13x30 
= 2.33 ft/sec. ... Cc1'i:nn 3 

2O? °F 
= 33c On 

95 'F 
= 555 0R 
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274 
	

27 	278 	2.80 	282 	234 

LOG 10 T 

F1G.K).A PLOT OF LOG0CT) V/s LOGK)FOc 
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5. Bean temp. t~„ 20 = 	0 	5 = 3 04/2 2 

= 152F 
*'>. 	Inlet water tee:p. t1 l'F 
7. outlet water terip. t2 = 	94.5* F 	... 	Column 7 	• 
8. quantity of water w = 2.5oz/rsi 	... t' 	8 

2_5-~Z 60 
16 

= 9.375 11s/hr 
t-.te ref t-Ita1 heat 
passing  = 9.375(04.5-01) 

= 32.8 Et-i/hr.  . 
Properties of air at mean temperature 152 F 

_ .2106 sq.ft/sec. .... Co1urin 15 
K 	= .0138 Btu/.Y_r.ft. OF .... Ccl.imn 10 
Pr 	- .72 
For coriputi-ag the values of conductivity of air K 

the 5raph was plotted tetween Joe T VAS log K as 
sui tested ty- Kreith ( 	) 	s as sh-wn in Fig. 10 

T 	

__Vt~ 
a 	v 	-Ir  

2.83x.01215  
.2106 x 10-3 

= 170.5 co I-. rin 13 
Tat = 3.12 x 104 Cc1'~'''~ IS 

Qrad 	= • 173 x~i E x~~ [( "I ) 	Ts 	~4 

_ .173x1x .787x .10S 
54 

(1 	~ 	{l p0 	OCS~ 
- .0145 [2000-950]  

_ .0145 x 1050 
= 15.3 EtJ/hr. 	.... Ccl ir''n 11 
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c 	- Q1 - Qrad 
= 32.? -15.3 
= 17.5 l3tu/hr.  . 	..... 	 olu -n. 12 

U 	_  Qc  
,1pt 

_  17.5  
.108 x 114 

= 1.415 
_ K Column 13 

1.x15  
35x.0168 

= 2.42 	 Co lu.nn 17 

aae to the repeated calculations the following 
pro rarring was made to calculate all the results ty the 
DiLital Il-N computor, the facility of which was available at 
the Centeral Building 2esearch Institute, 	orkee. 
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oG2 	FO :4 C:MCTIU S ON E CT'LLONIC _DIGITI.L_Cua,, ,F?JTE!~ 
CC FET TTSFE? P(0 Li 	C. F. ST 	. 

100 F 0.1,11.,T ( OF 10.3) 
101 FOAi'.".T (4E 16.8) 

1. .'.ELD 100, V, ~t-:.3, T1, T2 , CC!.T, Q 

SIGMA = .1713 
EPS = .787 

_ .108 

DELT~ = .028G4 
T 	= V * .01315IIFU 

T i.I 	= T. * T.:Y. 

QR _ .01455 * ( (T1/100) **4— (T2/100) `*4) 

QC = Q—QR 

* (T1—T) 
S`TU = U DELTA:/COND 

PJ.,, CII 101, T ~, TrJ, Q2t, QC, `J, S:JU, 
GO TO 1 

—: END a — 
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P P E N D I X C 

LIST OF IN ST~ :itiENT S USED 

1. Speed Variator : 	(1) General Electric Triclad Motors 
Model 5K 180M ,H.P.1.5,phase,3, 
Cycles 50 1430 r.p.m.Induction 
Motor Made in Fort Wayne,Indians, 
U.S.A. 

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

2. ieductian Gear : 	 Seco Reduction Gears, Made in 
India, 
Ratio 1/30, H.P. 0.75 

3. Tenpera:_ture 	s 	 Speedunax F, hszar recorder, 
iecorc1er 	 manufactured by M1s Leeds and 

Northrup Company, F'_^.iladalphia 
T 

4. Tachometer 	 mit1s hand Tachometer, 
n.zltirange 0-10000 r.p.m. 
made in England. 

5. Vocuntube 	 Simpson Yodel 311 made in U.S.. 
Volt-Ohmmeter 	 by Sertpson Electric Co . , 

Chicago 
6. ameters 	: 	 0-5 1, Kaycee,Moving Coil type 
7. lhoostats 	 OSW,Inr'ia, 45 ohms 5 !zips. 
8. is xtotransforrior 	 General Radio Company 

concord man 
type W 20 FT Variac. 

C. Power transf^r-'er 	 Type 1 FF_DW, input volts 230, 
out put volts, 5,10,15,20,55,110 
manufactured 1'y '.utoriL ti c 
Electric Private Linitod,Eori!.ay-31 

10. Thermosflask 	 Eagle ,Capacity 2 its, 
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