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- ABSTRACT

Heat ‘transfer coefficients were measured at the inner wall
of smooth concentric and eccentric annﬁli. The annuli were formed by
-én,outer plastic tube of 3 in. inside diameter and an inner core
cylinder of 1 in. outside diameter. .Air at room temperature was
allowed to flow £hrough the annull at a Reynolds number -range from

15,000 to 65,000,

The measurement of heat transfer coefficient was made by
é tréhsient heat'transfer teét-techniéue. The method consisted in
" establishing an initial temperature gradient between the fluid and
a sblid body mountéd on the core cylinder by heating, then observing
and recording the temperature-time history of the body as it returned
to equilibrium condition with the fluid stream. The heat transfer

coefficient was calculated from this record.

The final results were presented in graphical form showing
'Qgriations of Nusselt number with Reynolds number. The results of the
concentric annulus tests agreed favourably with those predicted by
Wiegand (2) and Monrad and Pelton (3). The effect of eccentricity
‘was to reduce the heat transfer coefficient although the general

trend was identical to that in the concentric annulus case.

It was observed that the decrease of heat transfer coef-
ficient was not linearly related to the eccentricity of the core
cylinder. The effect of ecéentricity was more pronounced in the
range C)s;?éé;CLS where the value of.heat transfer coefficient de-

creased considerably.
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CHAPTER T
INTRODUCTION

The purpose of this investigation was to measure the heat
transfer coefficients in an annulus formed by placing a smooth cylinder
at various pdsitions inside a circular tube with fluid flowing tur-
"bulently along the longitudinal axis of the cylinder. Thefheat flow
was through the inner cylinder surface and the variations of heat
‘transfer coefficients due to different positions of the inner cylinder
. were studied; The investigation was limited to the Reynolds number

_range from 15,000 to 65,000.

This problem ié.of intereét because of developments in the
'péaceful uses of atomic enérgy which necessitates a knowledge of heat
transfer'coefficienﬁs in certain types of odd-shaped flow passages.
. In the present designs of heat exchangers and ﬁuclear reactors, the
vcodlant flows in longitudinal passages fofmed‘by the spaces bétween
parallel fods or tubeé in closely épaced arrayé within a cylindrical
container. In gas cooled nuclear reactors, arrays of Tuel bearing
rods are cooled by gas flowing parallel to the longitudinal axes of
thé rods. This general configuration provides ipcreased heat transfer
sﬁrface to compensate for the reducéd heat transfer coefficients as-
sociated Qith gaSeous.flows..‘This type of flow geometry has received
very little attention from research workers.. This»has resulted in
the use of heat trénsfer coefficients in design which are not ‘always
safe ahd accuraté.'4An.experimentai programme was undertaken for the

very simplest case of this geometry, namely an annular cross-section.



..;;Thegusﬁél method of determining.the heat transfer coefficients
requires_the‘meaSurement of the:temperature of the heat transfer me-
diﬁmfand‘of the heat transfér surface under steady-state conditions.

: It‘isvdifficult to measure the surface temperature accurately.so that
‘steady-state methods require elaborate apparatus and instrumentation.
To obviate these difficulties a non-stationary method has beeﬁ used in
this invésﬁigation. This method, the transient heat transfer test
technique (I)* is based on the cooling.of a body having fixed thermo-
physical properties under a stepéchange of temperature. .The under-
lying thedry of this technique will be discussed in‘detaii in the next

chapter.

Using this technique fesults were obtained for heat transfer
in'the céﬁcentfic ahﬁulus. These-fésults were compared with correla-
tions given by;Wiegand’(E)'and Monrad and Pelton (3). .Results for the
eccentric annulus were also obtained in. a similar menner. These latter
results are of interest because of the paucity .of data for the eccen-

tric annulus.
DEFINITIONS OF TERMS USED

Annulus An annulus is defined as the flow passage formed by
placing a cylinarical corevinside a -circular tube with fluid flowing
alongvthe lbngitudinal axis of the core., When the‘cylindrical core is
at the centre of the outer tube the resulting flow cross-section is
: termed a‘conéentric annulus. - An eccéntric annulus is formed by placing

- the core éylinder at positions other than the centre of the outer tube.

¥  Numbers in parentheses refer to bibliography at the end of the Thesis.



Thermal Capacitor The heated solid body used in. the exper-

iment is called the thermal capacitor cylinder. TFor the sake of bre-

vity_in the subsequent chapters this will be called the capacitor.
REViEW OF LITERATURE ON ANNULI

" Concentric Annulus A large number of experiments has been

carried out on heat transfer in turbulent flow in a concentric annulus.
Most investigators attacked the problem by dimensional analysis and

presented equation'basically of the form,

Ny = @ (NRe) (NPI') ¢]_ (-D—l) pinieiieiebbdebhed o= [l]
' - ' hDg
where, Nyy = Nusselt number,-éi—
: o GD,
- Npe. ' = 3eynolds number, e
L : : C
N = Prandtl number, )AKP

a, m. and n are constants which were determined experimentally.

This equation is of the same form as that for conduit flow,
| 1 yms \at P2
Nyy =& (Nge)" (Npp)® , with the addition of the term, §; By

to include the dimensional characteristic of the aanlus.

Jordan (24), in 1909, studied the heat transfer from the
inner wall of two vertical annuli of different dimensions. bThe annuli
were formed by-placing a copper pipe inside a cast iron casing. The
‘diametéf raiios-were 1.25 énd 1.47. Air at temperatures varying from

240 F to 700 F wés passed through the inner tube and water at



temperatures up o 200 F was circulafed through the annular space. The
test section was 4O ft. long and it was placed directly after an elbow.
The experimental results covered a Reynolds number range from. 7,000 to

95,000.

Thompson_andeoust (25), in 1940; investigated the heat
transfer characteristics in two double-pipe heat exchangers. One of
them was made of one inch pyrex tubing Jjacketed with two inch iron pipe;
the other was two inch pyrex tubing in a three inch pipe. Cold water
at 50 F to 95 F flowed through the annular space and steam. was con-
densed at the inner p&rex tube. The test section was 10 ft. long and
was placed directly after an elbow. The heat transfer. coefficient was
determined from the overall resistance by assuming that the coefficient
"Qas a function of water velocity in the annulus only. The experimental

date was taken at Reynolds number greater than 100,000.

Foust and Christian (4), in the same year, investigated the
heat tfénéfer coefficients in annuli having Qarious thicknessés of the
‘annular passage. The annulus was formed by assembling thin walled :
coppér tubing inside standard iron pipe. Thé diameter ratio ranged
from 1.20 to 2.56. Water flowed through the annular space and steéam
was condensed inside the copper tube. The test section was 8.66 ft.
long with no provision for a calming section. The heat transfer coef-
ficient was calculated by graphical differentiation. The investigation
covered a Reynolds number range from 3,000 to 60,000. The: equation

recommended was,

By o) (/_*C_p>o'u' () — (2]
7l 7 K B,



This equation was based on Nusselt's equivalent diameter, Dn defined

as,

4 x Flow area
n Heated Perimeter

The authors also found that the results ctould be correlated by using
the conventional equivalent diameter, based on the wetted perimeter;

by the following equation,

. 058 o O.h ’ )
e | 0.032 e WA -_D_% ----- [3:]

Zebran (26) in the same year also studied the heat transfer
characteristics at the inner wall of an annulus. The core cylinder
was eléctrically'heated and air waé forced through the annular passage.
-Five different diameter ratios were used ranging from.1.18 to 2.72.
.Provisions were made for a éalmingusection which varied between 8 and
;125 équivalent diaﬁeters. Thevheat transfer coefficients were cal-
culated by measuring the core wall temperature‘and the temperature éf
the air étream. The experimental data covered the Reynolds number

range from 2,600 to 120,000.

.Monrad and. Pelton (3) in the same year presented experimental
results oflheat transfer coefficients in three different annuli with
two different fluids flowing in turbulent flow. The diameter ratios
were 1.65, 2.45 and 17 fbr heat transfer from inner wall, and 1.85 for
heat transfer from outer wall. The test section was 6.5 ft. long with
a calming section at the entrance. The investigation covered g

Reynolds number range from 12,000 to 220,000. The experimental data



for heat transfer at the inner wall were correlated by the equation,
, ., . NO0.8 n 0.53 i |
hD ' GD ' G ' D , : , o
Pe L.z e} [ XY 2) e i
xR ) \D |

' whére h = 0.4 for heating and 0.3 for cooling. The properties were

evaluated at the main stream temperature. It was also suggested, on
the assumption that the relative skin friction on the two surfaces was

the'same.for‘turbulent.as for laminar flow, that the constant term,

0.53
0.02 | 2 , in equation [h]-could be modified for better ac- -

2
o1n D2/P1 - (P2/P1y 41

Do/D1 - D1/Dp - 2(D2/Dy) 1n Dp/Dy

curacy to 0.023

It is to be noted here that the agreement between the equa-
tions of Foust and Christiaﬁ, and Monrad and Pelton is very»poér. -As
Barfow (5) pointed out, for diameter ratios 16 and 2.4 respectively,
the fdrmer‘investigators predict results 6.0 times and 2.2 times

‘greatef than those predicted by the latter investigators.

Mueller (6), also in the same year, investigated heat trans-
fer ffom a fine wire placed inside a tube. This was a very special
'case of ahnﬁli because with such a small core and large thickness of .
annulus a .combination of cross flow and parallel flow is likely to
exist. Therefore, his chrelations could not be compared with an

annulus of the proportion used in this investigation.

Davis (7), in 1943, presented another equation for heat trans-

;fer from inner wall with turbulent flow of fluids. The equation was



obtained by dimensional analysis and was valid for diameter ratios

from 1.18 to. 6,800, The suggested equation was,

S o, 08, 1/3 0.1k 0.15 .
e R Y oCS R e ER s TR (i 22 -5)
K - )A '_K ﬂw - 'Dl

The constants in this equation were determined by comparison with the

exberimental:dafa of other'investigators.

McMillen and,Larsonv(27), in 194k, obtained annular heat
tranefer-boefficients in a deuble pipe-heet.exchanger. The test
section consisted of four passes having different annular spaces wifh
brass or steel tﬁbe pPlaced inside a etandard iron pipe. The diameter
.ratios were l;EHS, 1.3, 1.532 and l.970. The length of the test sec-
tion.was 11 ft. There were no calming sections at the‘entrance of
eech pass. The-coefficients were calculated by assuming- that all the
thermal resistances except that of the film were constant. The ex-
’perimehtal.data covered a Reynolds number range from 10,000 to 100,000,

The best correlation of data was given.by the equation,

0.2 2/3 _
b\ Mg A wp. ) = 0.0305 —-mmmeamoe- (6]

Wiegand (2), in 1945 made a detailed study of all the ex-
perimental data on heat transfer from the inner wall. The best cor-

relation fitting these data was found to be,

W 3(__>8 ( &)”3(1?2/%)"'“5 — W)
X M X | S

The equatlon was valld for Reynolds nuinber greater than lO 000 where .

'the propertles were calculated at the bulk temperature.



Apart from_dimensional analysis, this problem has also been
attempted‘by establishing an analogy betweén fluid friction and heat
trénsfer. .In 1951, Mizushina (10) investigated this apjproach‘but the
analysis was quite difficult due to lack of similarity between the
~ve16city and.temperature profilés when heat was flowing from .the inner
wall only. Using many assumptions Mizushina derived an equatién for
the heét‘transfer coefficient.which was very complicated for general
~use. Barrow (11), iﬁ'l96l, presented s sémi-theoretical solution by
considering;the £ransfer of “heat and transfer of momentum. The sol-
_utioh Was.applicable for fluids having a Prandtl number eqﬁal to

- unity.

Eccentric Annulus Heat transfer in eccentric annuli has

received very little attention. Deissler and Taylor (12), in 1955;
méde a.theoretical analysis‘of fully developed turbulent heaf transfer
.in an»egcéntric'annulus. It was found.that the average Nusselt number
decreased as the eccentriclity of the inner tube was increased. It was
also shown that the Nusselt numbers for a .concentric annulus were

-slightly higher than those for a tube with an equivalent diameter.

In 1962, Leung, Kays and Reynolds {13) presénted heat
transfer data. in concentric and eccentric énnuli based on & theoret-
ical study as well as an experimental investigation. For the eccentric
annulus the dismeter ratios ranged from 2.0 to 3.92 and for the con-
centric annulﬁé from 2.0 to 5.2. Air was flowing through the annulus
undérvfully déveloped turbulent fioﬁ conditidns. The - experimental

results covered a Reynolds number range from 10,000 to 150,000.



CHAPTER IT
THE TRANSIENT TEST TECHNIQUE

':'.The transient heat transfer test technique as used'in this
  in§estigéti6n has also:been ﬁsed by other investigétors in different
‘typeé:of'flow'situations; Londbn;.Boeitef and Nottage (1) proposed
this method in 1941, Eber (14) used this method to obtain data on heat
transfer characteristics in superonsic flow over cones, and Fischer
~and Norris (15) determined the conveétive heat transfer coefficient
by an:analyéiskof skin temperature measurementsvon.the nose of a V-2
‘rockef.in flight. In the past decade Garbett (16) used the transient
technique to determine the heat transfer coefficient from bodies in
“high-velocityvfloﬁg Kays,vLondon and Lo (17) demonstrated success-
fuliy ité usefuilness in‘determining the heat transfer coefficient

Vfor'gaé.flbws normal to tube banks.

lﬁasically the fransient technique for-determining»heat

v trénsfer coefficient consists in establishing an initial tempersture
potential between the fluid and thé-body‘by heating.or -cooling, then
-observing and recording the temperature-time history of the body as it
returns towards equilibrium with the fluid stream. The heat transfer

coefficient is calculated from this record.

The-simplest.case‘df tfansient heating.or cooling of a body
3is one in which thé intérnal resistance of the body is negligibli
:-Smali in comﬁarison with the.thefmal resistance of the solid-fluid
_intérface.k This is.béca@se such a system permits the lumpiné of all.

 the resistances to heat transfer at the boundary of the solid body.
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This‘idealisaﬁion is based on the assumptiqn that the material df the
 cgpacitor~has infinitely largevthermal donductiﬁity, Many ‘transient

ﬁheat flovw prbblems can be solved withﬂreasonable accurapy by assuming
thatbthe ipternal conductive resistance is éo small that the temper;'

ature throughout the body is uniform at any instant of time,

"A quantitative measure of the relative importance of the two
resistances can be expressed by a dimensionless modulus, called the

Biot number, which is defined as,

hL
Neos = 22D
B1 KS
where, h = surface coefficient of heat transfer
L = a characteristic léngth, Yolume of the body
v ‘Burface area
'Ks -

thermal conductivity of the body

iAé Kreith (18) pointed out, for bodies whose shape resembles a plate,
a-cylinder,‘or a éphere, the error introduced by aséuming that the
infernal temperature at any instant is uniform will be‘less than 5 per -
‘cent when the internal resistance‘is'less than 10 per cent of the |
external surface‘resistance. In other words this will hold when
Np; <€ O.1.

Keeping in mind the above requirement, the cgpacitor of the
present experiment was made of copper which has one .of the highest
‘thermalbéonductivities amongst the natufally available metals. For:a

capacitor of this metal, the rate of temperaturelchange will depend
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only on the average surface heat transfer coefficient which varies
- mainly with the fluid properties, the flow conditions, and the flow

gecmétry.

The theoretical equation describing the energy balance on

the cooling capacitor under this idealised condition can be formulated

as,
The change of internal energy The net heat flow from
of the thermal capacitor dur- = the thermal capacitor to
ing a small interval of time : the fluid stream during
T o the same interval of time
-C aT = hA (T - Ta) A8  ~------ommmmmmmmceeemo o [8]
where, C = heat capacity of the capacitor
A = surface area in contact with fluid stream
0 = time
T = temperature of the cooling capacitor at any €
"Ta =

temperature of the fluid stream

The minus 51gn on the left hand side in equatlon [8] indicates that
the internal energy decreased when T > Ta as was the case in this

experiment.

In solving -equation [8] , C, A and Ta are assumed constant.
For small variation of T and constant flow, h will be-essentially

constant. The solution becomes,

alE
©
|
i
|
I
'
l
1
)
!
i
i
1
1
1
]
)
)
)
\O
=

T-Ta  _ axp |-
To - Ta P



12

where, To = temperature of the capacitor-at 6 = O.

This equation can be rewritten in the following form,

log, T* = -,-%“‘i © - (10]
_Whefé, ™* = %r:;g%—'
L o - Ta

-If the assumption is legitimate then a plot of loge T* as
the ordinate and © as the abscissa would .yield a straight line the
slope of which will be - —(%é>  From this slope the value of h can be

calculated.
DISCUSSION OF ASSUMPTIONS

In establishing and solving equation [8] several assumptions
have been made. A critical evaluation of these assumptions is nec-
~essary at this stage to support the applicability of the transient

test technique to heat transfer in annular flow.

1. The assumption involving the idealisation that all re-
 sistances to heat transfer are lumped at the solid fluid interface

is the key point to the whole analysis, -Accuracy requirements for a
given problem determine whether or not this approach is useful. In

' most heat transfer experiments, results with an error of plus or minus
25'per cent may be considered very good. However, Kays, London and

Lo (17) claimed that their experimental error was plus or minus 5 per
-cenﬁ,where they used a similar method for the cross-flow heat éxchanger.
if is'expected thét in the‘present'eiperiment the error would be con-

fined fo.the same limit.
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2., Heat transfer is assumed to be by forced .convection bnly.
‘Iqié‘fuliy developed turbulent_fiow ffee<conveCﬁiOn effects are almost
,ﬁééligiﬁlé; :HdWe§ér;-in'viscou$ flow'With a iarge'anﬁular gap the
possibility of free.cohyeCtion,effects ¢anﬁot be totally ignored. .In
'this experiment the flOchonditiéns were’always turbulent 'and therefore

free convection effects can be neglected.

It is also assumed that radiation effects are negligible,
For small temperature difference at low temperature level with pol-
"vishéd model surfaces this effect would be very small. But for high
teméeragures, fadiatiOn loss can be-significant which means that the
vheat_transfer coefficient as determined by this method would contain
a contribﬁtionffrom the radiation coefficient. Temﬁeratures of abouf
'6Q to 70 F:abdve éﬂbiéﬁt can be considered low enough so as hot to
'CaﬁSé:éﬁy ééfioﬁs error'due to radiation. .The present experiment was

conducted».in this range of temperature.

3.j Thé temperature difference in the radial direction inside
the capacitor and in the axial -direction along its length is negli-
gible. This cen be achieved by having a thermal capacitor of very high

thermal conductivity and relatively thin wall thickness.

k. Heat loss to the supporting structure of the-modei is
assumed very small. - As Garbett (16) noted in his investigation, the
mounting structuré sometimes provide additional sources of heat loss.
For example, dﬁring a cooling process the capacitor cools much faster
thaﬁ_the suppérfing,médium so that towards the end of the tranéiént‘

-cooling heat may flow from the supports to the capacitor. This effect
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:fééh bé‘best~féduced.by'keepihg the area of contactvbetweén-capacitor

 Aahd:suppbrt small and*usinggéupporting-material'havihg-é small (KjCqp)-

"'ﬁ_ producﬁ,

" where, . Ki thermal conductiVity of the . supporting material

1

1

‘heat capacity of the-su@porting material

5. The average value of the specific heat of the material
of the:caﬁécitor is constant. The specific heat of copper is essen-
.tiaily conétant between‘temperatureSVTQ £0‘150‘F. The ﬁassﬂof‘the
““éépacitor5i$.éiSO constant:. and_therefore the ﬁeat capécity is

‘constant.

6. The bulk temperature of the fluid stresm is.cdnstant
”duéing the £esf.‘ To Qerify this air femperature.was measured cbn-
tiﬁubﬁsiyvat the outiet of the test section for the dufatioﬁ of one
. complete run. It wés found that the.variation was not more than 1 E

~which was less than 1.5 per cent of the ambient temperature.
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CHAPTER III

APPARATUS
The apparatus was designed to measure the following:
(a) the air flow rate

(b) the temperature and pressure of air

(¢) the temperature-time history of the capacitor

Two‘different'afrangements of apparatus were ﬁsed. One for
5 the\sﬁudj of.fhe‘concentric anmulus and éhother for the eécentric
annulus. In Figure 1, a schematic.layout of the apparatus used for
the concentric annulus is shown. Thé_arrangement conéisted of a test
-seétion, a‘mixing box and ‘a centrifugal blower. The test section,
Shpwn in Figure 2, was made of tranéparent plastic outer tube having
an inside diameter, Do = 3 in., and a wall thickness of l/H in. The
 _inher cylinder on which the capaditor vasimounted had an outside dia-

~meter, Dy = 1 in.

-Air ‘at room temperature was blown through‘the test section
by a 1/3 hp centrifugal type blower with a speed rating of 3450 rpm.
‘The aif flow':ate was determined by measuring the maximum velocity in
the aﬁnulus by a pitot staticbtube placed at the downstream end of the

test section and connected to a micro-manometer.

A mixing bbx»betwéen the blower and the test section acted

as a surge tank and tended to smooth pulsations in the air stream.
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‘The temperature variation of the cooling capacitor was
measured by a copper-gonstantan thermocouple connected to an automatic

recorder to obtain a temperature-time history.

The apparatusfused for the eccentric:annulus test is shown
7schemétically‘in Figure 3. The same test'section and mixing box were
ﬁséd in this arrangémeﬁt but a higher capacity‘bloﬁer was used to
m‘aliow an orifice metérvto he used for measﬁring air flow. In the ec-
‘centrié énnulus the air flow réte coi1ld not be determined by pitot tube
 'as”in the:casé bf'concénﬁfic-annuluS*Beéause of the non-symetrical.
form of vélocity‘profile in an eccentric annulus. The flow rate was
therefore measured'by a flat plate, square edged 6rifice placed up-
stregm of the test section. The large pressure drop across the orifice
required the highervcapacity blower to cover the same range of Reynolds
ﬁumbef'as wés obtained in the cdncentric annulus flow. A detailed

description of the two air metering systems is given in Appendix I.

| The blower used in the second arrangement was a 3/h hp
céntrifugal type blower with abspeed rating of 3450 rpm. Air temp-
- erature was meééﬁred.by a mercury in glass thermometer graduated to
l.F and also by a copper-constantan thermocouple placed in the mixing
box. The change in the flow Reynblds number was accomplished by

throttling the air flow at the inlet 5ide of the fan.

- The length of the test section was selected to give a fully
developed hydrodynsamic flow. There is still a considerable doubt as
to the exact length after which the flow is fully established in an-

annulus. One group of investigators, Miller, Byrnes and Benforado (19)
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ciaimed tﬁaf in a concentric annulus the>véLocity profile is establish-
éabin twenty equivalent diaméters. In the present investigation, this
figure wasytékén:as the désign criterion to select the length of the
test section. 'It‘was also found that there was no reliable information
available as-tq the entry length required for the establishment of a
fuliy'dévéloped-flow in an eccentric- annulus. 'Howevér, it was assumed
ﬁhat_the éntry length in both concentric and eccentric annuli was of

the same order of magnitude.

bThe ﬁeat transfer characteristics of the capacitor was
studied by recording its temperature-time history during é transient
cooling period. Two capacitors were used. The first one, shown in
Figure 2, was 2.125 in. long with an outside dismeter of 1 in. and an
inéide diémeter;of,0.776 iﬂ; Thevcapacitor'was made from solid copper
rod drilled to the required‘inside diameter-and faced to the desired
length. - A small hole was drilled in the wall of the capacitor o
bfd#ide space for'the thermdcouple junétion.v In selecting the size
of the capacitor, care was taken to comply with the Biot number re-

quirements and other assumptions made in Chapter II.

»Avseéond capacitor was made of the same material as the first
but was smaller in length and mass. It was 1.4703 in. long with an
outside diameter of 1 in. and an inside diameter of 0.7175 in. Figure 2

-shows the dimensions of this capacitor. - A few tests were made with this
| Capacitof to show that the length of thé'capacitors,had little effect
;on the results Obtained. Further détéiis of the comparison are given

in Chapter v
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'The capacitor wés'ﬁounted'in the test section at the down-
stféaﬁ énd'of the inner cylinder. The mounting structure consisted of
‘two'plastic énd piééés, one on each side of the capacitor. The plaStic
sections had the same outside diameter as the capacitor so that final
-asSembled form ﬁas é smdoth outside surface. For the concentric
"annulus ﬁhe_remaining length of fhe.inner~cylinder, upsfream of the
capacitof, consiéted of a éolid plastic rod having an outside diameter
of 1 in. - Any small-deflection due to the Weight of the rod could be
'igﬁored cohsidefiné‘the largé thickness of the annular passage. - But
‘in the ecéeﬁtric annulus, éspecially when the inner cylinder was
closer to the wall of the outer tube, any small deflection would cause
distortion in.the flow pattern. To minimise this effect the ;nner
cylindef Was made:af thin walled alumiﬁium'tubing;with plastic end
pieces‘to allow for the mounting of the capacitor. Thé overall de-

flection of the.aluminum tube was less than 0.010 in.

;Sﬁpports at the two ends were used to‘position the inner

| Cylinder within the tube: To align the tube accurately.femplates were
:,made fromvaluminiﬁm}plate. These templates had an outside diameter

of 3 in. . with-an one inch‘hole madé at the required eccentricities,
nemely, e = 0, e = 0.25 and e = 0.50. Having aligned the cylinder
with these templates, two thin metallic spiders crossing at right
angles were placed at the two ends of tﬂe cylinder. Right angled
groQVes were made.at both ends of the inner cylinder to locate the
Spiders; 'The‘inner'cyliﬁder with the spidérs was then easily slid

_ inté the outér‘fube. The samé procedure was,followed for the eccentric

annulus but in this case the line of intersection of the two spiders
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was'shifted tO'giVe the‘desired'eCCentricity of the inner cylinder.
>-The supporting device forjthe concentric annulus is shown in Figure L.
Phetoéraphs sf the test section and the capacitors are shown in

Figure 5.
INSTRUMENTATION -

‘As mentioned in the earlier chabter,.the heaﬁ frénsfef'co-
efficient was determined froﬁ a record of the temperature-time history
ef thelcooling cspacifor. .Since the tempersture Of the eapacitor was
decfeasing with time, s'geasuring prdbe capable of fast resbonse’to
,a-ehgnging temperature wss desiredf - An ideal temperature measuring
- probe ﬁould faithfully respond to eny change reéardless‘of the time

' rate of temperature change of the eapacitor. .The thermocouple was
the obvious'choice for this type of measurement because of the:fol-

lowing reasons:

'7l4fheetiﬁe consfsnt of the thefmbcouple_wire.;s'a function 5f
the‘raﬁio of heat.eapacity‘to its surface sfea. The thermocbuple |
jﬁnctionsiﬁavé sma11 ﬁass end hence small thermal capacity. The area
of contact is eompdratiﬁelyvlarge due to soldering'sf the probe to the
capacitor. Theréfere, the thermocoﬁple wire has a small time conssant

and follows ciosely any temperature variation in the capacitor.

" In the range of the experiment, which was from 7O to 14O °F,
the electro-motive force of the thermocouple is practically a linear
function of the temperature. Thus it was possible to plot the dimen-

sionless temperature T¥ in eqﬁation [}é]‘in‘terms dfethe emf difference
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instead of the temperature difference. This simplified not only the

computation but also the calibration of the recording instrument.

The copper-constantan thermocouple used for measuring the
capacitor temperatufe and the air temperature in the mixing box was

26 gauge B & S, solid wire with polyvinyl insulation.

The temperature-time variation of the capacitor was recorded
on, the chart of a Bristol recorder. The range of the recorder was
adjusted to O to 2.5 millivolts and the chart speed was kept constant
at 3/8 in. per min. It was believed that the Bristol recorder had a
.faster response than that of the capacitor so any error due to instru-
ment lag was negiligible. A quantitative estimate of the relative
errér'wiil“be presented 'in the discussion of results, Chapter IV.

This error, according to Garbett (16), is the ratio of the instrument

time constant to the capacitor time constant.

Two thermocouples were used in the experimental arrangement
with a selector switch to connect one thermocouple to the recorder
at any one time. A schematic diagram of the thermocouple circuit with

related instrumentation is shown in Figure 6.
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CBAPTER IV
EXPERTIMENTAL ' FROCEDURE

For each set of experiments the inner tube was first aligned
to the particular eccentricity for which the test was to be made. The
capaéitof was then heated to 60 to 7O F above the ambient temperature
by an external heat source consisting of an electric soldering iron
with an.aluminiumfextension,piece to reach the capacitor inside the
tube. The heat sburbe was then withdrawn, the recofder and the air
fan motor switch were turned on. As the.capacitor was cooling towardsb
equilibrium in the fluid stream, a continuous record of temperature
against time was made in the recorder. ‘This record was taken for
approximately 130 seconds. The selector switch was then turned on to
the air temperature thermocouple and a record of this temperature was
also made on the same chart. About the middle of each run orifice
pressure drop, static pressure and temperature of air at ﬁhe inlet
side of the orifice and the air velocify'wére recorded. When.one
test was complete, the flow rate was changed by throttling the air at
the inlet to the fan. The same procedure was then fepeated till a
.Reyholds numbervrange from 15,000 to 65,000 was covered. - A total of

about 13 to 16 runs were taken for each position of the annulus.

Four positions of the annulus were investigated. Each posi-
tion was designated by the eccentricity parameter, e, defined by the

following relation:

Distance between the centres of the two cylinders

re-rl
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The four positions were thus,'e =0, e = 0.25, e = 0.50, and e = 1.0.

PRESENTATION' OF RESULTS

'The teﬁperature time history of the capacitor as obtained
for a typical run is shown .in Figure 7. For the purpoées of comp-
utation all the_expérimental data were entered in tables; given in
.Appendix V. TheLfinal fesults»have been presented in graphical form
with_dimensionless parameters on log-log co-orindates. This presenta-

tion waslof the following form:

My = o (Mge )

In the present experiment, the air was at room temperature
which at fimes varied-between‘70 F and 90 F. The-Prandtl number for
air in this temperature range ié practically constant. Therefore,

a log-log plot of Nusselt numbers as a function of Reynolds numbers

only have been presented.

in Figure 8, the variation of Nusselt numberlwith Reynolds
number has Eeen shown for an annulus with eccentricity parameter equal
to zéro. In the same sheet equations of other investigatars such as
Wiegand (2), Monrad and Pelton (3) and Foﬁst and Christian (4) have

also been plotted.

The results of the eccentric annulus for three different
eccentricity parameters, e = 0.25, e = 0.50 and e = 1.0 are shown in
Figures 9, 10 and 1l respectively. In each case, the best line

correlating the data is also shown.
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'1- Ih”Figurei12; the variation of NusSelt number with Reynolds
" number -and ecéenfricity‘parameter_is shown. It is interesting to note
that tﬁe averaée”Nusseit numbér decreased with ihcfeasing annulus |
,eccenfricity. In.Figure 13, this decreasing trend of Nusselt number

with eccentricity parameter-has been plotted for a fixed Reynolds

number.
DISCUSSTON. OF RESULTS

This section includes a discussion of all the experimental
results and an evaluation of the probable errors involved in different

parts of the investigation.

Experimentgl data for thé avgrage heat transfer coefficient
'in & concentric annulus ‘are shown in Figure 8. Since all these data
.bﬁeré obtained in almost isothermal conditidn; thg Préndtl number of
" the sair was always consfant. _The eéuations [7] of Wiegand, [M] of
Monrad and Pélton and'[3J:of Foust ahd Christian are plotted in the
same sheet to compare the ekperimental results. It is noted that the
'agreeﬁent is very good indeed with eguations [7] and [&] . The
equation of Foust and Christian predicts much higher wvalues of heat
transfef coeffiéientS'although the trend shown is the same. .Foust and
Christian obtained their water side coefficients by means of a semi-
graphical method.which.resulted in steam coefficients which were very
high so fhat.their_results have been questioned by latterlinvestigétors

(5, 21).

The equation [5] of ‘Davis (7) was not considered a proper

comparison with the presént data because it is based on the inside
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diémeter of the annmulus. Davis agreed fhaﬁ'when heat transfer occured
'dnly at the inner-surféce.the use of inside diameter in the Nusselt
and Reynolds numbers was reasonable. However, as Barrow (5) pointed
out the computation of Reynolds number based on the.inside wall dia-
meter canviﬁ no Qay be considered as a measure of the kind of flow.
:Also the frictionvin annuli results from.resistance at both the innér
-and.outer wall of the annulus. Therefére, the‘most reasonable defin-
ition of Reynolds number is ihe oné based on the conventional equi-

valent diameter, Dg.

The heat transfer coefficients presented here are claimed
to be the average value in a fully developed turbulent flow. -A
guestion may arise as to the validity of this statement on the grouﬁds
that the thermal.boundary layer was not completely developed in the
length of the capacitor. -As mentioned in Chapter II the transient-
technique does measure the average heat transfer coefficient. provided
éll‘assumptions.have been satisfied. To justify this statement a
second experiment was carried out for the same annulus but with a
capacitor of different length. Capacitor No. 2 was thus designed with
a‘length of 1.4703 in. thereby having a reduction in length of 30
per cent of that of Capagitor No. 1. Figure 2 shows the details of
the second capacitor. The heat transfer data obtained by using both
these capacitors are plotted in Figure 1k. The good agreement be-

tween these results indicates that the earlier statement was reasonable.

Kays, London and Lo (17) pointed out that the transient

technique is not adequate for laminar flow because of the tendency
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of the temperature profile to exténd completely across the flow
stream rather than being confined to a relatively thin boundary
layer éuch as in turbulent flow. This is why the transient technique
gives’ the average values of heat transfer coefficients provided the
}flov is fully turbulent. In addition, the results shown in Figure 8
 also sﬁggest that the data obtained in. this investigation are the

average heat'transfer-cbefficients.

Refering to\Figure 8 again, it may be noted that the ex-
 perimental‘point at the lowest Reynolds number tends to be higher
than that predicted by the equations of Weigand and Monrad and
Pelton. Itkis believed that at very low Reynolds number &hé cooling
rate of the’capaéitor becomes very -slow and hence towards thevend of
. the coéling period the capacitor'is likely to loose heat to the sur-
_roﬁndingrsupporté at each ends. - At higher Reynolds humber this loss

is negligible because the capacitor cools very quickly.

In Figure 12, the variation of heat transfer coefficient
with Reynolds number and eccentricity parameter is shown. It was
found that the average Nusselt number decreased as the eccentricity
was increased. This trend is in good agreement with Deissler and
Taylor's (12) theoretical analysis. The best line fitting the data
"has also been drawn in each case and it is noted that the slope of
the lines is nearly constant for all eccentricities of the annulﬁs.
It was observed that the total decrease in Nusselt number was 36 per
centvat.the_highest Reynolds number and about 4O per«éent at the

lowest Reynolds . humber.  Figure 13, shows this variation at four
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different Reynolds number. ?he rate of decrease of heat transfer co-
efficient was found to be greater within the first 50 per cent of
the eccentricity. Between 50 and 100 per cent eccentricity the var-

iation of heat transfer coefficient was much less.

It was pointed out in Chapter II that in the solution of
equation [g] the heat transfer coefficient and the heat capapcity of
the test model were assumed constant. Considering the fact that the
semi-log pldt of equation [iO] from the experimentsal data followed-
the expected straight-line relationship, these assumptions seem to
be justified. A typical semi-log plot of ..equation [iO] 1s shown in
Figure 15.. However, any definite departure from the liﬁear relation
would necessarily make the above assumptions gquestionable. The con-
stancy bf the heat capacity of the model will depend on the variation
ofvthe specific heat of copper with temperature. The temperature range
in the present investigation was between 70 F and 140 F. It is believed
J.phat‘the_yariation of specific heat in this temperature range was neg-

ligible.

The instrument lag effect may cause an error in the measure-
ment of-heat transfer coefficlent especially when the data recorded
were those of a transient state. As mentioned in Chapter -IIT, the
relative error in the calculated value of the heat transfer coeffi-
cient is given by the following relation:

Relative error = —— x 100 per cent
c
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 where;fti = time constant of the recording instrument.
rtc = time constant of the capacitor model.
The time consfant of the recording instrument was obtained by apply-
ing a step change in the inpgt. This ﬁas found to Be 2.5 sec., The
time constant of the capacitor wés givgn by the inverse of the slope
of the semi-log plot shown in Figure 15. The lowest time constant of
Jvthe capacitor during the entire experiment was that of €Capacitor No. 1

during Run 13. This was found to be 94.5 sec. Therefore, the maximum

relative error was 2.67 per cent.

In Chapter II itwas assumed that the temperature gradient
"inside the capacitor was negligible. When the annulus was concentric
this assumption was valid but one méy question that this may not be
the éaée.especially when the annulus was at the maximum eccentricity,
i.e., the inner tube was touching the outer tube. An experimental
check was therefore made for the position e = 1.0 by placing the
.thermocouple at three different points — 4, b and ¢ shown in
Figure 16 below. -At one particular flow condition the maximum
_variation in temperature between any of the above three points was

found to be less than 3 per cent.

FIG. 16.
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The deflection or sag of the inner cylinder could cause an
error in theﬁtransient cooling of the model. When the annulus was
concentric any‘sﬁall sag in the inner cylinder could nof appreciably
- influence the flow pattern because of the relatively large annular
thickness. - Also the éapacitor was moupted near the downstream support
:so,thaf énygsmall sag was around the middle of the test section which
has much‘less inflﬁénce on the capacitor. For the eccentric annulus,
"however,_the'effect_of the SagL of'the inner cylinder could be apprec-
iabig'espeéially at higher eccentricity. To avoid this a hollow alum-
'inium tube was used to support the capacitor in the eccentric annulus.
This is shbwh in Figure 2. The total deflection in the centre of
the tube was, in this case, limited to 0.010 in. which is 10 per cent
bfithe maxXimum annulus thickness. It was assumed that this tolerance

was within the required accuracy of the experiment.

The errors due to calibration of the recording instrument
" and élso of the thermocoubles were not considered to be of any con-
sequence. The experiment was conducted in a small temperature range
and it was . found fhat within this range the'temperature—emf response
of a cépper-constantan thermocouple was very close to linear. There-
~ fore, in the dimensionless temperature-time plot, Figure 15, it was
suffigient to plot the logarithm of the emf ratios directly from. the
rgcbrder_chart. -Also because of the dimensionless temperature, the
caliﬁration éfbthe recording instrument was not required as long as

it demonstrated a linear scale.
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CHAPTER V
CONCLUSIONS

1. The use of the transient test technique was found to

. be é.Simﬁle and.quick method for determining the heat transfer chara-
'teristics.in an annulus. Heat transfer coefficients in an eccentric
annulué were found to decrease with increase in eccentricity. The
-decrease of heat transfer coefficient .did not seem to be linearly
related to tﬁe increase of éccenfricity. However, the effect of
eccenfricity waé more pronounced in the range O § e < 0.5 where the
value of heat trénsfer coefficient decreased considerably. For |
example,:at Reynolds number of 50,000 approximately 67 per cent of

' the total decrease occured in the range 0 <e < 0.5 while the other

’ ,33 pérvcent occured in the range 0.5 g;e <1.0.

Equations of Wiegand (2) and Monrad and Pelton (3) were
found to correlate the annulus data of the present investigation very

well.

2. Almost isothermal data was obtained by the transient
method. In the annulus, the air temperature was practically constant
for one complete. run and therefore the evaluation of the properties
cpuld be easily made at this temperature. This eliminates the trouble
_of deterﬁining the fluid film temperature requiréd in other methods

of detérﬁining the heat transfer data.

3. The temperature of the cooling capacitOr was measured

in an arbitrary scale during the experiment. Therefore, careful
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celibration of the thermocouple and the recording instrument was not

‘ required.»
RECOMMENDATION'FOR FUTURE WORK

The present investigation may be considered as an explor-
atory work . for more extensive studies in fhe same field. One of the
impoftant studies which is yet to be done is the behaviour of the heat
transfer coefficients in the region where neither the thermal nor
the'hydrodynamic boundary layer has developed completely. This situa-
‘tion mayfbe'enéouhteréd in'pfactice in a reactor where the heat tfans—
fer from the fuel rod is expected to take place from the very start
of the tube. This investigation can probably be made by using the
same teéhnique provided a method 1s found to isolate the capacitors

thermally along the longitudinal direction.
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. APPENDIX I
AIR METERING SYSTEMS

The air flow rate was measured to determine the Reynolds

number of the flow. The following two methods were used:

Method I. This method was used for Capacitor No. 1 at
_eccenfricity,'e = 0. The air flow rate was calculated based on a
»measuremént ofithe maximum point velocity in the annulus. For laminar
flow it has been shown that ﬁhe radius at the point of maximum velo-
city is related‘to the ofher radii of a concentric annulus by the

equation:

Rothfus (él) has shown experimentally that the point of
maximum velogity‘fér isothermal turbulent flow of air in a concentric
‘annulus~was the same as that for laminar flow such as calculated from
equation [ii] . Later Knudsen and Katz (8) cofroborated the same
fact with their experimental results. It has also been reported by
these authors that the turbulent flow velocity pfofile was very flat
in the vicinity of the point represented.by equation [il] . Knudsen
énd Katz gave a relation of the average to the meximum velocity as
| Vavg/vﬁax - 0.876 Witﬁ a diameter ratio of 3.6. In the present invest-

igation,'howevér,the diameter ratio was 3.0. For this ratio Denton¥*

- *Mech. Eng. Dept., Univ. of British Columbia, M.A.Sc. ‘thesis in..
preparation. '
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studied the velocity profiles in turbulent flow and concluded that
0.876 was correct for the present annulus. The average flow velocity

thus calculated had a maximum variation of 1.8 per cent.

The maximum point velocity was measured by a pitot static tube
‘placed at the radius, ry. It was mounted at the exit of the test sec-
tion and was connected to an accurate micro-manometer capable of read-

ing low preésures'from zero in. of water head to 6.0 in. of water head.

The temperature of the air stream was measured by an ordinary
mercury in glass thermometer. The thermometer was graduated to 1 F.
It was found that the air temperature did not change appreciably dur-

ing this part. of the experiment.
The Reynolds number was finally calculated from the above data.

Method II. This method was used for the following cases:

1. Capacitor No. 1 at eccentricity, e = 0.25, 0.5 and 1.0.

2. Capacitor No. 2 at eccentricity, e = O.

The sir flow rate was determined using a flat plate orifice mounted on
a 3 in. schedule 40 pipe. Figure 3 shows the poéition of the orifice
with respect to the test section and fan position. The orifice was
designed in accordance with ASME Power Test Code (20). Straight
lengths of eleven equivalent diameters at the inlet and seven equiva-
lent diameters at ﬁhe outlet of the orifice were provided as required
by the code. The flow coefficient was taken from the Table given in.

the same referenée. Table I gives the details of the orifice.
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TABLE I. .DETAILS OF ORIFICE

Pipe diameter, (in.) ' 3.068

Orifice diameter, (in.) 1.628

Flow doefficient 0.635

Pressure taps Flange taps
"Material Stainless Steel

The orifice préssure drop and inlet side static pressure of
air were measufed by two ordinary U-tube manometers filled with dyed
water for better vigibility. The manometer scales were graduated in
tenth of an inch. Since the ultimate objective was to determine the
vflow Réynolds number, a small error in the flow metering system was

unlikely to cause any appreciable error in the final plot of the

‘results.

Air temperature was megsured by a mercury in glass thermo-

meter graduated to 1 F.



APPENDIX II

PHYSICAL PROPERTIES AND CONSTANTS OF
THE THERMAL CAPACITORS
The dimensional details of the £wo thermal capacitors are
" shown in Figure @. The physical properties and constants of the cap-
acitors as required for the calculation of the heat transfer coeffie’

cdentsc are given in the following table.

TABLE II. . PROPERTIES OF THE THERMAL CAPACITCRS

Capacitor No. 1 Capacitor No. 2
Material . . 99.9% Copper '99.9% Copper
Length, (1n.) 2.1250 , 1.4703
Diameter, Dy (im.) ‘1.0 1.0
Mass, (gm.) 103.2312 83.8931
ci, (Btu/1b F) 0.0915 0.0915
KIS) , (Btu/hr F ft) : 223.0 223.0

The calculated values of Biot number based on an average heat
: ‘ | _ 5
transfer coefficient of 15 Btu/hr ft~ F are given in the following

table.

TABLE III. - BIOT NUMBER OF THE CAPACITORS

Capacitor No. L Capacitor No. 2

NBi 0.00583 ‘ 0.00068
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APPENDIX III
PHYSICAL .PROPERTIES OF AIR

The propertiés of aif required for the calculation of
Réynolds and Nusselt numbers were the following:
| 1.” Density, ()
2. Dynamic viscosity5/}k

3. Thermal conductivity, K

‘The density of air was determined from the equation of
state. The %iscosity and the thermal conductivity of air were taken
from thé tables given by Gieat (23). .In Figures 17 and 18, these
propefties are shown as a function of temperature only at 14.7 lb/inzabs.

pressure.
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APPENDIX IV

SAMPLE CAILCULATIONS

.The following calculations of the heat transfer coefficient.
- was done fbrjRun 10 of the concentric annulus test. From the experi-
mental data provided in Table.IV, the values of T* were computed which

- are given below.

e o . T*

(sec) t . (Dimensionless)
0 1.0

10 0.925

20 0.860

30 0.797

Lo : 0,741

50 0.693

60 0.64k

70 , 0.603

The above values are plotted in Figure 15 which gave a

-1
straight line. The slope of this line was found to be 26.2 hr ~.

It was shown in Chapter II that,

I

Al

Slope . Therefore, the heat transfer coefficient

was given by,

Slope 26.2

. ‘ 2
A/C 5ophg = 11.77 Btu/hr ft~ F.
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TABLE IV. TEMPERATURE-TIME DATA FOR CAPACITOR NO. 1, e .= O.
- ‘ (VALUES OF T AND T, ARE IN CHART DIV.)
Time, 0 (sec)
Run Ty
0 10 20 30 40 50 60 70
1  90.1 87.7 | 85.1 | 83.0 | 81.1 | 79.3 | 77.7 | 16.0 | 11.0
> | 88.8 86.0 | 83.5 | 81.1 | 79.0 | 77.0 | 75.2 | 3.4 | k0.0
3 86.5 | 83.2 | 80.5 | 77.8 | 75.5 | 73.2 | 71.3 | 69.6 | 39.1
L 84.0 | 80.6 | T7.6 | Th.T | T2.2 | TO.0 | 67.8 | 65.9 | 38.5
5 83.6 80.0 | 76.8 4.0 71.2 68.8 66.7 6L .8 38.2
6_ -"82;7 79.1 76.0 | T73.1 70.4 68.0 65.9 64.0 38.0
7 | 83.8°| 80.1 | 76.8 | 73.8 | TL.O | 68.6 | 66.3 | 6h.2 | 37.6
‘8 | sio 79.8 | 76.0 | 72.8 | 70.0 | 67.2 | 649 | 62.7 | 37.0
9 8L.8 _86.3 76.5 | 73.0 | 70.0 | 67.3 | 65.0 | 62.7 | 37.L4
10 84.0 | 79.4 | 75.3 | T1.7 | 68.6 | 65.7 | 63.3 | 61.1 | 37.2
11 85.8 81.0 76.6 72.8 69.5 66.5 63.8 61.6 .37.0
12 | 82.8 .78.2 o7k 70.6 67.5 64 .6 62.1 60.0 36.7
13 | 85.4 80.2 75.6 1.6 68.0 65.0 62.2 59.8 36.0




TABLE V. DATA FOR COMPUTING REYNOLDS AND NUSSELT NUMBERS
FOR CAPACITOR NO. 1, e = O. ' '

29

" Run-

23,750

Ta hy N NRe N h Ny
(F) |(in water) (lb/ft3) (1/h£) (Btu/hrftEF)
1 79.0 0.08 Q74T 16,700 | 17.6 T.91 88.0
“2" 78,0 | 0.128 L O7k6 21,100 19.8 8.90 99.0
3 | 76.5.| 0.195 OTh6 26,100 | 23.5 10.55 117.3
L | 6.0 0.285 L0743 31,500 | 26.2 11.77 131.0
5| 75.7 0.335" LOTh5 34,200 28,0 12.58 140.0
6 75.5. 0.390 20746 36,900 28.2 12.68 141.5
7 | 74.8 0.450 Mol 39,600 | 28.6 12.85 143.5
8- 7&.6 0.520 Norgivy 42,700 31.7 14.23 159.2
9 7&,6.A 0.565 JOThL bl 500 32.6 14.65 16k4.0
10 | Thes 0.630 0Tkl 46,900 | .35.3 15.85 177.2
11 | .0 0.705 LOThk 49,700 | 35.8 16.09 180.0
12| 73.4 0.741 L0748 51;250 :35.9 16.10 180.4 ;
13 | 73.0 10.818 LOThT 38.1 17.10 191.8




TABLE VI. TEMPERATURE-TIME DATA FOR CAPACITOR NO. 1, e = 0.25

(VALUES OF T AND T, ARE IN CHART DIV.)

60

Time, © (sec)

15

Run Ty,
0 10 20 30 Lo 50 60 7o' '
1| 82.5 | 80.3 | 718.3 | T76.6 | Th.8 | 73.2 | TL.7 | 70.3 | 3.
» . '81.8 | 80.0 | 8.5 | 76.9 75.5 4.3 | 73.0 | T1.8 L.
16 | 83.1 | 80.7 | 1.6 | T76.7 | Th.8 | 73.0 | TL.6 | 70.0 | 38.
17 81.6 79.5 '77;5 7545 73.8 72.2 70.7 69.3 ho.
18 82.8 80.4 78.2 76.1 743 '72.7 71.0 69.8 b1,
19 80.0 78.2 76.2 Th.7 73.1 71.7 70.3 69.2 L8,
20 81.8 79.7 77.6 75.7 4.0 72.3 71.0 69.7 b,
21 79.3 77.0 75.0 73.2 71.6 70.0 68.6 67.2 46,
22 | 819 | 79.3 | 77.0 | 75.0 | 13.0 | 1.3 | 69.8 | 68.3 | 18.
23 | 78.0 | 75.% | 73.2 | Ti.1 | 69.3 | 67.7 | 66.1 | 64.8 | Lé.
2k 80.1 T4 75.0 72.9 70.9 69.0 67.5 66.0 L8,
25 | 80.3 T7.7 | 75.2 | 73.0 | 71.0 | 69.2 | 67.7 | 66.25| 48.0
26 79.2 | 76.6 | .1 | T2.0 | 70.0 | 68.2 | 66.7 | 65.2 | k8.
27 82.0 79.0 76.1 73.7 71.5 69.6 67.8 66.2 h8.2
28 81.2 78.0 75.2 72.8 70.6 68.6 66.8 65.1 48.
29. ; .80.6 77.1 | Th.1 71.5 69.2 67.1 65.3 63.7 7.3




TABLE VII. DATA FOR COMPUTING REYNOLDS AND NUSSELT NUMBERS

FOR CAPACITOR. NO. 1, e = 0.25

Run T a hw h 5 G NR e e h NNu
(7) (in.water) (in.water) (1b/ft3) (1/hr) (Btu/hrftgF)

1k 73.5 1.35 1.1 LOTHT 16,430 15.00 6.73 75.4
15 85.5 “1.70 1.5 .0729 17,920 17.60 7.92 86.

16 75.5 2.10 1.8 L0743 20,400 17.90 8.06 90.0
17 78.0 2.60 2.3 L0740 22,600 18.20 8.18 791.0
18 79.0 3.20 2.8 0742 25,050 19.82 8.92 99.0
19 87.0 3.90 3.k .0730 27,080 21.90 9.85 107.5
20 86.0 4,90 4,3 .0735 30,550 22.32 10.05 114.6
21 85.5 6.85 6.2 .0738 36,200 23.94 10.77 118.0
22 87.0 7.90 7.0 L0737 38,800 26.50 11.92 130.2
23 85.0 9.70" 8:7 0742 143,300 28.20 12.69 139.0
2L 86.5 11.30 10.1 L0746 46,750 30.10 13.54 148.2
25 86.5 12.40 11.1 LOT7hT 49,000 29,80 13.40 146.7
26 87.00 13.40 12,0 LOThT 50,800 31.60 14,21 155.2
27 86.5 1h.45 12.9 L0750 53,000 32.40 14,59 159.8
28. 86.0 15.65 k.1 L0751 55,200 34.30 15.42 168.6
29 85.6 16.80 15.0 .0756 57,400 36.80 16.55 181.0

9
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TABLE VIII. TEMPERATURE-TIME DATA FOR CAPACITOR NO. 1, e = 0.50
(VALUES OF T AND T, ARE IN CHART DIV.)

S : : Time, @ (sec)
Run S - T

0 10 20 30 Lo 50 60 70

© 30 B ;86;05 84.3 | 82.9 | 81.5 | 80.0| 78.8 | 717.7 | 76.6 | L7.0
3i’. 85.0 | 83.1 | 81.5 | 80.0 | 78.5 | 7.1 | 75.9 7h.8 46.0
32 86.5 8h.7 82.9 81.3 80.0 8.7 77.5 76.3 48.5
33 | 82.2 [ 80.5 79.0 | 77.6 | 76.1 | 748 | T3.7 | 72.6 | Lu8.6
78.7 T7.1 | 75.7 Thob 73.1 72.0 49,0

w

34 82.1 80.

35 | 85.0 | 83.0| 812 | 79.5 | 77.8 | 6.5 | 75.2 | 740 | 48.0
36 80.8 | T79.0 T7.1 75.5 4.0 72.6 TL.4 70.2 48.0
37 86.1 | 83.6 | 8L.4 | 79.5 | 77.5 | 76.0 | Th.h | T73.0 | LB.5
38 | 80.8 | 78.7 | 6.7 | 7.9 | 3.2 | 717 | 70.3 | 68.9 | u7.0
39 | 79.8 | 773 | 15.2 | 73.3 | 71.6 | 7000 | €8.6 67.3 | b5.0.

4o -} 83.2 80.5 78.1 76.0 4.0 72.2 70.5 69.0 L8.0
N 8k k- '81.7 79.2 77.0 75.0 73.3 TL.7 70.2 48.5
Lo 79.0 6.4 4.0 72.0 | 70.1 68.6 67;0 65.7 k7.0
43 | 81.2 78.2 | T5.2 73.0 70.8 68.8 67.2 65.7 h6.0
Il 81.0 | 77.8 | T™.8 | 72.3 | 70.0 | 67.9 | 66.1 | 64.5 | L5.0




TABLE IX. - DATA FOR COMPUTING REYNOLDS AND NUSSELT NUMBERS
FOR “CAPACITOR NO. 1, e = 0.50.
Run Ty h hg e NR c 7\ h NNu
(F) (in.water) (in.water) (1b/ft3) (1/nr) (Btu/hrftgF)

30 86.2 1.5 1.25 .0728 16,580 1h.27 6.37 69.5
31 86.0 2.1 1.90 .0730 19,620 15.81 7.12 6.7
32 87.0 2.5 2.20 .0730 21,700 16.20 7.30 79.6
33 88.0 3.2 2.80 .0728 24,100 17.25 7.76 8L,

34 88.0 L,0 3.60 .0728 27,000 18.95 8.52 92.9
35 87.1 L.k 3.90 .0730 28,800 19.20 8.60 93.7
36 87.0 5.5 - %.90 073k 31,800 20.2 9.08 98.25
37 86.5 6.7 6.00 .0738 - 35,800 22.4 10,08 110.0
38 86.0 6.8 6.00 0737 35,600 22.4 10.08 110.3
39 84,0 8.25 7.20 043 39,700 23.7 10.65 117.0
Lo 86.0 10.0 8.80 L0740 43,150 26.7 11.0 120.2
41 86.0 11.9 10.70 JOThT 48,000 26,22 11.80 129.0
Lo 85.0 14,0 12.30 L0750 51,400 28.9 13.00 142.3
43 84,0 16.2 1k.30 0758 56,750 30.4 13.65 150.0
Ll 83.0 18.15 16.05 L0758 59,900 32.25 14,50 159.5

€9



. TABLE X.

TEMPERATURE-TIME DATA FOR CAPACITOR NO..1, e = 1.0

(VALUES'OF T AND T, ARE IN CHART DIV.)

6l

. 51

‘ Time, © (sec)
Run T,
0 10 20 30 Lo 50 60 70.

45 | 85.2 ho | 82.9 | 81.9 | 80.8 | 79.9 | 79.0 | 78.8 | u8.7
% | 8ok 8.9 7.5 | 16.1 | T8 | 73.7 | 72.6 | T71.6 | 38.0
47 82.2 | 80.T | 79.3 | 78.0 | 76.7 | 75.5 | 7h.5 | 73.5 | k2.0
48 78.5 7.1 75.9 4.7 73.7 72.6 1.7 70.8 45.5
Rite) 79.7 78.3 77.0 75.8 4.8 73.8 72.6 71.8 47.0
.50 180.8 79.4 78.0 76.8 75.5 Th.5 73.4 2.5 48.0
82.5 80.8 79.3 77.9 76.5 75.3 Th.2 73.0 48.3

52 | 85.9 | 83.8 | 8L.9 | 80.0 | 78.5 | 76.9 | 75.5 | Th.2 | A7.5
| 53 8h.5 | 82.1 80.0 78.2 6.5 75.0 T3.6 72.2 k7.0
5k .| 85.0 | 82.7 | 80.5 | 8.3 | 76.5 | Th.8 | 73.3 | TL.9 | b6.T
55 82.8 80.5» 78.3 - 76.u' Th.7 73.0 TL.6 70.2 46.5
56 . 81.0 8.4 76.2 Th.2 72.3 | T0.7 69.2 67.8 45,5
57 | 84.0 | 80.8 | 78.0 | 75.7 | 73.6 | 71.6 | 69.8 | €8.1 | k.7
58 83.2 | 80.1 | TT.4 | Th.9 | 72.7 | T70.7 | 68.9 | 67.2 | Le.s




TABLE XI. DATA FOR COMPUTING REYNOLDS AND NUSSELT NUMBERS

FOR CAPACITCR NO. 1, e = 1.0,

n

Run Ta h'W s e . NRe 7\ h NNu
- (F) (in.water) (in.water) (1b/ft3) (1/hr) (Btu/hrftzF)
L5 88.0 1.3 1.1 .0725 15,600 11.49 5.17 - 56.25
416 76.0 1.3 1.2 L0743 16,070 12.25 5.51 61.50
L7 79.0 1.9 1.1 .0738 19,300 12.80 5.75 63.80
48 - 8k4.0 2.4 2.2 L0734 21,450 14.13 6.35 69.70
e} 85.0 3.2 2.8 .0733 2k, 600 15.35 6.90 75.60
50 87.0 _3.7 3.2 .0730 26,350 15.45 6.95 76.00
51 87.0 L.7 b1 .0730 29,700 16.90 7.60 83.00
52 86.0 6.2 5.3 .0736 34,400 19.26 8.66 9k.50
53 86.5 8.4 7.2 0740 40,200 20.00 9.00 ~98.50
5L 85.0 10.2 8.8 ToTh2 44,300 22.10 9.94 108.90
55 85.0 - 11.8 10.2 Noy¢id 47,800 22.15 9.95 109.00
56 83.5 13.6 11.7 .0750 51,600 2k .60 11.05 121.50
57 82.0 16.05 13.8 .0755 56,200 26.22 11.80 130.00
58 80.0 18.35 15.9 L0764 65,000 26.30 11.80 130.50
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TEMPERATURE-TIME DATA FOR CAPACITOR NO. 2, e = 0O

66

B 60

TABLE XII.
(VALUES ‘OF T AND T, ARE IN CHART DIV.)
» Time, © (sec)
Run T
i a
0 10 20 .30 iTe) 50 60 70 '
59 86.6 | 85.0 83.5 82.0 80.7 |. 79.3 78.2 77.0 47.0
79.7 78.0 | 76.5 75.2 4.0 72.8 T1.7 70.6 47.5
61 80.0 779 76.1 4.5 73.0 T1.6 70.2° | 69.0 46,7
62 | 79.8 77.5 | 75.4 73.6 71.8 70.2 | 68.9 67.5 46.0
63 81.0 | 78.0 | 75.5 | 73.3 7.2 | 69.5 | 67.7 | 66.3 | 45.0
64 79.7 76.7 73.8 71.5 69.3 67.4 65.7 6h.2 44,0
65 80.2 76.5 73.3 T0.4 67.9 65.7 63.7 62.0 43.0




TABLE XIII. DATA FOR COMPUTING REYNOLDS AND NUSSELT NUMBERS
FOR CAPACITOR NO. 2, e = O

Run | T, h, hg e Npe A b Ny
(F) (in.vater) (in.vater) (1b/£43) | {1/hr) (Btu/hretF)
59 86.0 1.25 1.1 .073 15,400 14.35 T.57 83.0
60 86.0 . 2.90 2.5 .0732 23,k20 17.10 . .9.03 99.0
61 85.0 k.70 o) .0735 29,900 21.10 11.15 122.0
62 8k4.5 7.05 6.1 .07h0 36,900 23.35 , 12.32 135.0
63 83.0 10.4 9.0 Noygiy¢ 45,000 27.30 14,40 158.4
ol 82.0 13.2 11.b L0752 51,000 30.30 16.00 176.2
65 80.5 18.35 16.0 L0745 59,900 34,60 18.28 202.0
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