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ABSTRACT

In the present work, ihe natural convection hieat transfer through vertical cylindrical annular
tubes was experimentally investigated The inner cylinder is heated electrically with constant
heat flux, while the ouler one is subjected to ambient air. Rayleigh number was varied
between 80 and 1500 throughout this investization Aspect ratio of 50 and radius ratio ol 1 5
were used.  The annular gap was provided with helical-wire-eoil rings wound around the
outer surface ol the nner cylinder as aupmentation devices. The elfects ol conl pitch, ring
piteh, coil diameter and wire diameter were investigaled From lhe resulits of the present
investigation it is coneluded that the heal (ransfer rate increases with increasc ol coil diameter
and wire diameler and decrease of ring piteh, while it has a peak value at coil pitch to gap
thickness nearly cqual 0.125. It is eoncluded (rom the expecrimental results that the heat
trans(erred through (ke annular gap is not only by couvection but also by radiation and
conduction.  The helical-wire-coil rings arc found 1o enhance heat trans(er by a factor of
8.25. A general eorrctation is presented in order 10 help in the destezn of such devices

NOMENCLATURE

A aspect ratio, L/ & G Giashof numbar

As surface area, x DL, m’ b heat transfer coefficient, W/m' K
d diameter refernng to helical-wire-cails, mm1 k  thermal conductivity, W/in K

D  diameter referring to tube, mm L annular tube effective length, min
g gravity acceleration, m/s’ Nu  Nussclt nuntber
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P pitch, mm Subscripts

Pt Prandt number

heat flux, W ¢ coill

R radius matw, Dy /Di Formg

Ra Rayleigh number i inner or mside

Ta air temperature, K o outside of the inner

Tw wall temperature, K 1-7 posiions of thermocouples on tube surface
L based on effective length

Greek symbols momean

00 ouler or cutside

p  coeflicient of volumetric thermal expansion o1 Inside of the outer

5  anpular gap thickness, mm oo oulside of the outer

AT temperature difference, K w  coll wire

v kinemaric viscosity, in'fs 5  based on gape thickness

INTRODUCTION

Spent nuclear fuet is usually slored in easks that hate inner and ouler metallic shells, which
are sealed in the top and bottom. The radioactivily of the spent nuclear fuel in the inner
cylinder causes heating of the inner surface of the cask. The maximum amouni of spent fuel,
that can be stored in the cask, depends an the cftectiveness of heat removal from the inner
surface, the design and properties of the cask matcrial itself. The dominant mode of heat
removal from the nner surface 1o the puter surface is natural convection ol air in the cask
Using helical wirc coil rings on the inner surface considerably enhances heami transfer.
Therelor, for efficient design oT these casks with helical-wire-coal rings, determination of (he
heat transier cocfTicien is necessary.

In general, the literature for finned enclosures deals with the square cavities, and not
cylindrical annnli Guglielmini cl al [i] theoretically and cxperimentally investigated free
convection lieat lransfer from staguered vertical lins  They studied the elfects of fin heigh,
fin length, cwissivity of in material and transverse spacing across a channel on the average
heat transfer cocifficient [t was concluded that, Tor the slaggered vertical fins taken into
account the convective and radiant components yields a more eflicient heat transler than that
oblained [roin lins wade up of U-shaped vertical channels for the same bulk volume Single-
phase natural consection heat transfer dala had been cblained by Heindel-et al [2] for an
array of highly finncd. discrete heat sources The fins were mounted to cne wall of a eavity
filled with dielectric liquid lor both horizontal and vertical cavity orientations. The finned
surfaces were found lo enhance hem transfer by a faetor of 24  Rammohan Rao and
venkateshan [3] experimentally investigated the inleraction of iree convection and radiation
in a horizomal fin array  Their resulls were performed to show the effect of various
paramelers such as emissivity of fin surface, fin spacing, fin height and fin base temperaiure
The nain  conclusion ol this sludy was that radialion-convection interaction tavalidate
additive approaches in which conveclion and radiation contributions are independcntly
caleulated assuming all surfaces lo be isotherinal and then adding radiaticn and convection
effects 1o obtain the total heat transfler through the fin array

lieat transfer results indicated that the fin thickness could not be neglecied in optimizing the
total array heat transfer. as it influcnces both the efficiency of individual fin and the nuinber
of fins (Bar-Coben [4], Tanaka et al [5]. Hahne and Zhu (6], and Facas and Brown [7]) In
this group of researches, Hahne and zhu involved a horizomal heated cylinder wilh a
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conducting transverse circular fin array  While Facas and Brown studicd horizontal heated
cylinder with multiple longitudinal balfles ol low vonductivity

Karki and Patankar [8] did a numerical study of laminar natural convection in a vertical
shrouded fin array, in which the flow is induced from surroundings, by the chimney effect.
Scozia and Frederick {9} oblained numerical solutions tor a differentiallv healed slender
cavity with transverse conduction !ins on the cold wall Prakash and Renzoni [10]
numerically analyzed laminar fully developed flow in an internally finned vertical concentric
annular ducl. The fins werc radial and lixed on the outside of the inner tube. The outer wall
was insulated, while a unifosm heat flux was applied at the inner (ube. Accounting for the
buoyaney ecffeet, a finned passape appeared to be an effeetive heat exchange device.

Many studies have been done for different types of fin arrays, but to the knowledge of the
present  authors no experimentat or theoretical investigations had been made to determine the
effect of helical-wire-coil rings on the natural conveetion heat iransfer in a vertical annulus or
cavily In fact, Sultan [[1&12] in order to enhance free convection heat transfer from
horizomal eylinders used helical-wire-coils The cylinders in the two studies were heated
eleetrically under conslant heat flux In the ftirst study [V1], the helical-wire-coils were
formed in the shape of rings around the cylinder eircumference In 1he second siudy [12], the
helical-wire-eoils were in contact with the eylinder surface in longiludinal direetion The
experimental results of the twe invesligations showed that the maximiun increase in heat
transfer due lo the presence of the coils were about 56-63% with respect o the bare cylinder.

The current paper focuses on the annular space enclosed between two coaxial vertieal cireular
cylinders with helical-wire-coil rings an the outer surface of the inner eylinder and horizonta)
plales at the top and boifom The effects ol the following parameters will be investigated:

Rayleigh-number (Ras), eoil pitch (P}, ting longitudinal pitch (P}, coil outer diameter {d.)
and eoil wire diameler {d..).

EXPERIMENTAL APPARATUS

The main part of the apparatus used in the presenl experimental investigation is the inner
cylinder, which generales 1he heat for natural convection, end cups, heater and power supply
wilh associaled conitol and instrumentation. Fig (1} shows a schematic diagram of the
experimental apparatus  The inner cylinder (3) is 1nade of brass bar, 38 mm in diameler.
which is machined 10 have a central hole of diameter [0 5 mm where the electric heater (7)
can be inserted The heater is a nickel chrome wire of 0 8 mm diameter. This inner cylinder
is heated by passing an eleetric eurrent through the nickel chrome wire which is wounded
inside a central pyrex glass tube (5) of diameler 10 mm with an effective length of 475 mm
and 15 designed to provide uniform electrie power dissipation per unit length. Both ends of
the inner cylinder are covered with a layer of glass wool insulation (10} ol about 30 mm
thickness, inside the glass wool insulation a wuard heater (11} is tixed, in order to minimize
the axial end losses These guard heaters are put in place and pressed againsi the inner
cylinder by two wooden end cups (1) Two pairs of therinocouples (12) (guard heater
thermocouples) are inserted in the glass wool along the axis of the inner tube with 20 mn
distanee between them The power input to the guard heater is adjusied using a voltage
regulator so thal, at steady siate. Lhe reading of the rwa thermocouples of each pair becomes
equal. All the input to the main heater is then flowing to Ihe air inside the anmshus. The
voltage drop over the test section of the inner cvlinder is measured by a voltmeter An
ammeter and waltmeter measure the current and the electric power respectively
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To measure the surface temperature of the inner cylinder, eight thermocouples are used and
seven reelangular grooves are cul over on the outer surface of the inner cylinder with
peripheral angle of 51” between each other Seven thermocouples are placed one in each
groove with distances 47,85, 124,200, 275, 350 and 430 mm siaried from the beginning of
the lower end of the effective length of the cylinder [norder to check the uniformity of
temperature around the eircumferenee, one thermocouple is placed in the opposite direction

of the first one Inall runs the readings of the surface thermocouple and opposite additional
one were more or less the same.

The outer cylinder of the test annulus (2) bas an inner diameter of 57.2 mm and a thickness
of 3.2 mm, and the effective length of both eylinders 15175 mm. The wall temperatures of
the outer cylinder are measured by mne thermocouples distributed in the same way as in the
inner one. Owing to the high thermal conductivity of the brass, the inside and outside surface
temperatures of the outer cylinder are very close to that menitored with the thermocouples
(temperature difference of less than 0.02 °C)  All thermocouples are eopper-constantan

impeded inside the grooves to their places. keptin contact with the cylinder surface using
ulue and then thoroughly polished

The annular tube assembily is fixed inside a veniical square cross section frame (9), using

two helders (8). The frame has a sufficient dimensions and wrapped with plastic sheet, in
order to avoid the effect of room air current.

] [ ]

LR AILE
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Rings configurations End cup delails

1-end cup, 2- outer cylinder, 3-inner Cylinder, 4-helical-
wire-coil 1ing, 5-Pyrex glass tube, 6-sand particles, 7-

T T T I T :#:: electic heater, 8-holder, 9-wooden frame, 10-glass
wool insulation, 11-guard heater, 12-guard heater
Test section construction themmocouples

Fig 1 Experimental apparatus



Mansoura Engineering Journal. (MEJ}. Vol. 26. No. 2, June 2001, M. 5

The readings ol all thermaocouples are 1aken by means ol a digital temperature recorder.
capable of reading 0 1. "C via a mulii switeh The ambient temperature is measured by a
calibrated mercury-in-glass thermometer capable of reading @ 1 °C Cach experimental run
was about two hours for air to reach steady siate

The helical-wire-coil rings used as augmentation devices in this experimental investigation
are made of copper wires of0.45, 0 7, 3.9 and |.35 mm diameters . The wire is coiled around
rods of differem diameters in order to have helical-eoils of 5.2, 7.5, and 9.6 mm outside
diameters.  The helical-wire-coils are then turned around the inner ¢ylinder of the annulus in
the form of separate rings as shown in Fig. | The distance between the centers of two
adjacent rings {pitch) is nearly equal t0 7.54, 8 64 9.6, |1 88, 18 53 and 23.75 mm along the
axial direction of the annulus. The characleristic parameters, which define the hefical-wire-
coil rings configurations, are given in Table |

Table | Characteristic dimensions of helical-wire-coil rings used in the present work

Tube | Number | Number [ Coil pitch. Ring | Coit | Wire |  Rings Arca
No. of coils ol rings (P pirch {py | diameter | diameter | surface arca rato
per ring mn i {do), o | {dy). mm {Asg), m1 ASFAS,
! 160 043 090 754 7.5 070 14736 8309
2 140 03 1413 7.54 7.5 0. 0410 7.270
3 130 63 1.1%) 754 7.5 070 0.3848 6.751
4 129 063 1.20 7.54 7.5 0.70 9.3552 6.232
5 {E4] 63 1,44 7.34 7.3 0,70 {1.2960 5.193
] 80 03 1.79 7.54 7.5 Nn_H) 0 2368 4. 154
7 00 63 2.39 7.54 75 [ 01776 3116
8 16:4) 35 0o 5.64 1.5 0,70 0.4134 7253
¥ 160 50 0 20 9_6{) 73 070 0.3758 6.593
10 161 40 .90 1188 1.5 .70 1.3067 5,275
il 160 30 .90} 1581 1.5 070 0.2255 3,956
L 12 HEY 20 09 2175 7.5 070 0.1503 2.637
13 34 50 162 v.6l) 5.2 (70 0.1306 2.291
14 88 50 163 4 0L} 7.5 0 7 02067 3627
15 92 0 1.03 .60 9.6 070 1.2828 4,962
16 92 50 1 63 V.60 .6 1.35 (.50506 §.370
17 92 54 | 63 Y 0h) 9.6 (90 0.3555 6.237
] 92 S 163 G.01) 0.0 045 0. 1864 3279

Dara reduction

The surface area of the inner cvlinder of the annulus (Asy) is used 1o facilitate comparisons
with data for annulus without augmentation devices in a similar geometric arrangement [13]
The average heat iransfer coefficients from the inner and ouler cylinders of the annulus, Ly,
and h,,, can be defined by cquations 1&2 respectively as follows

i = {Q/ Asyp [(Twidn- (Twodml). and (n
hn = {Q;‘ [Asnn [(Twn)m 'TEH} (2)

Where Ta is the anbienl air temperature, As,, and As,. arc the outer surface area of the inner
eylinder and the outer surface arca of the outer ane respectively, defined hy equation (3 )
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Ase= T DL, and ASgu = T Do L (3}

And {({Twi)n and {Twg), are Ihe mean surfacc lemperatures of Lhe inner and outer cylinders
defined by cquations (4 & 5) respectively.

{Twim™ (TwirFTwit Pwp +Tw .+ Tw s+ Pwet Fwgg )7, and @
(T“,rn)mz (Twul +T W(:2+T wn]"'TWn-l"'T W"_(\+T Wn{,"’TW(ﬂ)f'T (5)

Where, (Tw, —['wi7) and (Tw, —Tw,;) arc local surface temperatures of the inner and outer
cylinders of the annulus respectively

The mean Nusselt numbers for the inner and ouler surfaces of the annulus can be calculated
respectively as follows'

Nus=h, & / ki, and Nur = h.L 7k, (6}

Where, & is the annular gap thickness. equal (Do - Dio)/Z and L is the effective length of the
annular wube.

The other dunensionless parameters which were used in the formulation of the experimental
results were inside and outside Grashol mumber Grsand Gry. inside and outside Rayvleigh
numbers Ragand Ray, defined according to the following equations

Grs =g P {(Twiw - (Twan) 8' 17, @nd Gry= g Bo {(Twadn -Ta} L' ' (7)
Raz = Grs Pr, . and Rar= Gri Pr, (8)

Where (k, & kob, (v & v}, (b & [B,) and (Pr, & Pr.} arc the inside and outside thermal
conductivity, kinematic viscosity, coeflicient of volumetric therinal expansion and Prandtl
nuinber respectively. These parameters were taken from Lhe appendix of Reference {14] at the
inside and outside arithmelic mean tempcrature of air, defined as follows:

(TaT )l“ = {(T‘UI )Jh +(TW|1)|11‘)’2 N and {Ta(, )m = { (TW" )m +ra>f2 (0}

RESULTS AND DISCUSSION

Natural eonvection of air is studied experimentaily in a vertical annilus with helical-wire-coil
rings on lhe inner cylinder The inner wall is subjecred to constanl heat flux, and the outer
wall is subjeeted lo ambient air. The eflfeets of P, Py, d,, di and Ras on the heat transfer
results are discussed in Lhis section. Resulls abtained in this work include temperature
distribution on the outer surface of the inner eylinder, mean temperature differer ce between
inner and ouler surfaces of the annulus and heat transfer coefficients for free convection In
this work the radius ratio is equal 1o 1.5, aspect ralia is equal to 50 and Rayleigh number
ranges between 80 1o 1500. This range of Rayleigh number spans the conduction regime of
convection as defined in (he study of Thomas and de Vahl Davis [15]. In ali cases a
correction for thermal radiation in the annulus is applied in Lhe caiculation of the coefficient
of free convection  This correction includes the effect of surfaee emissivity and radiative
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view faclor for the empty annulus {annulus without augmentation} The efTect of radiation
from the augmeatation devices 15 not caleulated in this study

Validation of experimental resulrs

Belore reporting on the main results of the research, mention will be made of relevant
auxiliary experiments. To demonstrate the validity of the experimental apparatus, heal
transfer experiments were perfocrmed with an empty vertical annulus, 1n order to enable
comparison with heat transfer results in the literature. The relation between Nusselt number
and Rayleigh number are presented in Fig. 2 as well as the results of other investigators A
mixed boundary condition, as in the present study, resulls in Nusselt numbers as much as 35
percent higher than those of an isolhermal one (Thomas and de Vah! Davis [15]). This
difference was also reporied by Kehani et al [16] (A=27 6 and R=4 33} and Bushan et a} [17)
(A=52.82 and R=277) It isseen from Fig. 2 lhat the calculated Nusselt number results lay
between those given by Lhe recent heat transfer correlations of References [16] and [17]

As a second verification of the experimental set-up, nalural convection from the ouler
cylinder to the surrounding atmosphere is ehecked considering the whole annulus as a single
vertical cylinder. The collected data are presented in Fig.3 as a relation between the average
Nusseit number Nug and Rayleigh number Ra,, both based on the effective length of the ouler
cylinder. A straight line representing the correlation of McAdams [ 18] is also presented in the
figure with a deviation of about +7 %. 1t is concluded froin Figs.2&3 that the present
experiinentat results are in fair agreement with the literalure.

Temperature distribution

A sample of the experimental tempcrature distribulions on the inner wall of the augmented
anoulus is summarized in Figures 4-7, for heat fux ranged from 2 to 585 W The
temperature distribution exhibits an almost smooth varialion at Jow power, but at higher
power a comparatively higl variation is observed

Despite the variation of temperature in the axial direction, the deviation of mean vafues
ranges from 0 2 1o 3 percent. The data of small hear flux exhibits somewhal smooth variation
alang the axial direction with a deviation of +0 2 1o 0 5 percen.

Relation between the mean temperature differences and thc heat flux on the inner cylinder of
the annulus is shown in Fig. 8. The figure shows that the existence of coil rings reduces the
mean temperature difTereuce across the annulus with respect to (hat of enpty annulus al the
same heat flux. This means that, an ucrease in the heat transfer coelficient of (he augmenied
annular tubes over that of the empty annulus is prevail at the same value of heat flux

HEAT TRANSFER RESULTY

Altention will now be turped 1o the heal transfer results of (he augmenied annular tubes. In
this conneclion, the sequence in which the experiments are performed is chosen in order 1o
facilitate the presentation of results. For specified value of three paramelers, successive
experiments were carried oul in which the forth parameter was changed to cover its specified

range.  Therefor, four groups of experimcnts were performed, presented and discussed ir the
following sections
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Effect of coil pitch

The eftect ol coif pitch on the heal transter rate is given in Figures 9 and 10 In Fig. 9 the
relation hetween Nusselt nuniber and Rayleigh number [or difTerent coil pilch to annular gap
thickness ratios {p/8) is presented The other configuration parameters are kepl constant,
namely  (pd6) =0.785 | {dJ8)=0.781 and (d./8) =0073. From Lhe plots of this figure the
data can be correlated in the fonn Nus; = C Rag" where the mean value of exponent n is equal
to 0.1 14 1norder lo show the effect of (p/8), elimination of Rayleigh nnmher had been done
and the relation between the complex (Nng/Ras"''" ) and (p./8) is presented in Fig.10 The
observation {rom this fignre may be snmmarized as lollows when {p,/8} is decreased (i.e. the
number of coils in the ring is increased) further enhancement of heat transfer is achieved up
to a maximum value at (pJ/8) nearly equal 0.125 Further decrease in {(p/5) decreases Lhe
hcal tranfer rate. One may observe that Lthe decrease of (p/8) increases the surface area of the
helical-wire-coil rings. at constant other parameters and (his consequently increases the heat
transfer rale The deerease of (p/8) also increases the depgree and domain of turbulence
caused hy the existence of the rings At (p/8) less than 0.125 the coils of the rings ean be
brought ¢loser, due to the small distances between them and this in turn, affect the degree and
dotnain of wurbulence. So the heal transfer rate will increase or decrease depending on (p/5)

Effect of ring pitcit

This group of resulls concerns the effect of ring pitch 1o gap thickness ratio (p#8) on the heat
transfer rate. In this group. the other paramelers discussed in this work are kept conslant al
the following values {p/8)=0 094, {d./3)=0.073 and (d./8) = 0 781. Figure 11 represents the
relation between MNusselt number and Rayleigh number at dilTerent values of (p#8). The
relation belween (p#8) and the eomplex {NuyRas"'')are presented in Fig.12, in order to
eliminate the tlTect of Rayieigh number As ring pitch to gap thickness ratic (prd) is
decreased (the numher of rings is increased), (he heal transfer rate iocreases The reason may
be given as follow as (p/8) is decreased, for thc samme Rasi, the porosily of Lhe sysiem
decreases and consequently the elfective thermal conductivity of the syslem increases. This
increases the conduclion heat transfer through the annulus Also as (p#8) is decreased the
surface area of the rings inereases, this in lurn increases the radiation heat 1ransfer through the
annutus.  Finally, as (p#8) is decreased the degree and domain of lurbulence, eaused by rings
conligurations, increase and as a result the conveclive heat transfer rate inereases.

Lffect of coil diamerter

The data collecied in this group of experiments are presenled in Figures 13 and 14. Diflerent
coil diameter 10 gap Lhickness ratios (d/8) are used while the other configuration paramelers
are kept constant, as (p/8)=0.17, (p#5) =1.0 and {d./8) =0 073 in this group of experiments.
Figure 13 represents Lhe relation between Nussell number and Rayleigh number, and Fig. 14
indicates the effect of (d/8) on Nusscil number afler eliininating the effect of Rayleigh
nuicher The observation from these figures may be summarized as follows: an increase in
(d/8), with olher configuration paraineters are kept constant, increases the heat transfer
across the annulus. This is mainly beeause a greater surface area is available for heat transfer
from the rings, and an increase in the domain of turbulence is existed. The value of (d/8) for
maxinum heat transfer in this group of results is equal lo unity at which the rings contact
hoth the inner surface of thc outer cylinder and the outer surface of the inner one. This
explains the sharp inerease in the heat iransfer rate in this case, due 1o Lhe high thermal
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conductivity of ring material This portion ol heat transfer by conduction may be high
compared lo (he eonveclive and radialive portions ol heal lransfer, caused by the existence ol
the coil-rings

Effect af wire divmeter

This group of experiments discuses the ellect of variation of wire diameter on the heat
transfer rate. In this case p/& =017, p#d =1.0 and d/6 =1 0 are kept eonstant while d./& is
changed Fom 0.047 10 0.}41. From the value of (d/8) one ean ghserve thal the helieal-wire-
coil rings, in this group o experiments, are kept in contact with the inner and outer cylinders
of the annulus. The results of this group are presented in Fignres [5 and 16, The relalion
between Nu; and Raz is shown in Fig. 15, from which it is seen that Nus increases with Ras
for the same value of (d/8), while Fig. 16 shows the relation hetween {d../8 ) and Nus
divided by Rastothe power 0.114. The figure shows thal, Lhe heat transfer rate represented
by the complex (Nu;.f’Raan'“) increases with d/& Increasing wires diameter increases the
effeclive thermal conductivity of the annular gap, (porosity deereases by about 14%). This in
turn increases the heat transfer rate by conduction through the annular gape In the same
titne, inereasing d., increases the surfaee area of the rings and eonsequently increases the heat
transfer rate by radiation. (surface area is incrcased by about 270 %) Also, increasing (d./8)
increases ihe cross section of the wire and consequently increases the conduction heat

transfer rate througl the indirect contact belween inner and outer surfaces ol the annuius via
coll material

Constant surfuce urea tata

To show the effect of helical-wire-coil rings in disturbing air boundary layer in the anmuar
gap (convection effect), somc experiments are presented in Fig 17. The data presented here
concerns helical wire-coil rings having Lhe following constant paramelcrs. Surface area (to
climinate the efTect of radiation heat transfer), wire diameter, coil diameler and total number
of coils (lo eliminate Lhe effect of conduction heal 1ransfer due 10 effeclive Lhermal
conductivity}, while coil pitch and ring pitch are varied The [igure shows a variation of about
n % helween tube 2 and tubc 8 and a wvariation of aboul 25% belween lube 14 and tube
t1(See Table 1) TFrom Tablc | onc can see thal, the variation in p. and prin case of tube 2
andl lube 8 18 comparatively small (-14% and + 14% respectively), while the variation in p,
and pyin case of tube 14 and tube |1 is high (- 82 % and + 67%) This proves the effect of

helical-wire-coil rings configurations on lhe conveclive portion of heat transfer caused by
their existence in the annular gap

In order to indicate Lhe effcct of conduction heal transfcr caused by the existence of helical-
wire-coil rings, two sets of experiments are performed and demonstrated in Fig. 18  [n these
sels of results, lhe iotal surface area and wire length of the helical-wire-coil rings arc kept
nearly constani (46 % change), in order to eliminate the effect of radiation heal transfer
While the changes in coil pitch and ring pitch are equal to 14% and 28% respectively, which
means a small effeet on the heat transfer as discussed above (See Fig.17). In the {irst set of
these resulls {lube 15} the coil diameter allows conlact belween the rings and both the inner
and outer cylinders of the annulus (d.=& ). while in the second sel (lube 5) d.<8, which
means that the rings contact only the inner cylinder of the annulus. figure 18 shows that, the
heat transfer rate of tubc 15 is 84% highcr than that of tuhe 5. This is because of the indirect
cnntact hetween Lhe inuer and outer cylinders ol the annulus via the helical-wire-coil rings.
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Correlations
The data obtained in this studv are correlated by the use of statistical analvsis [19], o

esimate the heal transier rates froin values of parameters that influence the process of heat
transfer augmentation through the anmulus, as follows:

Nus = 154924 Ray" "pes)y " " (do8) "' f(pdB) f(d4B) (10}
Where

J(pel8)=142.7629(pelB)- 10.6768(pc/8) . and (1)

S(defB)=1-3.0369 (d/8)+2 7654 (d/8Y (12)

Correlation {10) is valid in the following ranges of the operating parameters:

80< Ras= 1500, 0 094< p /o< 0249, 0785 < pyids2 474,

N 047< /85 0.141 and  0542<dJ/5< 1.0
Figure 19 shows a plot ofthe observed data against the predicted values Itom equation 10.
The predicted values are within £10% of (he ohserved one as shown rom Lhe Ngure

CONCLUSIONS

Experimental resulls are reported lor vertical annular tubes of radius ratio 1.5 and aspect ratio
50. The inner wall of the annulus is heated electrically Using air as a test [luid, the Rayleigh
number is ranged [fom 80 to 1500. In order to augment lree convection heat transfer through
annular tubes, helical-wire-coil rings having the following configurations are covered. coil
pitch 1o gape thickness ratio range (094< (p/8)< 0 249, ring pilch to gape thickness ratio
range 0.785<(pd8)< 2 474, coil diameter lo gape (hickness ratio range 0 542<(d,/8)<0.1 and
wire diameter to gape thickness ratio range 0 047<(d../8)<0.141 The lemperature fields and
the heal transfer rates obtained in this study lead ta the following conclusions

1- Temperature fields are influenced by the variation of wire diameter, coil diameter. coil
pitch, ring pitch and heat flux. This rcsults in an enhancenient of heat transfer rate.

- The heat transfer ratc increases with the increase of both coil diameler and wire diameter
and the decrease ol ring pitch. While it has a peak value through the variation ol coil
pitch

3- Relative (o Lhe annulus without augmentation. the use of helical-wire-coil rings

experienced heat (ransler enhancement by as much as § 25 times.

The heal transfer coeificients are correlated as a function of (pJ/8). (prd). (dS/&). (d./8)
and Rayleigh numbers
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