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CONVECTIVE HEAT TRANSFER AND FRICTION LOSS IN
CYCLICALLY DIVERGING- CONVERGING ANNULAR TUBES
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The results of the present un*:hwduﬁkrm forser as well ai heal reanifer of
cyclically mmm are higher than those of the constant cross section
area one. For aled case, an enhancement as much as 180% in the heat
travsfer coefficient is reported for lhfﬂrnuhnoffﬂdwrmmrnhmkmu

For the case hected case an enhancemen: HIT% in heat iransfer

reported for gm%fﬂ - divergeni mmz mmmmfﬂﬂmﬁ
facter for both cases 1‘&: mg-converging anmuli aver that of the constant
area one ranges from 73 w0 630 %5, with ws marimum valve ot length rativ of 0,27 and

minimum value ar lengrh nuluaf.i'.ﬂ?.
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ive evalucifon based on the efficiéncy Index (effeciivencss) shows thal the
annular fube having divergemt convergent length ratlo 10 performs berter tham the ofker
tbes It iy concluded also that, the internally heated annular tubes perform berter than the
exterapdly heated ones al the same flow velociny.

Kev wonds: Forced convection o & divergent-convergen! anpulus,

1. INTRODUCTION

Whereas a constant cross-section ares charscrerizes conventional dwets, there wre
numerous heal exchange applications involving ducts whose fow cross-seciion varies
periodically along the siream-wise direction. The need for more efficient and compact hest
exchanger has led to enhance heat transfer by the use of unconventional flow passages.

Differert methods kave been proposed to improve heal tranafer characteristics, including
pussive methods that require no external power such os threaded surfaces, extended surfaces,
swirl flow devices, and active methods that ire external power such as surfhce or (luid
vibmation, fluid injection and suction, Fmﬂllﬂgilmdhhﬂrdmmham:llnluuum
rate of be fow by inserting & comdal inper tube into an cuter-tube to deflect the Ouid 1o the
hot wall of the outer tube., It was found that, since the configuration of the inmer tube is very
mﬂ: accompanying pressure drop i@ not very serious and the resalts showed thal ths

doey meet the goal of heat t enhancement. Garimella and Christensen {1993 and
I?ﬂk{mﬂhdthlbntumsh-:d pressure drop of spirally loated annuli. They reporied that
numbers were berween 4 (o 20 times the smooth annulus values in the low Reynolds
ﬁ , while mmb:rfml.lmiﬁoummﬂmv
i experimentally the tur motion of sirflow the converging
durf. They reported that intensification of heat tmmnsfer was mdm"”“"’:ﬁ“
moderaie incresse in the pumping power, Araid et ol (198)) studicd heat transfer and

[ e in & wransformer oll plaie heat exchanger co ~diverging
Khes, Theg Soundd et T tomahc Encndiioniion O » ey o155 It schitvod oal &0

wmping er is increased by & factor of (.35, Awad et al. (1986) studied expermmentally the
ﬁmmgwmmmrmhm :nmﬁmmmm
MME.mmﬂrLMMHW one was ol
Iﬂhﬂd‘ﬂﬁmqlﬂhﬂm The results that heat iransfer
|5 and the pumping power by 2 lctor of 0.238.

:

ol the spirally Muted annuli wos higher than the corresponding smooth annulus valees and
grooved tube annuli.

Arsid (2000h) investi experimentally the air hest transfer and pressure in tubes
inseried with different m :EIHI::u n?nﬁgmﬂtuﬂ.ﬁmdiﬂc::hdnmmnp
equals &0-mm and the rod step ratio changes from 5:1 to 1:5 and the Reynolds number ranged
between [B000 mnd 9500, The mner diameter of the tube, the outer and inner dismeters of
the rods were equal bo 28, 12 znd & mm respectively, It was conghuded that the heat transfer
enhancement for the cffective case was about 58 % compared 1o the smooth ube, mearmwhiks,
the mean friction losss increased by about 130 % in the same Reynolds runge
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Sultan A.A., and Sultan, G.l. (2000a) investigated ntally the heat transfer and
pressure drop of air flowing through horizontal annular tubes partially filled with aluminum
mesh layers. The thickness uftﬁc annular tubes used was equal to | 1.9 mm and the mesh
layers thickness were in the range (2.3 to 119 mm). The results show that friction losses
and Nusselt number Increase with layer thickness. They show that friction factors arc 2.14 -
106.8 times the armular tube valucs, while Musseit numbers are found to be 1.29 - 5.7
times the emply tube at the same Reynolds number.

The ohjective of the present work is 1o investigate experimentally, heat transfer and
frictional loss characteristics of @ turbulent flow in oycfically diverging-comverging annular
tubes. Consiant heat flux modes of heat ransfer ane considered where the Dow s heated by the
immer zurface of the annulus with the outer surface msulsted in the first case. In the second
case, the flow is heated by the ouler surfuce of the annulus with the inner tube insulated. Five
annular tubes of diffierent divergent-convergeni length raiio ere used in cach case.

2. EXPERIMENTAL TEST RIG

the test section bell mouth entrance f 50 diameter
-:nm-:st Fually M{& flow in the test seclion, #m“ WMHHW
variable area exit {(11) 1o control the airflow through the system.

The test section, shown in figure {1-b), consists of rwo-concentric tubes. The inside tube
of the annulus is 1100 mm and of three sections; one heated and two unheated
commected to each other the aid of threaded parts. The two unheated sections (14 &21)
are made of Teflan mdufal.hmmd-ﬂ!nwihﬂh-l 140 rmem length

Mn[ﬂ.iﬂn“ﬁhgnmm&dﬁHhEImufﬂs thermal conduct and low
eleciricsl conductivity. The heater is then fixed with the aid of gypsum layer (23). The tube is
then msuleicd with a thickness fiber glass woal insulation (24).

in order 10 estumaie the heat lost to the surroonding, four groups of thermocouples are
distributed insade the glass wool nsulstion with (0. 95, 180 and 265 mm fudinal disiances
from the beginning of the heated tube and having a peripheral angles of 45" between each
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with an sccuracy the test section are
measured by two ; air properties are
calculsted asa auto-transformer is used 10
control the power which is measured by an ammeter
and volimeter. The inner and outer tubes of the annulus are
measured

transferred to a

|
i
i

b)-laternal Rod and external tube Constructions

Figure (1) Details of the Experimental Set-Up

3. FLOW AND HEAT TRANSFER CHARACTERISTICS

Figure 2 shows detaded cross-section ﬂmﬂmmwr
sections under test. It is characterized by the half angle of convergence “a” at hall
ﬁﬁm“ru outlet. There are four divergent- convergent sections with kength

. be caleulsted respectively with
hhmgnmﬁ il

- For constant cross section area annulus:
A =x(D+d, Y4l ) (n
- For variable cross section area annulus:
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A, = 4L, +a(d, +d; )H{'dﬂ ~d; 2 4%2 " erq -d; 92 4L dz } 2)

Table (1) Characteristics of the Cyelic Ly Leo
diverging-converging Annuli

L, a’ e Ly | Lo | Leo
M mm mim d‘
367 ] 6°38 | 23°4 | 70 | 55 | 15
180 8°05 | 14°22° | 70 | 45 | 25
1.00 | 10°22° | 10°22' | 70 | 35 | 35

s

SRl e b s

0.56 | 1422 | 8°05 | 70 | 25 | 45 T o
027 ] 23°4' | 6°38 | 70 | 15 | 55 Figure (2) Construction of divergent—
convergent test section

(four ofthem in series)

The volumetric hydraulic diameter is defined as four the volume for flow divided by the
wetted surface area. For constamt and wvariable cross section area annular tubes, it can be
calculated as follows (see Appendix A):

Dh.=D-d, (3)
ant? - %’Tra*,’ +dd +d?)

P +nﬂ{1_frd,—d,ﬁ+4£w2 #(dy ~d ) 4L |/ L -

Dk,

Based on the hydraulic diameter of the constant cross section area annulus, the Reynolds
number and Musselt number of the two heating cases (Rel) (Nugj) and (Nu.,) may be
calculated from the following relations:

D

R;gczu (5
¥
b, Dh. h.,Dh

N“5J= : ;C : [ Hﬂfﬂ=% [‘5}

Where h.; and h., are the heat transfer coefficients based on the mside diameter of the
constant cross section area annulus heated from inside and outside respectively and are
calculated as follows:

0 0
prntli, g B (7
. A (AT )y, h‘ Aol AT )y ]
Where:
Q=1Veosg=1V  (whereg=0) (8)

A, =drxd L, A, ,=42DL, (%
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(T =T )=(T.-%)

AT )= anl |
(AT) _q!’"_""j_! (m
(T.~T,)

Yot

T, =" 11
5 an

Also, the friction factor of constant cross section area annular tubes (£) may be
ealculated using the following definition:

_ 2AP(Dh,)
i —ﬂr—%m (12)
In view of the changing crass-section in case of the C)dhlm:m
annulus, the mean velocity u, in the annular gap can be writlen as (see :
g
HI‘T"I d,’) (13

b |o* - (d,’ +dd.+d? )3
Thus the Reynolds number for the varlable cross section area snnular tubes, Re,. formed
with the hydraulic diameter (Dh,) and the gap mean velocity v, is:

Re, = "'f*' (14)

The Nusselt numbers for the internally and externally heating cases and Mugg) and
lgrlhﬁ-n:hnn' won factor of the Cyclically diverging-comverging umﬁnh‘ iI.{Jchl:J:bu :mmu 2 as
Wws

N""u - h”?u % ﬂ‘ll'u - h'u;m' {'lj].
2APDE,

fo= {16)
o m,?

Where h,; and b arc the heat transfer coefficients based on the inside and outside
surfaces of the varisble cross section area annulus respectively and ane caleulated as follows:

h,;-m. *u'm (17
Where. £
4, = n(d,+d, {J{dﬂ -d;? car 2o Jod ~d, P véi? J o
A=Ay
4. RESULTS AND DISCUSSION

In order 1o verify the performance of the experimental test rig, the results of the constant
anmilar ube are w&hthnrﬁuhhmmhﬁu;?ﬁhﬁmmmdm
Nusselt number in case of the uniform heat flux were then determined for 1he varshle cross
o
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4.1 Constant Area Annular Tube

Due to the sho in the available experimental data for the flow in annular ducts, our
experimental results of the friction factor are co with the comelation developed by
Robert (1984). He suggested that the use of the nulic diameter of the constant cross
section area annulus in conjunction with any pipe flow relation will lead to accurate results for
the friction factor of the flow through annular ducts.

turbulent flow in the constant cross section area annulus are plotied in figure (3) versus the
Reynolds number along with the data of Miller (1978). The shows that the
fiction factor values are in good agreement with those cale from Miller's correlation in
the considered range of Reynolds number. The friction factor of the present study may be
correlated with Re, as:

£ =0.395Re, (19)

in the range 3. 1410’ < Re, <3 3x10° with a standard deviation of $%.

100

T rrrl

O ingade hewing

il
i
R

Nusselt number (Nu,)
4

PR T il I R | ™ 5 & 4 b 4 & al » 3
s & 810 20 20 T o 20 a0

Reynsids anmber (Re~ 107) Reynolds sumber (He = 107)
Fig. {3) Comgparisan between the present Fig.(4) Comparison between the present
friction factor in the constant area Nasseli number (Na ) in ihe constant aren
annalus with those of Miller (1978). annulus with thase of Gnidinskif{1976).

To the author's knowledge, there is no correlation that relates Nusselt and Reynolds
numbers for annulus. But, one can use available equation that describes the relation
hﬂmlifﬂumltuﬂ for circular tube using the multipbiers
[0.86(4,/D)° "] and [L0.14¢ mm.lﬂ:l by Peiokhov ct ol (1964) for annulat lubes

inside outside . In these cases the hydraulic diameter of t
constant area annuls must be used instead of 1ube diameter,

Figure (4) presents the results of the heat transfer for the constant cross section area
annulus as a relation between the Nusselt and Reynolds numbers compared with the data of
Gnielinski (1976) after using the above multipliers. As shown from figure (4), the experimental
data of Nusselt numbers for the two present cases are in good agreement with those suggesied
by ﬂ\:g:vnu.-. reference. The prosent Nusselt data are correlated with the Reynolds number
for the Arst and second cases with a standard deviation of 7% as follows:

Nu,, =0.0475Re}’ (20

These assess clearly demonstrate the rchability and shows the accuracy of the
experimental test rig and results obtained "o it
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4.2 Cyclically Diverging-Converging Annular Tubes

cyclically

cross section area annular tubes are presented as the Nusselt number and friction factor versus
the Reynolds number, This satisfies the purpose of comparing the results of opclicaily
(5) shows that the results of friction factors of the turbulent flow in

The experimental results of heat transfer and friction losses of the turbulent flow in variable
diverging-converging annular tubes with those of constant area one.

than those of constant cross section ares one.

Y 13 4

Lumgih Ratie (L,)

i

BE

S==32 u

oD 4aB

a0

Fig. (6) Length ratie versus [ riction [ acior
S or cyclically diverging converging annuli

with the Reynolds number as @ parameier.

Remuld sumber (Re, =107)

number [ or cyclically diverging-converging

Fig. (%) Friction [ actor versus Reynolds
annull with the fengith ratio as a parameter
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turbulent flow occurs and the effect of divergent-convergent configurations in the development
of boundary layer decrenses. As a resull, the increase in heat transfer decreascs with Reynolds
number and may be diminished at certain Reynolds number value.

| * Mﬂ‘lﬂl‘lllﬂiﬂl’lﬂlll
LI

g

Nusselt aumber (Nu, ;)

Reynolds sumber (Re, lzlq‘j -
Fig. (7) Relation between Nusselt mumber
and Reynolds number for cyclically
diverging - converging annull heaied
S rom inside [ or dif [ ereni lengih ratios.
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Fig. (9) Ef f ect of length ratio on Nussell
number [ or cyclically diverging-converging
annuli heated [ rom inside [ ar dif [ erent
Reynolds number.

transfer, the Nusselt number is plotted in
Reyno

case, numbers increase with the decrease of
maxirmum values ot length ratio of | and then decrease with further decrease

may be due to the effect of the divergent and convergent angles (length ratios) on the
surface of the inner
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Reynolds number,
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kls number. For the internal heated

ratio up to
length ratio.

. To prove this trend
scope of this work. The Figure shows also
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5. OVERALL TUBE PERFORMANCE

uwmm“mm_m_

et al (1999) as follows:

n=(Nu,/Nu )AL )

.w.
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M*Whmm
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Reywalds mumber (Re, = 107)
Fig.(12) EJ f ectivness f or cyclically

diverging<comverging annuli  heated

[ rom outside versus Reynolds number.
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L (1D ectivaers
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constant cross section ares annular one for two cases, In the first enge the annular (ubes are

hested from inside while, in the second case the annulor tubes are heated from outside under

coastant heat the other tube insulated. The following facis are concluded:
the

1. Both
8

i

i
;
£
i
it
i
i
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!
Tgae
I
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|

annular 1ubes
ratio to the conatant
cross section wes snnubus. While the lowest is as low as at kength ratio of

5. The Cyclically W tube uflewl.ﬂ.rl-fn‘,hnmhﬂ

sy
If
|
i
i%
i

performance compared with the in this
work, since it has the highest heat transfer modemte increase in friction

NOMENCLATURE

A surface area, m' L length,m

D Inner diameter of ouler tube, m L lengthmtio (L)

Dh  hydrsulic dismeser, m Q e wansfer rate. W

d diamcicr of innes rod , m T temperature, K

h heat transfer coefficiene. W m ¥ K U Average air velocily, m/y

[ clectric curtont, Amp, V  elecine volt, volt

k thermal conductivity, W m™ K

Dimcnsionless Groups

r Friction factor Pr  Prandtle namber

Nu  MNusselt number ke Reynolds rumber

Greek Symbob

pressure Pa g il of divergence
ATi anﬁﬂu:i?m-n difference defined  + M.h‘n:-: v'n}uir.-'f'
by #q.(10), K o fuiddersity, kzm

Qa halfl angle of conver pence n  Effectivencss, Eq(21)

Subscripts

¢ constant cross wection ares annulus i imuide, or mlet

e convergeni pari o oulside, or exit

&y Cycle v Cychcally dverging-converging annuli

d divergent part w  Wenicd, or wall
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APPENDIX A

1-Flow volume ealeulaiions

Referring to the shown.
L=d z.xaﬁ"

Vol
T L P12 R 12




Mansoura Engineering Journal, (MEJ), Vol 27, No. 2., June 2002 M. 29

sm;ﬁL?mumm“w:
Ve=rlofd, +d +dd 12
In the same way the divergent part volume can be calculated as,

Vimelddy vd vddi/12
The length of the convergent divergent cycle can be set as,  Lo=Leo*Ly
The total volume of the convergent divergent cycle can be calculated as,
Vey=rloyldy’ +d +ded J/12
The volume of the four cycbeally convergent divergent sections can be written as,
Il fdy’ +df vdod /122 aloy[dy’ +d +dod /3
Thus the flow volume can be expressed as: ¥y = 2D’ Lo, + e fdy’ +di’ +dod /3
The mean velocity of flow can be calculated by,  u(W#(D’-ds 1 4Le, = u, * Flow volume
Fromwhich,  w,= ul(D'-ds)/{ D'+ (ds’ +d vdod/3 |

2-Witted area calculations:

Refering to the figure shown in the Appendix we get, To,* T=T{L+L. ML,

The surface area of the convergent part is A,=mdy(Teo+TV2 - md T2

Subistituting for (Te*T) from the above equation. we get, A= T(dy’-d/’)/(2dy
From the above figure we get,

Tayidr2}+ 2 = (dy~d,)? + 4L,

% d,~d;)
Substituting for T from the above equation, we get,

Ao = MJ&. -d, )L,
Also the surface area of divergent part can be written as,

= B [ e

The surface area of the four convergent-divergent cycles can be set as,

Ay =44, = —'—M: ’[Jt’d,*lf;.a‘l*‘d' +Jﬂu*‘fl’*“d}
The total surface (witted) area can be expressed as,

2 2
.‘lﬂ'wil'#ul‘.j +Rfﬂ'n+rl"{-!fd¢‘d;f "‘Lm +er“,—d,-)2+i-’-¢1]

The volumetric hydraulic diameter can be set as. Hd, =4 ¥/ 4,




