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ABSTRACT~ This paper presents an experimental *~
hydrodynamic resistance in unconvention-'
in case of waler flow. These ducts are

two opposite vertical copper plates In the

10 mm and has been shaped by milling.

an open loop through the ducts of 20 mm

the first has two plain sldes, the second h
third has two symmetric shoped sldes an
The results are also obtalned when the [l
The data are presented for Reynolds numl
Prandtl number range: between 3.3 and 7.3, 1
ric pressure. A comparative evaluation is n
of heal transfer as compaced to the straight

pumplng power has a factor of about 0.2 and
Q.175.



M. 14 AWAD, M. M., SHALABY, M. A, and EL-SHAZLY, S. A.

INTRODUCTION

Intensification of convective heal transfer, in plate heat exchanger, can be
achieved by different methods. One of the most effective methods can be obtained
Ly creatlng an altecnating prassure gradient and consequantly allernating momentum
forces in the flow stream. Means and wgays of powering turbulent heat transfer in
ducts have been vigorously explored in the cecent past with a view toward increasing
the efflciency of heat exchangers [1-6).

For flow in a duct of constant cross section (conventional duct), the veloclty
distribution Lecomes independent of the streamwise coordinate at sufficiently large
distances fraom the duct inlet. Such an unchanging velocity distribution is said to
be fully developed. However, for the temperature field, the fully developed regime
is nob as easily characterfzed as that for the velocity, Aside from some certain special
cases, the temperature distribudon does not become independent oF the streamwise
coordinale and the wusual definition of the thermally developed regime is that the
shaps of the temperature distributions at successive streamwise locatlons are the
same, 50 that the successive distributions can be brought together Ly a suitable scaling.
In such a thermally developed (low, the heat transfer is Independent of the stream wise
coordinate in the light of the aforementioned properties, the reported fully developed
heat transfer c¢oefficlents (For unconventional ducts) are much higher than those for
conventional duct flows and show a remarkable dependence on Reynolds number.

Cokhman and Kirpikov [1] studied experimentally the turbulent motion of
air (low along the converglng-diverging duct. They reported that intensification of
heat transfer was bigh and there was also moderate increase in the pumping power.

Arai¢ and Awad [2] studied heat transfer and hydrodynamic resistance in
air plate heat exchongers type converglng-divergilng sides. They were studying the
spacing effect bLetween the two slotted sldes on the heat transfer as well as on the
pumping power for channel of 8 mam length for the diverging pact and of 4 mm length
of the converging part. In the work, the heat transfer Intensficalion was about a
factor of 1.30, and the pumping power was also about a factor of Q.40. Araid et.al.
[3] studied, on the same tes: secHon, the same problem using transformer oil instead
of air. In this case they found that the heal transfer Intensificotdon was aboul a factor
of 1.55 and the pumping power factor was equal to 0.35,

Awad et ol [4] studicd experimentally heat transfer ond hydrodynamic resis-
tance (or air flow through o periodically converglng-dlverging duct. The convergling
part was of 5 mm length and the diverging one was of 25 mm length, and the slotted
sides gob was equal to 20 mm The results show that the heat transfer intensification
is a factor of about to 1.50 and the hyndrodynamic cesistance is a factor of about 0.238.

The present work is devoted to study experlmentally, on the bases of the
above leteraturc review the enhancement of convecltive heal transfer as well as the
pumping powecr cffect in case of water Row through a periodically converging-diverging
duct. The duct was formed by two slotted sides of converging to diverging ratio equal
to 1:5. The two vertlcal sldes of the duct were heated by a steam at atmospheric .pre-
ssure and superheated by 2 to 3 °C. The two vertlcal sides are made of copper plates

480 x 100 x 10. mm, and are shaped by miling, in which have a conical angle
2°. The channel top and bottom walls that (ix the spacing 20 mm between the
rtical sides of the duclt are made of perspex [6).

MTAL APPARATUS AND PROCEDURE

xperiments for determining heat transfer coefflvients and coefficient
vater flowing in & periodically converging-diverging duct utilized the
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open-loop system shown jn Fig. 1. City water first enters the system through flowmeter

(1) which is ducted to the top of a large upstream plenum tank (3). The slotted test
section (7) spans between the ypstream plesum tank (3) and a downstream plenum
tank (17). The purpose of the plenum tanks Is to provide o well-delined abrupt inlet

and exit (or the test section. The water leaves the downstream plenum tank from
the top jnto a drain. The mass flow rate of water is sensed by the flowmeters (1)
with the help of the control valve (18). The pressure drop along the test section channel
(7) is measured by a differentfal pressure water manometer (14), to an accuracy of
S%. Two alr vents (16) are located on the tbp of the Lest channel to make suce

that the duct is completelyair empty. Siightly guperheated steam (2 - 3 °C) at atmos-
pherlc pressure §s used as a heating medium., The steam ls generated In the eleclrle
boiler (25) ond superhéated by means of the electric heater (27). Flectcic power is
supplied by a weldlng, rectifier unit, type MCRA 900, of maximum power 58 KW,
maximum current 900 amps, and maximum vbltage 65 volts. Through the conlcol
valve (18), the steam F,lbws from the Loller to the two side insulated bLoxes (8). These
two boxes are setted td keep the heating medblim in contact with the channel slotted
sides. The condensate 35 cdllected in the condeénsake tank (21). A glass wool (29) of
thickness 50-100 mm ls used as insulation material for the hot line. The temperatuce
of the water flow at the test section inlet and outlet is measured by two copper-
constantan thecrmocouples (10,12) of 0.15 mm diameter. The water flows from the
upstream plenum tank (3) to the stabilizing section (5), of length 100 mm, through
the conical connection (4). Then the water enters the working duct (7) and dischacges
to the drain through the downstream plenum tank (17). The heated test channel (7)
is tnsulated by two insulation flanges (6 and 9). The Lemperature of the lnner surface
of the slolLted sides of the duct is mcasured by thermocouples at four locations (11)
placed on the mid height of thi heated plate. ALl Lhe used thersmocouples are connected
Lo a 24-point self switehing temperature recorder (13), having a full scale of 200°C.
For sensing pressure and temperature along the stcam line of Lhe test loop three
callbrated pressure gauges (23) and three mercury thermometers (23), with scale
divisions of 0.1 °C, are used.

Fig. 2 shows the;assembled relative positions of the lwo skeam receivers
which are connected with the test channel. The mean spacing between the two slotted
sides is equal to 20 mm.. In |each slotted plate there are sexteen convevgent-divergent
cycles, each of them has a lepgth of 30 mm. Qut of this length, S mm is the length
of divecging part and the vemalhing length is for the converging part.

RESULTS AND DISCUSSIDR

The main objective of these experiments is Lhe determination of fully develo-

ped Husselt numbers and the coefficient of friction for water flowing in a periodically
converging-diverging duct. The determination of fully developed Husselt number (rom
the experimental data began with the calculation of the overall bulk temperature
rise based on an energy blalance of the llowing water. The heal gained by the workling
Flud is calculated from the encrgy change of the water flow through the test channel.
The corresponding fully-developed Musselt number is given by

Nu:hDh/k o1

The coefficient of friction s evaluated using the pressurc drop (Ap) along
the healed duct and is given by

20 . 0p ;

_____ gm=mnn e (2)
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In this section the prescntation will start with (he heat transfer results to
be followed by the hydrodynamic resistance results and then ended with the compora-
Tve evaluation.

HEAT TRAMSFER RESULTS

Yhe fully developed Husselt Humbers are displayed on log-log coordinates
in Fig. (3) The figure shows Husselt number plolted as a function of Reynolds number
for four sepacate test sections. These four test sectlons make us able to Investigale
six sels of results. The set number 1 §s for a duct that has two plain sides and the
set number 2 is for the duct that has one side plaln and Lhe other shaped. The shaped
plate is designed to consist a converging path with the plain plate, In which the
diverging section length is equal to 25 mm and the converging sectlon length is
equal to 5 mm. The set number 3 s foc the duct of set number 2 but the test section
is ceversed with respect to flow direction. In case of the duct Uhat has two sym metric
shaped sides, there are two sets of results which have been oblained. One of them
s for set number &, for channel of diverging-converging ratio 5:1, and the other one
is for set number 5, iIn which the directlon of water flow is reversed. The duct of set
number 6 Is Formed when one of the shaped plates, in the sym metcic duct, is rotated
in its veclical plane 180° and the olther one is kept fixed. The heat transfec results
of cach set are plotted in the figure along with its corcesponding symbol. The straight
lines plotted through each set of data {n Fig. (3) Is determined from a least squares
fittings, through all the data polnts.

In Fig. (3) Nusselt number is plotted as a function of Neynolds number for
the six separute test ducts. The heal tconsfer data lov each duct is plotted n Lhe
figure along with jts corresponding data symhol Each tlusselt number shown has

0.43 0.25
¢ (I”rr / I‘rs) Jepen-

dence. The enhancement of heat transfer coefficient provided by the uncoaventional
ducts is obviously seen In Fig. (3), by camparlson with the heal tramsfer results for
thie conventional duct of set number 1.

been corrected to its set refecence Prandtl number by a Pr

It is also seen that the enhancement of the heat transfec provided, yenerally,
tends to increase with Reynolds number for Lhe whole sets of data, excepl the same
of set number 3 in which jts values start bto Increase with Reynolds number and then
the values come to decrease for Re > 6000. Tlis mayv be due to the decrease in the
pressure force along the converging part (25 mm long) for high Reynnlds nwumber.
The cesults of the sets number & and 5> are shown on the figure top. This may be
becouse of the symmetric (low passage in which the maximum oltecnating pressuce
gradient exists along the passage of flow and consquently the effecls of momentum
force and pressure force are more. The results of the sct number 4 are shown slightly
higher than the same of the set number 5 Ly about 7%. This may be due to the
diffecence effect of the compressibility (occes on the fitm Jayer adheced on the inner
sucface of the duct 5.

The results obtained for the set pumber 6 lie below those of the set number
5 by aboul 10%. The reason may be because of the lengthes of Lhe converging and
the diverging parts, In which ace comparalively short and consequently the alternating
pressure gradient effect is less.

In the case of the asymmelric ducls {sets number 2 and 3), ligure shows
that the data of set number 2 come bLelow the same of the set number 6 by about
6.25%, and the values obtained for the set number 3 are, in average, higher than
the same of sets number 5 and 6 and match wlth those of set numbec % Nor Re<<6000.
As such one can conclude that for Re > 6000 the other unconventlonal ducts may
conslder much better than the set number 3 from heat transfer standpoint.
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Overall inspection of Fig. (3) shows that the heal transfer Jata in the region
of low Reynolds number (Re <2500) have some kind ol scattering, duc to Lhe existence
of the transitlon flow along the duct.

HYDRODYNAMIC RESISTANCE

The values of the coefficient of frlction ( §”) ave displayed on log-log coor-
dinate as shown in Fig. {4). Each friction factor valuve Jas been corrected to its set
reference, the ratio of the dynamic viscocity by ()JS /)Jl) dependence where

n=C(p, 0, /)" ()Jsl,u_i_)o‘OGZ
for (P_ 0, / L) <1500 C =23 m=01
e, 0./ L) >1500 C =0.55 m, = 0.1

Filg. (@) shows that the results obtained for the four ducts of sets number
1 to 6 are displayed. One may observe that the results of the symmetric ducts (sets
number 4 and 5) are sctted on the top of the figure, and the values displayed for the
set number 5 are higher than the same for the set number 4 by about 25%. This
may be due to exlstence of the negative pressure gradient along the diverging parts,
in which they represent the major length of the set number 4. Also, the friction factor
results for the seL number ¢ lie below those for the set number 5, specially for low
Reynolds number (Re < 4000). Bowever, the diffecrence between the resulis of the
two sets gradually vanishes as Reynolds number incrcases. In fact tend of results is
expected because Lhe set number 6 seems Lo be 9 semi converging-diverging duct.
One may also obsecve thal the results of the asymmetrie ducts (sets number 2 and 3)
come below the same of the above three sets as expected. The friction coefficients
of the set number 3 are higher than the same of the set number 2 by abaut 60%.
This is also expected because the converglng part along the flow passage of sel
number 3 cepressents the major Jength of the ducl. The lowest values of the hydcody-
namic resistance are displayed for the conventlonal duct of set number 1, in which
there is no change in the pressure force and the momentum force along the duct.

Overall inspectlon of Flg. (4) iIndicates Cthat the hydrodynamic resistance
of whole sets of data increases with Reynolds number. One moy also notice Lhat
the chosen of the best duct is not that much easy from heat Llransfer stand point
(Flg. 3) as well as pumping power polnt of view {lig. ). One has to do some Idnd
of optimization to define the best channel as shown in the (ollowing secllon.

COMPARAYIVE EVALUATION

The pecformance compacisons between the unconventional ducts and the
straight one were carried out for three sels of constrains, as follows:

1- Equal transfer sucfaoce area (F) and equal pumping power (I). Thi3 indicates the
variation of KQ with Reynolds number, where KQ represents Uhe raltio of the heat
transfer acress an uncoveatlonal duct to that across the wall of g sthaight one.
This set of constrain shows that the duct of the set nymber 3 is the best from
heat transfec stondpoint, in which KQ ranges between 1.48 and 1.37 with Reynolds
number range between 1500 and 10,000.

2- Equal rate of heat Flux (Q) and equal transfer surface area (I'). Thls sel of constrain
shouws the vacialion of KN represents the ratio of the pumping power needed to
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move water through the unconventional ducts, to that needed in the case of the
strailght on¢. The set of constrain also, shows that the duct number 3 gives the
less power factor, in which KN ranges between 0.414 and 0.05.

3- fqual rate of heat flux (Q) and equal pumping power (H). This set of constrain
indlcates the varlation of KF with Reynolds number, .where KF xepresents the wner
surface area of an unconventional duct to that for a stralght one. Also, the set
shows that the most compact duct f{s the duct of set number 3,in which KF yanges
between 0.236 and 0.152, For more details see refervence [6).

COMCLUDING REMARKS

The performance analysis of water flow data shows that the results of uncon-
ventional ducts ace compaced with those for th2 stcaight one, for three sets of contrains,
out of this analysis, one can conclude that.

1- The heat transfer enhancement js associated wilh Lhe unconventional ducts.

2- The comparative evalvaton shows that the dJuct of set number (3) enhanced the
heat flux by a3 factor of about 1.413 and Lhe pumpling power by a factor of about
0.20 and the surface area by a factor of about 0.571. This indicates that the surface
area denslty increases about two times .

3- This projects the unconventional channels as a strong condidate for high heat flux
and compact engincering applicakioas.

4- The lnvestigatien also shows that the assymmetvic chanaels with one side plate
is plain ond the other side is slotted, give a remarkable decrease in the pumplng
powec factor.
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NOMEHCLATURE

A cross-seclional area of the channel (m mz)

cp  specific heat at constant perssure (10/kg. K)

Dh  hydraulic diameter of the channel, (4 A/P), (mm)

F inner sutace area of the unconventional duct (m m2)
h heat transfer cofflcient. (W/m2 . K)

K coefficient of thermal conductivicy. (W / mR)

«F  surface area factor, (F / Fy)

KN pumping power factor, (N / N}

KQ heat treansfer factor, (Q / Q,)

L Length of the test channel, (m m)

£ pumping power used to move alr inside an

Nu average Musselt number, (h . Dh / K)

a mass flow rate, Q(g / sec)

P Pressure, (N / m©) and the pecimeter bounds A, {mm)
Pe Peclet numbee, (Re . Pr}
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Pr  Prandd number, (L . co/ K) >
Q vote of heat transfer flux in an unconventional channel, (W / m™)
Re Reynolds aumber, {w Dh / ¥)

W mean velocity, {(m /[ sec)
pL dynamlc viscoty, (H . sec / m )

v Kinematic vucos}!.y m® J sec)

° density, (Xg / m

T  coefficient of fr_\ctLon

SUBSCRIPTS

i properties at inlet condition

0 related to straight tube

s propecties at surface temperature.
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