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ENHANCING FORCED CONVECTION HEAT TRANSFER 1™
ANNULAR TUBES BY USING ALUMINUM MESH LAYERS
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ABSTRACT

An experimental investigatior. of hear transter and pressure drop tor wrbulenr Fow of
air in an annular rabe of 48 1 m outside diameter and 24 1 mm inside luoe Jiem ©orare
conducted. The inner tube. which is made of polished aluminum, heated under const:n. heat
Aux and winded by aluminum mesh-layers. while the outer wbe is made of plastic (P%{ : and
insulated from outside with glass wool. Mesh-lavers are used as an augmentative dev-2 with
different thickness (23 <t =1) 9 mm) Reynclds number varied betwesi 3600 and 20404 and
Prandtle number was about 07 Friction fuctor are femind to be 2 14, 106 8 tunes the empi
amwlar (ube values, while Nusseli number sre found to be 1.8: 3.7 times the empty annular
tube at the same Revnolds number Th: Muzsch nyaikers are found (o be 129 3.2 tiies the
empty annuiar tube values based on consiait punp iy power and constant basic geomerry
When compared with empty annular (ube ot const o heat duty and constant hear transfer area.
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a maximum reduction in pumping power of 76% can be achieved with augmented annular
tubes. It is conclided that the usc of this class of augmentative device is generally more
effective for the case when mesh-layers thickness (t) is nearly equal to 2.3 mm (t/8 = 0.1925,
where o is annular gap thickness). Finallv, correlalions are developed for the prediction of
friction factors and Nussel: number.

Introduction

Recently, convective heat transfer in porous media has animportant application in
geophysics, biomedical, tgriculiural enuineering and many indusirial applications These
apnlications include the following: porous journal bearing, nuclear waste disposal, porous flat
plate collectors, packed bed Lhcrmal storage, fibrous insulation, grain storage and drying, paper
drying and food storage, heat exchangers, oil production, electronic cooling, heat pipex,
filtration. aid chemical reactors.

A review of lLhe related lilerature shows that most of the previous studies trealed the
annular pecmetry completely filled with porous material and studied the natural convection
hear transfer mode [1-4] Differem numerical methods were used to study the operat.ng
parameters such as Rayleigh numher, porosity, and aspect ratio on the heal transfer
characteristics. Sultan and El-Shafei [3) investigated experimenally the local heat transfe: of
warer flowing through vertical tube packed with spherical sicel particles of different diaimeters
The tube is heated electrically with a eonstant heat flux while Reynolds number is varied Chikhb
el al. [6] through using Darey-Binkman model, ar analytical sclution was obtained lor (orced
cenvection in an anmular duct partially filled with porous medium The inner tubc {5 expused to
a constant heat flux and the outer is thermally insulated. The eltect of the permeability. thicrinal
conductivity, and thickness of the porous material are invesligaled Fowler and Bejar {7]
investigated numerically the heat wransfur, friction, and meehanieal interaetion between exleraai
laminar perpendicular flow and a solid surface covered by a layer of fibers Thev found 1hat at
porosities lower Lthan a eritical value, the fiber cover aels as insulation, while at higher
porosities the fibers augmenred the heat transfer El-Nimr and Alkom [8] presented o nurmnerical
solution of transient, developing, lorced convection flow in concentric annuli partially filled
with porous substrates The effect of geometry, solid matrixcs metal and the fluid on the
tydrodynamic and thermal behavior was investizated They found thal porous substrales might
tmprove Nusselt number by 1200% while keeping other flow und geometrical parameters
fixed Peterson and Chang [9] through an experimental work studied wo-phase heat
dissipation in high conductivity porcus ehanncel heat sinks They used sintcred copper particles
inside a rectangular copper channel as a poroos mat-=i~', subcooled water as 2 working fitid,
ttow rate is changed, and its subcooling is varied. Numerical computalions were performed fins
laminar flow with high porosity media composed of small diameter silicon, carhon fibers
aligned transverse 1o the sireamwise tlow specifically flow over a backward facing siep by
Martin [10] El-Kady [11,12] swdied experimentally the effect of panially filling porous
medium with lozalized discrete heat source attached 1o the bottom wall of a horizonial channel
and operating parameters (Re, Gr, and 4} on hear transier characteristics,

From the above review it's concluded that there were a very little literature dealt with
forced conveetion through annulus filled wath porous material So. the aim of the present work
is [0 mnvesligate the enhancen.zni of Yorced convection in an annulus partially filled with a
porous aluminum mesh lavers The effect of different parameters. such as the mesh lavers
thichness and operating parameters on MNussell rumber are investigated



Mansoura Engineering Journal. ¢MED, Yol 23, No. 4. December 2000, X 17
Experimental Apparatus

A schematic diagram of the experimental setup is shownin Fig.i-a It consists of a
centrifugal blower (17) connected from its suction side to the test section outlet through a
flexible connection (16} 1o avoid transmission of blower vibration to the test tube The inlet
side of the test tube srabilizing section (4) is connected to a bell mouse connection (1) provided
with fine screen {2) to ensure fairly uniform flow of air. A graduared opening (15) 15 used to
conirel the airflow. The air velociry is measured in a section free of the porous media (4) by a
hot-wire anemomerer {3} in both X and Y direction and integraied to oblain the inean inleq
veloeity The tcst section consists of two-eoncentric tubes each of length 1930 mm. the outer
tube (14} has an inside diameter of 48 | mm was made of plastic (PVC) The inside tube of (he
annulus (7) is made of aluminum with outer diameter of 24 2 mm It consists of two sectian:
the heated section of length 980-cm, and the unheated one of length 1000-mm and iz sepzrates
by a Teflon conneetion (8). Itis placed inside the outer tube in a symmetrical positior: Lv thie
help of three groups eaeh comnists of three fine threaded bolts (6) Each group consists i -
bolts of 3 mm diameter at 120 ” to form a uniform annulus, one at both ends and the third onz
at the middle section. The unheated seetion is covered ai the front end by a serdspherical
Teflon smooth end {5} Lo ensure no chock of air stream An entrance length {4) upsirear; of
the test section wilh a length of approximately 40 hydraulic diameter is usea fue the
redevelopment of the flow whieh is necessary for the pressure drop and heat transfor
measurements Two static pressure taps (9,13) were provided at inlet and outiet Ir>w ibe
heated section. Pressure drops are measured in the eases of porous and non-porous < angias by
means of digital micro-manometer (10) with an aecuracy of =| Pa. The heated sec ign 2t the
nner tube of the annulus is heated by a helical Nickel-Chrome wire {18) as shown in Fig 1.h Tt
is placed in a glass tube (20} of diameter 12-mm The glass tube is filled with fine sar | jaricles
(19) and is closed at beth ends by gypsum and inserted inside the inner ube of the + ulas
The gap between the uliss wall and the inner surface of the aluminum tubeis ™ g w-th
aluminum powder (2i) m oraer to insure uniform distribution of heat and preveri & fearer
from burning up. The wicer nbe of the annulus of the heated seetton is wou. - & with
aluminum mesh layers { [2) (o study the effect of mesh-layers thickn .ss on boliipre  « rop
and heat wransfer characteristics The test seclion was well insulated with fiber glass vt 1),
The air temperature at inlet and outlet of the test seclion are measured by v '=v 1w -~ coer-
constantan thermoeouples of tvpe (J) and the air propertics are calculated as 2 inz + ,-"the
average air temperature, The radiative heat losses from the porous media to the inre * o+ aee
of the outside tube iin the case of porous annulus tends 1o be zero because of the .-« nall
diffussivity of polished aluminum A autotranstormer is used to control the hest et s e
heat source, which was measured bv an ammeter and volimeter, The surface temperitie of
the inner tuhe of the aanuius is measured by 7 copper-constantan thermacouples, arr © o ther
7 copper-eonstaittan thermocouples are gleed on the inside surface of the cuter of the Lanulus
tube corresponding tp those tixed on the ourer surfice of the inside woe T he terswrature
signals are heu transferred ro u <hgital temperature recorder {Yohogawa) of a sensirivity of 0 )
°C. The porosity, €. was evaluated using the expression, £ ={V-Y)'\'_ where ¥V is the volume
of the channel occupied hy mesh-lavers and V. is the volume of mesh-layers (deterimined by
dividing the weight of the mesh-layers by its density) This porosity te 4 the catue 000 9
Nearly one hour was necded to reach the steady-state eondition, which (s 1eparded. as the
temperature readings with a nme of aboul 20 minutes have no change
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Procedure:

Determining the flow friction and heat transfer results in an empty annular tube and
comparing them with the available correlations first standardized the experimental setup.
Steady state values of friction factors and mean Nusseit numbers for uniform heat flux heating
of air were then determined with each of the different mesh-layers thickness which is winded
on the inner tube of the annular tube One can take into consideration that the minimum
thickness of mesh layers used (t=2 3 mm) is resiricted by the available in the market of this
kind of mesh materials. While the maximum thickness (t =11.9 mm) is restricted by the annular
gap thickness af the tested annulus. The characteristics of the augmented arnular tubes are
shown in table |.

Table 1 Characteristics of (ubes partially filled with mesh screens

Tube Dy, t E L t/0
number | (mm) {rum) {mm}
e 23.90 0.00 1.00 980 0.0000
1 8.840 2.30 0.987 - 01925
2 5015 4 60 0972 - 03849
3 3.210 710 0,954 ~ 0,504
4 1,702 11.9 G910 * {.9960

Flow and Heat Transfer Characteristics

Figure 1.e shows 1he detail cross-section of the augmenied tube under test, and trom
whieh the {ollowing charaeteristics can be obtained:

The mean porosity ( € ) of the augmented annular tubes depends on the void fraction
ot” mesh-luyers matenal (), inner and outer diameters of the annular tubes (D,, D,), and the
thickness of mesh layers (t). It can be calculated, with the aid ofFig 1-C and the above
mentioned d inition of porosity as follows:

€=1-41(1-)(1 + DD, - DJ) (1

The free cross-sectional area of the empty (A..) and augmented (A..) annular tubes can be
calculated respectively as follows;

An= (D, - D4 (2)

Aw=m £(D, - D)4 {3
The volutnetric diameter defined as four times the volume for flow per unit length divided by
the area of weited surfaee per umit iength was used as the hydraulic diameter For empiy

annular tube, it can be calculated as foljows

Dw. =D, -D, (<
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Based on ihe hydraulic diareter of the empty annular tbe. Reynolds number of the
emply  (Ren) and  anmmented {Re,) annular tubes can be caleulated from the falloawing,

equation,

Rey, = Re, = u Dy

ol

Correspondingly. Nussclt number of the empty Nuw) and  augmented (Nu) anneie
based on Dy, can be written in the tollowing form

Nup = Nu, = h, Dypotk (&

Where h, i3 the hear rransfer coeflicient based on the inside diameter of the annular ule al
was caleulated as follows

ly = QI[A, (AT )] V)
Where
Q - [ \' i ;% IE
A =D L LY
AT ) =T =Ty - T - TO} La[iT, - I} (s~ 0] [
and, T.= 17 501 (T (0

Also, the friction faciurs of empty (G} and ausmented (L annular lubys e he
calculated usinu the tollovany correlation

e = E = AP Dis {L pu™i2) L)

In siew of the changing ciuss-ceccon of the augmented tubes, the mean velocity u, - e od
space can be written as

U =u/g Y
And the hydrauic diameter of the augmented annular mibes based ¢ mwsi e
characteristics can ¢ Caioulawd viide the aid 20 the volumerric diameter defined abov- L om

the following relatonsiug

Do~ [ 2(B, D)~ a(D.-D)}i- £} by

VWhere { a ) ois L erfice ares pes unit solume of mesh matenal and is caleolated s gaeh
. . S

layer charactensuys and tovnd 1hie ¢~ 225007 m™)
Mus the Kevimlds puetsr e the augmented anpular ubes, Re , torme? ¢ the

hydraulic drameter (L} anu s 2. 1ean velgeity u, s
Rew, u Oy, v 15y

Nusselt numbe: and frictios: tactor 0 the augmented annular tubes based onthe bo haghe

digmeter (D) can be esaluated as follows

N, = h, Dk {16y
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fo = AP D/ (L pu, *12) (17)

Results and Discussion

In order to standardize the experimental apparatus, test runs of the emply annular tube
{smooth annulus without mesh layers) were conducted first and comparing it with the available
correlations. Friction factor and mean Nusselt number for uniform heat flux were then
determined with each of the different mesh layer thickness, which is winding arcund the inner
tube of the annulus.

Empty Annular Tubes

The empty annular tube turbulent flow [riction factors (f.) measured for air, are ploited
in Fig.2 versus Reynolds number, Re., and based on lhe hydrauiic diameter of the empty
annulus. The figure shows that f, valucs are higher than the isothermal friction factor
correlation given by Blasius by about 10% The friction faclor of the present study car: be
correlated with Re. as follows:

the = 0.3277 Ren """ (18)
in the range 10'< Rey. <4 10" with standard deviation of 4%

Results of heat transfer runs of empty annular tube of this study are presented in Fig.3
along with results of Ref [13] As shown from Lhe figure. the cxperimental Nusselt numbers
are 57 % lower than thosc suggested by the previous refercnces The prescnr data are
correlated with Reynolds number with a standard deviation of 724 as follows

Nup. = 0.01483 Re, MM (19)

Al the observation meniicned above indicated that the experimental apparatus and the test
procedure used in this study can gcnerate reliable data

Augmented Annular Tubes

The expcrimental heat transter and friction res ‘< 1re presented on the coordinates Nu,
versus Re, and [ versus Re, These conrdinates were based on the hydraulic diameler of the
emply annular tube rather than the augmented annular 1ube in order to directly show the
change in Nu and f obtainable with augmented annular 1ubces over a comparable empty annular
tube for a given mass velocity [14]

Turbulent flow friction tfactors in the auginented annular tuhe were found to be bigher
comparcd te the empty annular lube under the same operaling conditions, as seen from Fig.4
The increase in friction factor ranged trom 123 1o i14% for wbe 1 (panially Alled with 2.3 mm
mesa laver thickness) 1o as high as 19380 to 7940 % for tube 4 (completely fiiled with mesh
layers 11.7 mm thickness). The other wbes produced friction facior variations iniermediaie
between |14 and 10580%. Although, the turbulent flow friction factor in these tubes was
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found 10 te dependent on mesh laver thickness. it was not independent of Revnolds nnmbers at
high Mlin rate

T rede hear tran<fir ecefficient for the wirbulent flow of air in aae emmex amwtar
tube and 1" r autienled snmislar tubes were analyzed in terms of Nu,-Re, relationship an® Ulg <
shows this relovien for all the augmented tubes. The Nusselt numbers of augrmer 2 ana far
tuhes were higher compared to the empty annular 1ube al the saime Reynolds umber T,
augmented anrutar tube completely filled with mesh layers (11 9-mm thiclnessy, ke -
produced « ma<imui improvement in Nusselt number of the order of 270% YWhere o i4e |
augmented by .« mesh faver of thickness 2 3 mm, yielded animprovemer: «f %)% ol 40

Nusselt nunke . compared ro the emply annular tube

Te show th oot of mesh lavers thickness on the heat transfer, M- 2 L eris
piotted ia Fig & agai=.l mesh-layer thiekness, represemed by the rerm |31 (vl & e
Revnelds aumber The fignre shows thal, Nu increases with t/6 in the range 0 "3 4' ' ;
This is Jue 1o ke incr ase in effective thermal eonductivity of tbe whole anruus 'k Lo e
effective thermal convuctivity increases wilth /8 Also, it is shown fTou. the Fiuie thes Nuat
/6=0.1925 15 higher than that at t/6=0.3849 This increase, may be. is duc o th2 icrease in
disturbance near th: surface of the inner tube with respeert to the decrease in #3feci ve iherinal
conductivily of tie irilar gap The Nusselt number is found to increase wiih the incrense of
Reynolds number and the decrcase of mesh-lavers thickness, while friction fSuezor L eases
with the decrease of Reynolds aumber and increase mesb-layers thickness

In view of changing cross-section of the augmented annular tube, ihe o luicetiic
diameter, as defincd above. is used as the hydraulic diamcier Dy, 1n the caleu:s o 0f %as
number Nuy,. ieio erior ., and Revnolds mimber Rey, The h-Rey plot s sve v g °
The fw-Rew pim, shovwnin i 7 reveals that friction factor in partially filled ~iv b are
still  ditFer fram that of - coapty annular wbe. This linding Lo alse edsts forti o0 Rea. o
showa ‘0 71z & whiel Grdhaces that ghere i an increass of Nuy, for the v cone al av
tlube over thar of the enipiy annular wbe

Correiations

As expected Nusszlt number and fhiction factor were found 10 depenc or Reynolds
number and inesh layers thuchness e attempl was made using the present expsr wental resulis
as well as the experiences ol ooy ious insestigators, ta correlate the fricuon faciers and Nasseh
numbers i terms of Reynods aumber, mesin layers thickness 10 gap thick oess rano 145
Prandtle number and diameter tatwo of annular wbe The following correlations were oblauied

Friction Factor Correlation

£,=9 303 Re," H{1vd) (20)
Where

my = 60047 — .98 1 (146} - 0 345 (4BY

{1/8) = 78 413 (U8) - 51 225 (138)" + 12 635 {15) -1

3000 <Re, = J 000G and O 1923 < (118 4 0
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The above correlation predicts the values of friction factor, which agrees with experimental
resuits within +£10% as shown in Fig (9).

Heat Transfer Correlation

Nu, =0.0356 Re,"* Pr (DD, ' N(1/5) 2n
Where:

N(V8) = | - 1.457 (8} + 2.101 (1/8)°

3000 <Re, < 20000, and 0.1925 < (/8)< 1.0, and D/D, = 1.988
This correlation was found to be within + 4% of the cxperimental data valoes, as shown in Fig
{10).

Overall Tube Performance

-Bergles .elal [ 5] outlined several practical criteria for evaluation of the performance of
augmented tubes, relative to a smooth tube, and performance ratios based or all criteria have
been worked out for the tube side fluid. No published information is available on the
application of these criteria for wurbulent flow heating of fluids in annvlar wbes partially filled
with porous material (aluminum mesh-layzrs) In the present work expressions for the
performance ralios R;, and R, have been determined for cnteria 3, and 4

Criterion 3:

This criterion aims at improving the heat duty for the case of constant paunping power
and for constant basic geometry of the exchanger The performance ratio R is given by

Rs =(Nu/NU )y, 1. 1. », 10 3Tm 20)
For equal pumping power in sincolh and augmented tubes

A £, Re. = A, f, Re’ (23)
For wurbulent flow, the frictian factor £, in a smooth annulus is given by

f,=0.3277 Re,**" (24)
On substiiuting for f, in eq.{24). and on simplifiv..qon, we el

Re. = (3.0516 f, Re," Au/A)" (25)
Knowing Re,, the corresponding h, for the smooth annulus is obtained and R; then becomes'

R: = h, at Re,/ h. a1 Re, = Nu, at Re,/Nw. at Re, {26}
Criterion 4:

This criterion aims a1 a reduction in the pumping power {or equal hear duty and equal

surface area The performance ratio Ra is given by

Ry = (PP s boti vim 27}
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For equal heal JJaiv and equal haat transfer area

I - )
Q.t""’.' . th)
- : ~
Q'. SN, 5.\Tm Ak [‘\‘n.- 2y

Q N Al AK/IDy .

RN N B

For turbuleat fTovw, Yo7 nember Nu, in a smooth annulus is given by
Nu, =0 01483 Re,* " -

On substitutuss for Nugmeq (32 ) we get,

2%

Re, = (67 431 Nu,)' 4y
Knowing the values of ™u,. the equivalent smooth lube Reynolds nust’or ¥ o oay be
calcuiated.

Knowing . at Re, #nd %, at Re,. the performance ratio R, ean be tound as loit s
R =T, at Re/P, at Re, EE:

Fig Il shows the varation of the performance ratio Ra. with equivile . 20 a0 ol
tube Reo1oid's numbaer Re, The augrnented tube T of mesh-laver thickness +F oo achevar
mproverent of 421%  in heal transter at Re, nearly equal 10° compared ¢~ % anly i s
nearly equal 1o 3000 While tube 4, fully filled of mesh favers (119 aom thiek v v sy ts
least impronement of cni, 2910 45%, over the entire range of Re, Ananrpos = nbsenare
about these fubes tsthat, R: improves greatly as mesh layers thickness.  + -+« ¢l ¢ at
the augmented twbes sndied Derformance ratie based on cniterions & vas wo 1oy foaad oo
increase with an inwrease in Re, wutd hev reach masinam valtes ar <@ s 0 Ko taaats
between 10 to 2x'0°, and the~ decrease with further increase in Re. A sumiler read was s,
observed b [19] of tebe rougnened by helically coiled ribbors,

The petlormance rzio based on eritenen s plotied in Fre o2 e b L g0
Tbis figure shows that a maximusn reduction OF 7675 ean be obtareed in pum, - rowver v
lube | whiz (iere 15 4 max: mam increase in puiping power of 105 o wle o zntal Wl
with e oerof 7 L mu theakaessy Agam the onbege in pumping power th o oF oune o be
dependent on Rey inal) the auzmented annukie i os ased s e poesenr studs Tihe che oge &
pumping sower incrcases wiih the increase of Rewy olds number Re until they 2205 rimeeny

walues &l cortain Rerroids tunber Re, 230'eRe,on 310! and then deeres o with finher
increase in Re,

Finallv_ il is very unpontanl to evaluat: the oot a7 4wl 2’e Theretbre,
we muisl valculaie toe effectiveness (etlicicisn iy of the 970 2ess () vwlech defines the

o SFLIRS PR R
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ratio between the rate of increase in Nusselt number and the rate of increase in friction factor
according to [17] as follows:

n = {(Nu/Nu (/) (36)

From the experimental results for Nusselt numhers and friction facrors, it is easy to calculare
the term (n) in case of augmented annular tubes. These results are shownin Fig 13 as a
relation between 1 and Rey., fromn which il is evident to conclude that the enhancement is more
efficicnt in case of tube I, partially filled with 2 3 mm mesh laver thickness In general, from
the above discussion, it is observed that tube I, with minimum mesh layer thickness, perform
better ithan those with mesh layer thickness larger than 2.3 mm.

Conclusions
The following conclusions can be drawn from resulis of this invesligalion.

i Friction factor increases with the increase of mesh layers thickness and the decrease of
Reynolds nomber

. Nusselr number increases with both Reynolds number and mesh lavers thickness.

Compared with empty annular tube at constant pumping power and basic geomelry, an
improvement as high as 420% was obtained in the heat duty using mesh-layers of 2 3 mm
thickness (/& =0.1925). While the improvement was as low as 29% in heat capacity using
mesh layers of 11 9 mm thickness (1/3 = 1) in the entire range of Reynolds number.

4 On the basis of constant heal duty and constant hear transfer area, augmented tube with
minimum mesh layers thickuess (t/5 = 0.1925) performs the best over the entire range of
Reynolds number. A reduction in pumping power of about 54:76 % ¢an be achieved using
mesh-layers of thickness 2.3 mm (/6 =0.1925) While amaximum increase in pumping
power of about 104% was achieved with mesh layers of 7.1 mm thickness (/6 =0.594 1)
over the entire range of Reynolds numher

5. The use of this class of augmentation devices are generally more eftective tor the case when
mesh layers Lhiekness is nearly equal to 2.3 mm (t/8 =0.1923).

& There are cases, however, when 1he size of the heat exchanger can not ve chaneed, bui its
heal transter must be increased. Under this condition. the use of mesh layers was found to
be desirable provided that the high tluid pressure drop is rolerable

3

NOMENCLATURE

a specific area per volume of mesh- Q heart transfer rate. W

layers material, m’’ 1 mesh-tayers thickness, in

A surface area. m’ T temperature, K
A eross-seclion area. m- (AT} logarithmic mean temp differance
D annular tube diameter. m defined by eq (10}, K
h heat transfer coeffieient, W m™ = K u air mean velocily in annular tube free
l electric current, Amp. of mesh-layers, m/s
k thermal conductivitv, W m™ K! u, air mean velocity in the void space.
L tube length. m m/s
P pumping power. W

Ap pressure drop, Pa
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A

Dimensirs{res roups

f ficten favar v fluid kinematic viscosity, m’ s
Nu  Foec laariher P fluid density, kg m™
Pr Pran itle aimber
Re fm eowds nembet Subscripts
R; th+: st parinrmance ratio, definedin - 5 augmented case based o ¢« < .
IRTR R diameter of the empty ans
R. the T pecformance ratio, defined in e equivatenl emipty annuia. =, -,
egn s 33) £ based on fluid propert:- -
ha based on hvdraulic dias ¢nr e
Greek Sy.abol= augmented anmular tuk+
8 ancular gap thickness (D, - D)/2.m  he based on hydraulic diarai:-
£ p rwusty of mesh-lavers material emply annular tube
€ medn porosity of the auginenied i inside diameter, or inet Lo s
annular tebe ear L 1) o outside diamerer, or .+ =t
n effectiveness, eqn.(36) w wall
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Fig. { 1) Details of the experimental set-up
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