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ABSTRACT

Tube bandles are widely used in heat exchangermsnfergy carriers and cooling product process,
as a cooler for compressor in gas turbine unit r@fidgeration plants. Heat transfer and pressure
drop of isolated two-pass tube banks bandles viéffids at different locations are experimentally
studied. In the present study, five heated testsudre located at inlet of the first pass. The test
tubes are heated at different rates (Q). The meamnts are taken for the five test tubes. The
length of the baffles and its location are taketo iaccount. Also the effect of the tube banks
aspect ratio is studied. From the measurementi®tiaé heat transfer coefficient and pressure drop
are calculated. All the measurements are conduatténlv Reynolds numbers range, (Re = 1000
to 3500).
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1. INTRODUCTION the measurements with a single test tube placed in

Heat transfer and pressure drop characteristics of dummy tube bank when the interference between
tube bundles have a great effect and play a \olal r  temperature fle_lds is significant. Gabriel et. 8] [

in the design of heat exchangers and industrial heaStudied numerically the effects of Prandtle and
transfer equipments. For example, a common type ofReynolds numbers on_the Nusselt number in the case
heat exchanger consists of a tube bundle with oneof constant volumetric heat source for Reynolds
fluid passing through the tubes and the other pgssi number ranged from 0.05 to 40. The study presents
across the tubes. Frequently used tube bundlenumerical computations of heat transfer over banks
arrangements include the in-line and the staggered®f Square rods in aligned and staggered arrangement
arrangements. Baffles are usually installed to With porosity ranged from 0.44 to 0.98. Khan efdl
increase the convection coefficient of the shelesi ~ Studied analytically the heat transfer from amialor
fluid by inducing turbulence and cross-flow velgcit Staggered finned tube bundles arrangement. They
component. Many experimental studies on flow and €mployed an integral method of boundary layer
heat transfer characteristics in a tube bank akagel ~analysis to derive closed form expression for the
relevant empirical equations were reported and calculatlon of average heat transfer frpm tubes of
derived for banks of plane and finned tubes asngive Pank, which can be used for a wide range of
in [1]. In these experimental studies on heat feans ~ Parameters including longitudinal pitch transverse
the measurements are often performed under thePitch, Reynolds and Prandtle numbers. Harris and
condition of a single test tube in the tube bank Gold schmidt [5] studied experimentally the global
participates in heat or mass transfer or togefhjii external heat transfer coefficients for circular U-
et al [2] presented a theoretical study for pradict  Pends (180bends) in a cross flow air stream using
overall heat transfer rate through a tube bank fromSix different curvature ratios covering a Reynolds
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number range of 3000- 80000 while imposing a banks have two-pass where the baffle plat dirdwts t
uniform wall temperature boundary condition. Their air flow. As a result of moving the baffle plate-up
measurements showed that the external heat transfedown and forward - backward across the tubes, the
coefficients for circular U-bends in cross flow wer height (b) of the first pass has the values 63 ahd
found to be consistently higher than those for 38.5 mm, while the entrance of the second pass (a)
corresponding straight cylinder flows. Also, a sjo  takes 40, 52 and 64 mm. The airflow is deliverdd in
dependence on the curvature ratio was observedthe tube banks by using two blowers, (3), connected
Also measurements showed that U-bend Nusseltin series. The power of each blower is 900 Watts.
numbers were found to be over four times largemn tha The air discharge is controlled by the gate (2)e Th
those for straight tubes of identical diameter and air flow rate through the tube banks is measured by
Reynolds number. Kuntysh and Stenin [6] presentedrotameter (4) at the outlet. The temperatures ef th
an experimental data on heat transfer and pressurair at exit of the tube banks as well as, the
drop in the case of finned-tube bundles under crosstemperatures of the heated tubes were measured by a
flow. In this study several types of bandle calibrated thermocouple (5). The tested tubes were
arrangements were studied namely in- line, staggere heated using an electric system consists of
and mixed. transformer (12) and voltage regulator (13)

Recently, heat exchangers are often operatedwin lo connected to_stginlegs ;teel tubes. The number of
Reynolds number range to reduce flow resistance and'eated tubes is five distributed at the entrancthef
noise. When airflow in a heat exchanger is laminar, firSt pass. The pressure drop between the inlet and
the interference between temperature fields aroundeXit of the tube banks is measured using presapee t
adjacent two tubes takes place. Therefore, thétsesu connected to an inclined water U- tube manometer.
for five test tubes differ from those for tube bank 2.2 Techniques of Measurements

Therefore, the aim of this work is to study 221 Measuring Devices

experimentally heat transfer and pressure drop of
isolated two-pass tube banks bundles with bafftes a
different locations. In the present study, five teda
test tubes are located in two different arrangement

The temperature of the air at the tube banks exit a
tested tubes are measured by using calibratedpge- ty
thermocouples with 0.5 mm diameter which is
one is horizontal at the first row of the first pand connected to a dlg!tal temperature |nd|c§\tor. 'I_'he
; . , ' temperature drop is taken as the arithmetical
the other is vertical at the first column of thesffi :
difference between the mean temperature of the

pass. The test tubes are heated at different reles.
. tested tube surface and the mean temperature of the
measurements are taken for the five test tubes. The

length of the baffles and its location are taketo in airflow. )

account. Also the effect of the tube banks asi r The volume flow rate of the air flows through the
is studied. From the measurements the local heaftube banksis measured by a calibrated rdeme
transfer coefficient and pressure drop are evaluate  The static pressure drop between the inletthad
All the measurements are conducted at low Reynoldsexit of the tube banks is measured using two static

numbers ranged from (1000 to 3500). pressure tapes connected to an inclined water &-tub
2. THE EXPERIMENTAL TEST RIG AND manometer.

MEASURING TECHNIQUES 2.2.2 Evaluation of the measurements
2.1 The Experimental Test-Rig The experimental measurements are taken for two

A schematic diagram of the experimental test rig fo arrangements; the first one is concerned withrig-li
the present study is shown in Figs.1, 2. As shimwn with different pitch, while the other is staggerddl.
these figures, the test-rig consists of isolateetu Measurements are conducted at low Reynolds
banks with two-pass flow. The tube banks have the numbers range (1000 Re< 3500). The actual value
dimensions [215 x 125x80] mm. The walls of the Of Reynolds number was calculated from the
bank are made from isolated fiberglass sheets withfollowing relation:

thickness 7 mm. The tube banks are arranged in-lineRe=W ., (d/) (1)
ipitially and other arrangement is. staggered. fnith Where Wy is the maximum velocity of the air in
Ime arrangement, the Iong|tud|nal_ and transverse y/sec and derived from the relation:

pitches are S= S = 24 mm. respectively while, for W =V /A 5
staggered arrangement, the pitches afes 84 and max =Vail A, (2
Sy, =17 mm. The unheated tubes were made from theHere, 4 is the volume flow rate of air measured by
copper, while the heated tubes were made froma calibrated rotametes,is the kinematic viscosity of
stainless- steel. The number of rows in the flow air at mean temperature andié\the area of flow and
direction n = 17 rows and in the transverse dicecti  Calculated as follows:

m = 10 columns. The tube outside diameter andFor in - line arrangement

length are 6.4 mm and 78 mm, respectively. The tubeAf =bL-ZdL 3)
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For staggered arrangement friction coefficient is small. For staggered
Ar = (Z-]) (Sp-d)*L (4) arrangement with transverse pitch S 24 mm,

. . . diagonal pitch §= 17 mm, a = 64 mm, and variable
Where b is the height of the first pass, m, L lengft _ :
the tube (width of the test section) m; ig the values of (b = 63, 51.5, and 38.5), Figs. (5 &b,

number of tubes in the traverse direction of thst fi shovy the relation be_tween Nu and Re at dllffgrent
pass and $ is the diagonal pitch heating rates. Also, Flgs (6 a, b,. ¢) show theatizm

' of pressure drop coefficient against Reynolds numbe
at the same conditions which given in Fig. 5. Ehes
The Nusselt number is calculated from the measuredfigures show small values of pressure drop

quantities as follows: coefficient F were obtained except for Q = 488 W, b
h.d = 51.5 mm. For in-line arrangement with the
Nu=— (5) longitudinal and transverse pitch $ S; = 24 mm, a
A =64 mm and (b = 63, 51.5, & 38.8 mm), Figs. (7 a,

Where, ) is thermal conductivity calculated at mean b, c¢), show the variations of Nusselt number with
temperature in W/m k, and h is the coefficientedh  Reynolds number at different heating rates. The
transfer for each tube and calculated from the figures show that the same behaviour of increasing

relation: heat transfer coefficient with increasing in mdesvf
rate. Figures (8-a, b, ¢) show the variation obpuee

h :A('I'Q—'I') W (6) drop coefficient with Reynolds number at different
s a heating rates for in-line arrangement with=8S; =

where: Q is the heat flux , and calculated from the 24 mm. The effect of changing the first-pass height
relation Q =1*V where | is the current , andis (b) on the heat transfer coefficient at constaatihg

the volt, A is the outer surface of the heated tube rate (Q = 20 W) for constant second-pass entramce (
= 64 mm) is shown in Fig. 9. The results show that

and (T ~T,) is the temperature difference between the heat transfer coefficient increases with insiren

the surface temperature and air temperature. (b) as well as increasing the flow rate. Also, the
The pressure drop coefficient, F, is calculatednfro effect of the first-pass height (b) on the presdoss
the relation : coefficient  at constant heating rate and constant
20 second-pass entrance (a = 64 mm) is shown in Fig.
=——>—Ap 7)( 10. The figure shows that the pressure loss
NG....z coefficient increases with decreasing (b) assalte

of the flow area decrease. The effect of chandieg t
wide of the second-pass entrance (a) on the heat
transfer coefficient at constant heating rate drel t
height of the first-pass (b) is plotted in Fig. The
figure shows that the heat transfer coefficientehav
maximum values at a = 40 mm and minimum values
at, a = 52 mm where values corresponding to, 4 = 6
mm lie between them. It is clear that a = 40 mm is
All results are taken to evaluate the effect offlbaf  approximaty the best choice of the baffle location.
locations and other flow parameters on the Also the same ressult is shown in Fig. 12. The i€igu
characteristics of two-pass bank tube. shows the effect of the wide of the second-pass

3. RESULTS AND DISCUSSIONS entrance (a = 64, 52& 40 mm) on the pressure loss
- fficient ( F ) at constant heating rate (Q =VZD
In the case of in-line arrangement, the coe . X ~
measurements are taken at fixed longitudinal, and the height of the first-pass ( b = 63 mm). At

transverse pitch, $S=12 mm and entrance wide of colnstantf heaUEgSZrate ( 8_:5175\/\/) an(é:cozrllstant
the second pass (a = 64 mm), while the height®f th values of (a = mm, b =515 mm &

first pass (b) has different values (63, 51.5 &538. mm ) the effect Of. the tqbe bank arrangement en th
mm). Figs. (3 a, b, c) show the var’iation of heat heat-transfer coefficient is shown in the Fig. TBe

transfer coefficient Nu with mass flow velocity eat r(tesults sdhow that thet .helat-trantsrl:er tchoetffflmept I'm
in dimensionless form Re, at different heating sate staggered arrangement 1S farger than that fome-i

(Q). As shown in the figure, the heat transfer arrangement. This_ Is may be d_ue 0 the increase of
coefficient increase with increasing the heatintg ra turbulence intensity, wh|c_h exists in the case of
and mass flow rate. Figs. (4a, b, c) show the staggered arrangement. Fig. 14, shows the effect of
variations of pressure drop coefficient against f:l:)%efﬁcilﬁr;k ataéroir;%:rr::err:éat?nn rg:g pr_esls7u$ loss
Reynolds number at different heating rates. The ' 9 Q= )

' : constant values of (a = 52 mm, b = 51.5 mm&=S
figures show that, the effect of the heating rate¢he 24 mm). The figure shows that the pressure loss

Here, G is the maximum mass flow velocity rate
kg/nfsec, N number of tube rows in direction of
flow which equal 34 , Z is a correction factor
including the effect of tube bandle configuration
( Z=1 for a square or equilateral triangle tube
arrangement), fax =p W max.
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coefficient in the case of staggered arrangement isL Length of the tube m
smaller than that in the case of inline arrangement g Heat flux Watt
The effect of the pitch (S and heating rate (Q = 16

W & 70 W) for in-line arrangement at (a = 40 mm) S Diagonal pitch m

and (b =385 mm) on the heat-transfer coeffiti S Longitudinal pitch m
is shown in Fig. 15. The figure shows that at low S; Transverse pitch m
value_s_ of heat rate (Q = 16 W) the h_eat—transfer-rS Surface temperature K
coefficient has lower values than for  higherueal v Volt volt
of (Q = 70 W). Also, the effect of changing the

pitch (§ = 12 mm & 24 mm) and heating rate (Q Var  Volumetric flow rate hsec
= 16 &70 W) for in-line arrangement (a = 40 mm W,,,  Max. air velocity Insec
and b = 38_.5 mm ) on t_he pressure loss coeffidggent A air Thermal conductivity of air W/m.k
shown in Fig. 16. The figure shows that the pressur .

loss coefficient decreases with increasing thehpitc P Density Kg / nt
but the effect of increasing the heating rate onv Kinematics viscosity of air “ihsec
pressure loss coefficient is small. AP Pressure drop Pa
4. CONCLUSION Dimensionless Quantities :-

The previous analysis of the experimental results Re Reynolds number = W, .d/v

leads to the following conclusions: NU

1) The heat transfer coefficient (Nu) increasethas Nz
heating rate increase at the same value of gnal)(

Nusslet number =h.dk;
Number of the heating tubes

b) for all examined arrangements, while the gean < Correction factor .
in pressure loss coefficient is very small. Zi ~ Number of the tubes in the transverse
2) The increase of the height of the first pass b direction for the first pass.

increases the heat transfer coefficient and deeseas F pressure loss coefficient.
the pressure loss coefficient at constant heatit]§y 5 REFERENCES
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Fig. 2 A schematic diagram of the test section
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Fig. 3. The variation of (Nu) with (Re) at different

values of heating rates
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Fig .4. Variation of pressure drop coefficient (F) with

(Re) at different values of heating rates
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Fig .5. Variation of Nu with Re at different

values of heating rates for staggered arrangement
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Fig. 6. Variation of pressure drop coefficient (F)
with (Re) at different values of heating rates for

Fig.7. Variation of (Nu) with (Re) at different
values of heating rates for in line arrangement wit
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Fig. 8 Variation of pressure drop coefficient (F)
with (Re) at different values of heating ratesifor
line arrangement with, & S;= 24 mm
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Fig. 10 The variation of pressure drop coefficient
(F) with (Re) at different values of height (b) at
a=64 mm and Q=20W
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Fig. 13 The effect of the tube bank arrangement on
the heat transfer rate at Q=17 W
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Fig. 14. Effect of the tube bank arrangement on the
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Fig. 15 The effect of pitch on the heat transfer rate
at a= 40 mm ,b= 38.5 m for two values of Q
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Fig. 16. The effect of pitch on the pressure drop

coefficient (B at a= 40 mm, b= 38.5 mm for two
values of Q for in-line arrangement
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