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FORCED CONVECTION HEAT TRANSFER FROM A CROSS-
YAWED TUBE WITH BACK SPLITTER PLATE
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ABSTRACT

An experimental investigation has been presented to study the forced convection
heat transfer from a cross yawed circular tube with back splitter plate. The course of the
experimental work covers Reynolds number range from 9560 to 54700, the wake splitter
length varied from b =0 to 1.5d, and the yaw angle of tube changes from 0° to 30° with
respect to the cross flow orientation.  The obtained results are compared with the
available data in (he literatuve. The heat transfer from the yawed tube with splitter plate is
fited as a correlation between the Nusselt, Reynolds and Prandtl numbers. This
correlation indicates that the Nusselt number is a significant function of Reynolds number,
yaw angle and splitter plate length. L is also seen that he effect of the yaw angle on the
convective heat transfer from the tube is less than the effect of the splitter plate length, and
the yawed tube with back splitter plate of lenpth b=0.75d, and ©=30" has higher results
than the otlicr cases. A dimensionless correlation is obtained to calculate the convective
heat transfer Nusselt number as a function of yaw angle, splitter plate length, Reynolds
number and Prandtl number.

NOMENCLATURE

A surlace area of tube with splitier plate, m*

b splitter plate length, m

€p specific hieat at conslant pressure. kl/kg K

d tube diameter, m

h average heat transfer coefficient, W/m’K

h circumlerentinl local heat transfer coefTicient, Wwm’K
k thermal conductivity, W/mK

i total assembled length of lest tube, m
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L test tube length, m
Nu average Nusselt number, h d/k
Nug, circemilerential local Nusselt number. g, d/k
Nu, local Nusseft number on the splitler plate. hy x/k
e Prandld munber. pep/k
Q rale of heal transfer, W
Re Reynolds number based on (he normal fice stream velocity to the yawed
(ube, Re'cosd
Re’ Reynolds number based on the corrected velocity, v © do/v
T temperature, °C
v free sireatn velocity, m/s
v corrected free stream velocity, 1.05 v, mfs, equation (1)
] yaw angle of lube wit: respect to the cross position , degree
&b circumlerential angle, measured from the forward stagnation line , degree
1 dynamic viscosity, Ns/m?
il kinematic viscosily, m/s
-p air density, kgfmj
Subscripls
i inside
m average vajue
) oulside
P projecied
s surlace
: local
s circumflercntial Jocal
w0 ambient
INTRODUCTION

The explaitation of high performance heal exchangers for saving and making
eflfective use ol energy is a very important problem. So, the evaluation of heat transfer s
an important siep in the design and performance analysis of many types of heat
cxchangers.  Therefore, the invesligation of the heat transfer from tubes in cross flow is
still of greal practical interest. The effect of tube shape on heat exchanger characteristics
have received much attention by many investigaters.

lleat transfer [rom a tube in cross flow has been the subject of many experitmental
and theoretical investigalions hecause of its numerous engineering applications [1-5].

The total and local heal transfer froim a smooth circular cylinder to the cross flow
of air has been measured over the Reynolds number range from 3x10" 10 4x10° by Elmar
[6]. The interaction between flow and heat transfer has been discussed:

Heat transfer and Now around an clliptic cylinder [7] has been investigated for an
elliptic evlinder ratio 1:3. The tested Muid was air in the Reynolds number range from
8x10° 1o 7.9x<10". tis found hat the heat transfer coefTicient hias its highest value at =
60-20° over the whale Reynolds range studied,

xperiments on a cross flow hicat exchangers with tubes of lenticular shape have
been reported [R]. 1 is found that (he performance of the lenticular tube heat exclianger is
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superior (o that of conventional circular tubes by 2(% in the Reynolds number range from
2x10" to 5x10".

Convective heat transfer with flow  visualization experiments were performed in
[9] to investigate the effeet of yaw angle on tube in case of cross flow in the Reynolds
number range from 9000 to 25000. The yaw angle of tube was changed from 0° to 28°
with respect to the cross flow oriemation. 1t is found 1l:at as the cylinder was yawved, the
Nusselt number at first increases to a maximum at a yaw angle of 5°. After thal it
decreases o a minimum, which occurs in the range of yaw angles between 20° and 25°
and then start 1o increase at yaw angle 28°,

In this work, the heat transfer from a tube with the presence of a plate type fin
(splitter) alfixed on it has been made. One of the investigated [inned tube is illustrated
schematically in Fig, (2-b), which shows a typical tube 1o which a plate splitter is attached
at its back. The splitter is intended Lo enhance the heat transfer from the basic tube. The
basic tube is a cross-(low smooth tube.

EXPERIMENTAL APTARATUS AND 'ROCEDURE

An experimenlal test rig is designed and constructed for the planned experimets is
shown in Fig. (1). Itconsists of a low-lurbulence apen loop wind tunnel of square cross
section (6) with dimensions 300x300 mm. The air [rom the Iaboratory room is drawn
through the syslen. by a down stream blower (8). The flow rate is controlled by a throtile
valve (10). The velocity of air stream drawn from the system is measured by the hot wire
probe (2) located 750mm upstream and connecled to an anemometer (14). Figure (1)
shows the general layout of the experimental apparatus with the associated air supply
system and heating tube (4).

Figure (2-a) shows a schematic diagram of {he test tube. A polished brass tube (1)
of 45 mm outside diameter, 40mm inside diameter and 250mm length is used. On the
brass tube test section, there are 13 copper constantan thermocouples of 0.3mm diameter
and fixed on the mid-lenglh o” the wbe as shown in Fig. (2-b). The copper constantan
thermocouples are fixed in thin slots (Imm deep) cut in the outer surface of the tube.
Thus the average of 13 local lemperatures for tube without splilter is obtained as follows:

T =(1/9). ['].| 17Ty !"]‘(,*!I'rs'l"rq |'n.SX(Tz'f"]'3'f"]'5'*"[‘}'|"|-|;)*‘T|;+'l‘|1+'r|3)l (n

One may observe that the values obtained by the thermocouples of points 2 and 13,
Jand 12, 5 and 11, and 7 and 10 should be closly equal lo each other because they are
located in. two symanetrical positions on the test lube. Thus, the mean value of every two
readings is used. )

During the experimental work he dilference belween every two symmetrical
positions was aboul +0.1°C." The air strecam temperatures before and after the test lube
were measured by a sel of copper constantan thermocouple {3).  The brass tube was
electrically lieated by means of the main heater (3) as shown in Fig, (2-n). This heater was
electrically insulated by 2 cylindrical mica layers ol 0.5-mm thickness (2 and 11). This
healer consists of nickel chrome heating coit wound around a thermal brick rod (4} and
situated in ke brass tube as shown in Fig. (2-a). To reduce the heat loss from the ends of
the main heater (3). iwo guard heaters {6) were used, The guard heater is located in
electrically insulated grooves made at the brass tube ends (i5).
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A Tellon ring (§8) localed between ihe end ol brass test lube (1) and the brass end
tube (15} of outside diameter 45mm and inside diameler 40mm and its tength is Smm.
The whole set is placed in between the two Tellon ends (8). For a [ixed main heater input,
the guard heater input is regulated so as to mainlain as small a temperature difference as
possible of the order less than 0.2°C across the Teflon ring (5), thereby ensuring that the
heat flow [rom the test tube end is negligible. Six copper constantan thermocouples [13
and 14] are used for this purpose. Three thermocouples are fixed on each side of the
Teflan ring (5). ‘The thermocouples are located at the mid height of the Teflon ring at
three locations each of them has 120° apart (rom the others. These thermoccuples are
connected to a digital temperature recorder (15) with an accuracy of 0.1°C as shown in
Fig. 1. The total length of the 1est section is about 550mm.

As shown in Fig. (1) The heat input lo each of the main and guard heaters is
supplied to the system (hrough an electric current stabilizer (20} and controlled by using
three auto-transformer (16, 19) as well as three valtineters (17) and three ammeters (13).

The experiments weie carried out with a plain ctrcular tube with ahd without
splitter plate. The splitter plate has a width of 250mm, thickness of }.6mm, and different
tengths.  The splitter plate lengths are b= 0.5d,, 0.75d,, dg, 1.25 d,. and 1.5 d,. ltis
welded in a longiudinal slot cul in the base cylinder at <b =180° as shown in Fig. (2-d).
This means that for the cylinder of 45mm diameter, the splitter plate lengths are b=
22.5nmm, 33.75mim, 36.25mm, and 67.5 mm. The average of 16 local temperatures for the
lube with a splitter plate of b= 0.5d,, and b= 0.75 d,, is oblained as follows:

T = (1/12). [T) + Tt Tt Tt Tot 0. 5X( T+ Ta+ Tt Ty K Ty0#+ 15+ T1+Ti3)
+T 14+ 15+ The) ()

Also, the avernge of 18 local temperatures for the tube with splitter plates of
lengths of b=d,, b=1.25 d,, and b= 1.5 d, is obtained [rom the following equation:

Tm = (l” 4) [T] +'r.1+Tﬁ+Ts+T9+0-5}((T2+TJ+T5+'I‘T'f'T]n+T| |+T|2+T|3)
+ T+ T+ T+ Ty Tig) (3)

The test tube assembly is supported in the wind tunnel as shown in Fig. (1), in
which it can be moved to have difTerent yaw angles adjustment by rotating the whole test
tube around one of the two ends at 0°, 5.5°, 13.5°, 21° and 30° (see Fig. (2-¢)).

In order lo (ind the heat lost by radialion from the (ube, an average value of the
emmisivity ol 0.03 for the polished brass tube is laken accarding to [12], in which they
reported that no sipnificant dependence of emmisivity on temperature was observed. The
value of heat loss by radiaion was of the order of 0.5% ol the input power to the main
heater.  Also (he heal loss by conduction lrom the ends of the test tube may be neglected.
A sleady stale was usually achieved aller about two hours,

The local convective heat transler coelTicient and local Nussell number are
determined [rom the expressions:

hy = QF [A{To T} 4}

and
Num = hlI: dn"k . (5}

Also, the local conveclive heal transfer eoelficient and the local Nussell number on the
splitter plate are determined from the expressions:
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be = QIAA(Tx - Tw)] (4a)

Nu, = by x/k (5a)
Where hy the local conveclive heat (ransfer coeMcient, T the [ocal surface temperature of
the splitter plate, and A is the total surface area of the tube and the splitter plate.

A=rd,L+2DhL (6)

For the test tube d,, = 0.045 m, [.=0.25m, and b = 0 lor tube without splitter plate.
The average convective heat transler coefficient and the average Nusselt number
are determined [rom the relations

h Q/ AT ~T.)] (7)

h d/k (8)

and

i

Nu

The probable error in finding the average heat transfer coefficient was estimated to
be about £5%. The projecled area of (hc (est tube A, on the vertical plane perpendicular
to the tunnel axis is:

Ap=4dy L cosl )]

IUis found that the maximum blockage of the wind tunnel at higher values of B is
about 13%.

For the Reynolds numbers, account was taken of ike fact that the presence of the
cylinder resulis in the 13% reduction of the cross section of wind tunnel. The blockage
correction for the free stream velocity was based on Morgan [10). For the presenl
experiments,

vi = 1052y (10)

Then, the {ree stream Reynolds number is:
Re* = v* do /v (11

The Reynolds number based on the [ree stream velocity normal o the yawed tube is
sometitmes used as an alternative 1o the (ree stream Reyuolds number, i.e.,

Re=v* {cos0)do /v=Re* cos 0 {12)
RESULTS AND DISCUSSION

For determiination of the heat lransfer coefMicients and their correlation with air
flew. some quantities were measured for each data run afler sleady slate conditions
prevailed. The power supply inpul to the main heater, the heat lost by radiation. the tube
surface temperalure, the airflow stream velocily and (he [fice stream temperature are
recorded. Because of the very small temperature difference on the sides of Teflon rings,
the heat lost due to the unbalance between the main and guard heaters is neglected,
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The physical properties appearing in equations (5), (8), (11}, and (12) are evaluated
at the reference temperature 0.5({Ty + Tw).

The parameters varied independently during the course of this work include the
Reynolds number, the angle of yaw, and the splitter plale length. The Reynolds munber is
varied from 9500 to 54700, the angle of yaw is changed (rom 0°to 30° and the main
stream velocily covered the range from 3.69 to 18.45m/s.

The data of local heal transfer coefficient o the cross tube without splitter plate is
shown in Fig. 3. [l is seeu that the local heat transfer coefl ficient gradually diminishes,
starting at b = 0° with the value calculated from the stagnation point, i.e. Nu/VRe = 0.722
[15]. Increasing the distance from the stagnation point, the heat transfer coefficient
decreases 1o its minimum approximately at some degrees beflore (=90 This may be due
to the Mow separation which occur at about (b=380° [15]. Downstream of the separation
point. ihe heat transfer coelficient continuously increases up to a value which becomes
about (he value of Nusw/YRe = 0.7 at Re=44200. 1ne imnrove of heaf transfer at the
rearof the tube 15 due to the back pressure :that increase heat exchange ot thiid in the
separated 1e flow region. It is also noticed that with the increase of Reynolds number, s
the local heat itransfer increases.

The average Nusselt number versus Reynolds number for a cross circular tube at
different yaw angle is shown in Fig. (4). The angle of yaw changes from 0° to 21°, Itis
also, appearing in the figure the correlation of Zhukaukas in Rel. [11 and 12}, whichi is
described by the fullowing equation:

Nu = 0.25 Re® Pi®3¥ (PryTr, )02 (13)

It is also seen that, Nusselt number increase with inereasing Reynolds number. Tn case
of yaw ‘angle = 0° ihe experimental results agree wilh £5% with the results obtained from
comelation (13). One may observe that, with increasing the yaw angle from 0° to 21°, the
experimental data are not function of the yaw angle, but a lillle increase (about 10%) in
Nusselt number has been noticed for, yaw angle = 21° Figure 5 shows the comparison
between Nusselt number for the present results for a cross circular tube normal to the
airflow with the available data in Refs. [10, 12,13, and 14].

Figures (6-ato 6-d; show the average Nusscll number versus Reynolds number for
the cross tube will back splitter plates al difTerent yaw angles. For yaw angle=0°, the
effect of splitier plate length is small compared with Rel. [12]. Figure {6-n) shows that by
increasing the yow angle from 0° to 30°, the licat transfer increases at splitter plate length
equals 0.5d,. It is noticed that.the heat transfer cocflicient that reporied in the range of
Reynolds number 9500 to 25000 are higher for tube wilh yaw angle 30°. Meanwhile, for
Reynolds numbers 25000 to 54700 the Leat transfer coelMicient of tube with yaw angle 21°
is more than the other tubes. [ncreasing splitter plate length from b=0.5d, to 0.75d,, 1he
heat transfer coefficient increases for all angles of yaw. The highest value ol heat transfer
coefficient as shown in Fig. (6-b) for the lube with yaw angle 30° has been exists. Also, it
is noticed that with the increase of Reynolds number, the heat transfer cocfTicient for all
cases increases. [Tigures (6-¢). {6-d) and (6-e) shows the rejation between the average

Nusselt number versus Reynolds number for tubes with splitter plate of b = ds, b=1.25d,,
and b=1.5U, respectively. [ all cases the results take the same trend as in case b =0.5d,
and b=0.75d,, bLut the cohancement ol hieat transfer is less than in the case ol b=0.75d,. In
general, the average Nusselt number for the tube with back splitter plate is higher than its
value lor the piain tube.
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The effect of splitter plate with length changing from b=0.5d, to b=1.5d, in the
range of 9500$Re<54700, in general, the heat transfer increases as compared with the
plain tube. Also, with increasing of yaw angle [tom 0° to 30° the heat transfer coefficient
increases more than in the case of normal tube with splitter plate. The maximum
enhancement of lieat transfer in this case of b=0.75d, (b=33.75mm} and yaw angle =30°.
Figures (7) and (8) show. the variation of local Nusselt number around the tube
with different splitter tube in the range ol 9500<Re<54700 and yaw angle =21° The
figures, also, show the local Nusselt number variation on the splitter plate length in
dimensionless form. It is seen that with the increase of @ around the tube, e local
Nusselt number decreases to ils minimum values at @ =i10° Then, the heat transfer
gradually increases to =180° Also, the local Nusselt number increases steadily from the
base of the fin towards the tip. The value of tip Nusseit number is always approximately
equals the local Nusselt number at the forward stagnation point but higher than the local
Nussclt number at the base of the splitter plate. It is shown that the maximum heat
transfer coefTicient for tube with back splitter plate of b=0.75do and angle of yaw 8=30°
more than the other cases. The variation of average Nusselt number versus dimensionless
splitter plate length b/d, at Re=30000 for yaw angle 0 =21° and 20° is shown in Fig. (9).

CORRELATION

Finally, an atlempt is made to correlate the results obtained in the present study.
Such a correlation is quite useful for heat exchanger designer. The average Nusselt
number is correlated with the other governing parameters of the test tube, i.e. yaw angle 6,
back splitter plale length b, Reynolds number (Re), and Prandtl number (Pr). Following
the same pattern of equation {13), a correlation is obtained:

Nu = [0.25 + a(b/d,)"] Re™ Pe"*® (Pr/Pr)° (14)

Where 9500<Re<.54700, and a and n are constants varied with the yaw angle 8. The
vaiues of both a and n are pres:znted in table (1).

Tabie (1) Values of the coustants a aud u at different yaw angles
g° 0° 5.5° 13.5° 21° 30°
a 0.033 0.062 074 0.122 0.1
1] 0.0265 0.072 0.066 0.12 0.1i2

The correlation shows that the average Nusselt number is significant function of
angle of yaw 0 and the ellect of splilter plate is relatively higher.

CONCLUSIONS

The experiments described here in lhe represent study ave concerned with forced
convection heat transfer [rom a cross-yawed lube with back spiitter plate. The course of
the experimental. work covers a Reynolds number ranging [rom 9500 to 54700, a splitter
plate length varying from b=0te b= 1.5 d, and a yaw angle changing from 0° to 30°, The
resuits of the present work may be summarized os [oliows:

The elfect of back splitter plate with length changes fomb=0to b= 1.5 d, in the
range of 9500 <Re< 54700, in gencral, increases the convective heat transfer from the tube
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to air flow as compared with the plain tube. Also, with increasing the yaw angle from @ =
0" to 30° the heat transfer increases more than in case of the normal tube with back
splitter plate. The maximum enhancement of heat transfer in this study is for a tube of b =
0.75d, and yaw angle 8 =53°. With the increase of the Reynolds number Re, the average
Nusselt number increases. and the local Nusselt number, increases steadily from the bage
of the splitter plate towards the tip. The value of tip Nusselt number is always higher than
at the forward stagnation point. Also, the focal Nusselt number, for the downstream half of
the plain tube and for the tube wit splitter plate are lower than the upstream part,
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