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This investigation is aimed to study the heat tfean@&nd pressure drop
characteristics for turbulent airflow in a suddexpansion pipe (d/D = 0.72)
equipped with propeller swirl generator with diféeit blade angles. The
investigation is performed for the Reynolds numieging from 10,000 to
40,000 under a uniform heat flux condition. Fouropeller fans of five
blades with swirl angles® = 15, 30, 45° for upstream flow, and 45° for
downstream flow are inserted separately inside tést section. The swirl
propeller fan is located at different locationsiites the tested pipe, where S
=10H, 20H and 40H for both upstream and downstreflows. The
experimental results indicate that inserting thepgeller upstream of the
tube provides considerable improvement of the traasfer rate up to 190%
for all swirler angles with higher values obtainatl® = 45°. Inserting the
propeller downstream of the tube provides more owpment in heat
transfer rate than inserting the propeller upstreafrthe tube at swirl angle
of © = 45°, the heat transfer rate increased up to 225Bthe maximum
enhancement efficiency)(for the downstream swirler is about 326% while
it is about 213% for the upstream one. Correlatitosrelative mean Nusselt
number and enhancement efficiency are presentedifferent fan locations,
swirl angles and Reynolds numbers.

KEYWORDS: sudden expansion, swirl flow, heat transfer augatem.

1. INTRODUCTION

Many researchers [1-6] have studied swirling flawshe past since such flows have
practical applications in many combustion systesnsh as industrial furnaces and gas
turbine combustors. Swirling flows in both reactemgd non-reacting conditions occur
in a wide range of applications such as gas tushim@arine combustors, burners,
chemical processing plants, rotary kilns and spghapers. Swirling jets are used as a
means of controlling flames in combustion chamb&ne presence of swirl results in
setting up of radial and axial pressure gradiemitsch in turn influence the flow fields.
In case of strong swirl the adverse axial presgtadient is sufficiently large to result
in reverse flow along the axis and generating &rmal circulation zone. The velocity
components and turbulent stresses, which are ni@macteristics of swirling flows,
have been investigated in the past for variousigordtions to understand the physical
process both by experimental investigations and tymerical modeling,
complementing each other. Heat transfer of enhaenertechniques are applied in
many engineering applications, such as heat exehmgnhgir conditioning, heat
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recovery processes, chemical reactor and refrigaraystems, to improve the heat
transfer coefficient or thermal performance. Thhatement is directly related to the
reductions of the size and cost of involved equipiméleat transfer enhancement
techniques are classified into two major group® isnan active method which needs
an external power source, another is a passive aghetvhich does not need any
external power source. Among the techniques uséldeimpassive methods, the use of
swirling flow and sudden expansion, due to its loast and high efficiency for
improving heat transfer rate. The turbulent swiiM through an abrupt axisymmetric
expansion is a complex flow possessing severaindibt different flow regimes of
recirculation and extremely high levels of turbwenHeat transfer characteristics are
often significantly altered by the nature of thewl separation and subsequent flow
redevelopment. Swirl flow can be induced by différkinds of swirl generators such
as injection, twisted tape, helical screw, vanes, 8ome researchers examined twisted
tape as a swirl generator. They studied the inftaeof length, twisted ratio, width,
phase angle, and rod diameter on heat transfepraisgure drop.

NOMENCLATURE

C, Fluid specific heat capacity, J/kg K Greek Symbols

D Upstream pipe diameter, m 6 Swirl generator vane angle, °
D Test section Pipe diameter, m n Enhancement efficiendiNu,/Nu o)
H Heat transfer coefficient, WK u Viscosity of the fluid, N s/m
H Step heightH = 0.50-d), m p Density, kg/n

K Fluid thermal conductivity, W/m K Subscripts

L Test section pipe length, m b Bulk

m Mass flow rate, kg/s e Exit

N Blades number fd Fully developed

Nu Nusselt number h Heated

AP Pressure drop, Pa i Inlet

g Heat flux, W/ni m Mean

Q Heat transfer rate, W mr Relative mean

Re Reynolds number 0 (d/D =1) without swirl

T Temperature, °C r Relative
X Distance, m s Surface

S Swirler position, m X Local

Yildiz et al. [7] found increasing in the heat tséar rate by up to 100% by
using stripes twisted tape. Chang et al. [8] foandncrease in heat transfer coefficient
of 1.28:2.4 by using broken twisted tape. Eiamshaard Promvonge [9] used serrated
twisted tape to produce continuous swirl flow imst@ant heat fluxed tube to study its
effect on heat transfer and pressure loss. Thetreatfer rate was increased by up to
72.2% and 27% relative to the plain tube and thistéd tape (TT) inserted tube,
respectively. The use of the serrated twisted {&Jd) leads to higher heat transfer
rate and friction factor than that of the TT fdradses. The thermal performance factor
of the STT tube, under constant pumping power, at@e unity, which indicating that
STT is advantageous over the TT tube or the pls»e.tWongcharee and Eiamsa-ard
[10] performed a comparison between using of thacat twisted tape (TT) and
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alternate clockwise and counter clockwise twistgaket(TA) on the thermo hydraulic
characteristics. They tested three different twlist@tios. They obtained that Nusselt
number, friction factor, and thermal performancetda associated by TA are higher
than those associated by TT. Among the tapes exainihe tape with the smallest
twist ratio was found to be the most efficient fieat transfer enhancement.

Gul and Evin [11] used short length helical screvemhance the heat transfer
inside pipe. They achieved a net energy gain W08 depending upon the Reynolds
number, tape angle and channels number. A propallee was also used to produce
swirling flow in pipe. Zaherzadeh and Jagadish [A@§l Sarac and Bali [13] studied
the influence of different propeller vane parametéslade width, diameter, blades
number, vane angle and swirl generator) on the theasfer and pressure drop inside
pipe. They found that Nusselt number and pressune idcreased with blades number
increasing. In addition, Nusselt number and pressiiop increased with vane angle
decreasing. A continuous swirling flow induced byre than one propeller vane,
inserted inside pipe at equal interval distances stadied by [14—-18]. They examined
the effect of different parameters like (vane anglember of swirl generator, blades
number, etc) on the heat transfer rate and pressope They found that, using more
than one propeller vane gave results better thang dsll-length twisted strips. They
also found that Nusselt number and efficiency iaseel with vane angle decreasing,
except for Eiamsa-aret al. [18] who found that the efficiency and the heansfer
increased with vane angle increase. Numerical ssutior turbulent swirling flow
characteristic through sudden pipe expansion were dy Vanierschot and Bulck
[19], who found that the reattachment length forirlswg flow through sudden
expansion depends on the swirl number, expanstanaad the reattachment length at
zero swirls. Dellenbaclet al. [20] and [21] studied the effect of swirling matio
created by injectors inside sudden pipe expansioithe velocity and heat transfer.
They found that as swirl number increased from zerd.2, the peak local Nusselt
number increased from 3 to 9.5 times larger thily dleveloped value and its location
moved towards the inlet. Zohat al [22] compared the effect of propeller vane and
spiral spring on the heat transfer and pressurp though sudden pipe expansion.
They used air, with Reynolds number ranged from07&018,500 as working fluid.
They tested different locations for the propellan® and different spring pitch ratios.
They found that using of a propeller vane improtrezlheat transfer to 1.69 times over
the plane tube (sudden expansion pipe) with thireest increasing in the pressure
drop. While using of spring increased the heatsfiemto 1.37 times over the plane
tube with 1.5 increasing in the pressure drop. Kledlal [23] and Zohir [27] studied
the effect of inserting a propeller vane (swirl gextor) inside sudden expansion pipe
on the heat transfer and pressure drop. They usedth different Reynolds number
as a working fluid. They tested the effect of diffiet vane angles, sudden expansion
ratio, Reynolds number (9,000 to 41,000), and swilbcations on the enhancement
efficiency for reaching the optimum conditions. Aximum enhancement efficiency
of 405% was obtained at Reynolds number of 974Be amngle = 60° and low sudden
expansion ratio of 0.32.

In order to investigate the effects of swirlingflaw by inserted propeller fan
with different angles used as turbulators, on &t fransfer and pressure drop through
sudden expansion pipes, an experimental facility designed and constructed in the
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present study. In this facility, the swirl generatwith different swirl angles, & =
15:459, was located at three different locatioss =% 10, 20 and 40Hupstream and
downstream of the sudden expansion pipe.

2. TEST RIG AND INSTRUMENTATION
2.1 Layout of the Test Rig

An experimental facility is designed and constrdcte investigate the heat transfer
characteristics of the swirling fully developed kulent flow through sudden pipe
expansiond/D = 0.72). Four propeller fans of five blades wittirkangle,©6 = 15, 30,
45° for upstream flow, and 45° for downstream flaxere inserted separately inside
the test section. The swirl propeller fan was ledaat different locations inside the
tested pipeS =1L0H, 20H and 4M for both upstream and downstream flows. The test
rig consists of an air supply unit (7 Hr blower of equipped with air flow control
unit), an orifice meter, settling chamber, upstrezaiming tube, the test section and
swirling generators (propeller fan). The detailshef test rig are shown in Fig 1.

1 _2\ 3 4 5 6 7

\ ¥

_\_._.%._g._u._._ ._.LL._H_
[N} [X]
O — i b

1.Air blower 7Downstream tube of orifice
2.By-pass valve &ettling chamber (D = 500 mm)
3.Flow control valve QJpstream calming tube (d = 59 mm)
4 Flexible connection 1®ropeller fan with different angles
5.Upstream tube of orifice 1Test section (D = 82 mm)

6.0rifice meter

Figure 1: Layout of the turbulent swirling flow test rig

2.2 Test Section

The test section, as shown in Fig 2a, consistslgnafra main pipe, heaters, insulating
materials and swirl generators. The heat lossed fitee test section tube to the
atmosphere are minimized by insulating the tubes B@st section was covered with
eleven heating elements each of them having 28.ength and 124Q electric
resistance. Heating elements were made of nickebnglam wire which has a
resistance of 4.38/m and a diameter of 0.6 mm. A uniform heat flux1627 W/ni
was applied along the test section pipe. Two veltagulators were used to supply the
heaters with the required power. Sheets of alumintithh2 mm thickness were wound
below and above the heater wires to distributehtrad uniformly. Then a layer of glass
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wool insulation of 50 mm thickness was employeddwer the pipe. The total heat loss
from the heaters to the atmosphere was calculatédt avas found to be less than 6%
of the total heat input. Main tube of test sectwas made of stainless steel, (low
thermal conductivity 13.4 W/m K), of 82 mm inneadieter, 2 m length and 2.5 mm
thickness.
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Figure 2a: The test section details (Dimensions imm)

The convection heat losses are the losses of Ineatgh the insulation to the
atmosphere and the axial conduction losses duelte thickness. The major heat
losses are assumed to be through the insulatignvath neglecting the other losses as
concluded by Baughn et al. [24] and Incropera arewilR [25]. The surface
temperatures have been measured by 49 thermocoafplegype (having about 0.3
mm wire diameter). The junctions of the thermocesphere soft soldered to grooves
milled in the surface parallel to the tube axiseThnctions of the thermocouples are
embedded in holes of 2 mm diameter and 2 mm deptb the tube surface. The
thermocouples were located at different axial pmsét along the tube length as shown
in Fig 2b. The thermocouples were not uniformlycgzhand the spacing ranged from
5 mm near the abrupt expansion corner to 200 mmtheaexit of the large diameter.
Most of the axially distributed thermocouples wetethe top mid-plane of the tube.
However, five additional thermocouples placed &eotangular locations were used to
check the symmetry of the heat transfer to the flote propeller fan was located at
different positions freely inside the test section.

70 24Tcx 4Tcx  3Tcx 3Tex 3Tcx 3Tcx 2Tcx

mm;5mm [25mm 50mm | 75mm | 100 mm 150 mm 200 mm 265mm |

___________________________________________________________ Tey |

135mm 175 mm 150mm 225 mm
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3. EXPERIMENTAL PROCEDURE

An experimental program was carried out to study itifluence of swirl angle, for
upstream and downstream swirling flows, on the heatsfer and pressure losses of
turbulent flow inside circular tubes. The considkoases are for values of Reynolds
numbers of 10000, 15000, 18900, 30000, and 4000¢hvdorresponding to mass flow
rates of 0.01231, 0.01792, 0.02625, 0.03463, an&®3@6 kg/s respectively. The
propeller fans, of 5 blades afd= 15°, 30°, 45° for upstream swirling whife= 45°
for downstream swirling, were rotated freely by #idlow and located at six different
locations §/H=10, 20 and 40) with respect to the location of shdden expansion.
The net heat transfer by convection to air can deutated from Eq. (1). The local
mean bulk temperature of air in each segment ofdsiesection is calculated from Eg.
(2). The properties of air are determined at maslk temperature. The heat 10Qkss
has been measured using Fourier’'s low of radiat headuction by measuring the
outer surface temperatures of the insulation attimeesponding points where the tube
wall surface temperature were measured. The heatwas found to vary between 5%
and 6% of heater input power. In the analg3iss was assumed to be 6%.

Qret = (Q —Qios9 = MCp (Toe — Thi) (1)
T =Ty, +4,77DL, / M C) )

where g, is the uniform heat flux and can be calculated from
g, =const =Q,,/ DL, (3)

The local and mean heat transfer coefficients aterthined from Egs. (4) and
(5). The local and mean Nusselt number can be ledézi) respectively, from Eq. (6).

hx = qo /( Tsx _Tbx) (4)
_17

h, == ! h,dL, (5)

Nu, =hD/k (6)

Nu,, = h D /k 7)

The enhancement efficienoy is defined as the ratio of the heat transfer
coefficient for the inserted tullg, to that for the plain tubl, at the same pumping
power, according to ref [4, 6 and 23].

n=[h,/h] 8)

A more precise method of estimating uncertaintgxperimental results has
been presented by Kline and McClintock, which isalded in Holman [26]. The
method is based on careful specification of theetmlamties in the various primary
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experimental measurements, suppose that the deudindant variable (R) is a given
function of the independent variabbes x, X3, ............... , o ThUS:R = R(Xg, %o, Xa,
............... , ). Let ug is the uncertainty in the result angd w, U, ........, 4 are the
uncertainties in the independent variables. Thedainty in the results is given by the
following equation:

R ) (R ) R V]
Ug = [[a—xulj +(ax Uzj F o e +(aTunJ :l
, 2 n 9)

Table 1 summarizes the calculated values of unogytaf the measured quantities.

Table 1, the calculated uncirtainty values of the masured quantities

Parameter Absolute Uncertainty | Relative -
Mass flow rate +1.1%
Reynolds number +1.1%
Heat supplied +1.4%

Bulk mean temperature | + 0.75°C
Surface temperature +1.0°C

Heat transfer +4.8%
Nusselt number +4.8%

4. RESULTS AND DISCUSSION

4.1 Heat transfer characteristics

The fully developed local Nusselt number results sofiooth pipe (d/D=1) are
compared with the results of Dittus—Boelter, whishdescribed in Incropera and
Dewitt [25] as shown in figure 3. A good agreemeetween the experimental results
and results of Dittus-Boelter equation was achievégth deviation + 6%. The
experimental results of the local Nusselt numbémanm-swirl, distribution along the
pipe length for a sudden expansion pipe at diffeRgynolds numbers are drawn in
figure 4. The longitudinal distancX)(is normalized by the step height € 0.5 O —
d)). The results indicate a gradual increase inllbesselt number at the inlet of the
sudden expansion pipe (X/H = 0) and an increaseeak value at the reattachment
point (X/H = 10). The figure shows that the peak decreasesughigidto a nearly
constant value a/H = 40. A strong recirculation zone is formed just dstream of
the sudden expansion and a reversed flow take® ftathis region and would be
extended in radial direction. As the Reynolds numbereases, separation and
recirculation zones are formed due to the adverssspre gradient caused by the
sudden expansion, then the boundary layers areogledt and as a result, the Nusselt
number increases.
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Figure 3: Comparison of Nusselt number
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Figure 4: Variation of local Nusselt
number for flow without swirl
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Figure 5: Local Nusselt number variationFigure 6: Local Nusselt number variation
versus dimensionless tube length for ~ versus dimensionless tube length for
different swirl angles different swirler locations
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Downstream the impingement region, the thermal Hagnlayer grows, and
Nusselt number generally decreases to a very ldweva settle down to the value for
a fully developed pipe flow. The effects of the Relg)ls number on Nusselt number
around the impingement region on the pipe are anbat and these effects decrease
slowly to the pipe exit.

Variations of local Nusselt number against dimenigiss tube lengthX(H),
at different swirl angles and swirler locations tgrstream swirling flows through the
sudden expansion pipe, are shown in Figs. 5 aithé results, figure 5, show thdite
local Nusselt number distribution gives a nearljsarend for sudden expansion pipe
with and without swirl with improvements in heaansfer rate obtained for swirler
angle 45°, while a reduction obtained at swirleglarB0° and 15°. The local Nusselt
number increases suddenly to a maximum value heareattachment point and then
decreases to a fully develop value. With swirl gate, of different swirler angles,
inserted upstream the sudden expansion, the po®ficthe maximum local Nusselt
number moves towards the edge of sudden expan¥itth i6 close to 10). This
behavior is due to the reduction in the lengthhef tecirculation zone due to swirling
flow induced by the swirl generator. Then, it deses slowly to a fully developed
value. As swirler angle decreases, lower heat fearmrstes will be obtained. The
influence of swirler location on local Nusselt nuenlis shown in figure 6. The results
show that, as the swirler becomes very close tstldeen expansion inlet (10H), more
enhancements in local Nusselt number will be obthinith upstream swirling.

Variations of local Nusselt number against dimenigiss tube lengthX(H),
at different swirler locations, for both upstreamdadownstream swirling flows
through the sudden expansion pige £ 45° and Reynolds number = 20,000), are
shown in figures 7 and 8he Nusselt number distribution gives a nearly sammed
for plain sudden expansion pipe. The local Nussethber increases suddenly to a
maximum value near the reattachment point and themeases to a fully develop
value.

The influence of swirl angle§ = 15%45°) on the heat transfer rate at different
Reynolds numbers, for upstream swirling flows, own in figures 9 and 10.
Reynolds number was varied from 10000 to 40000,savid generator location varied
from S/H = 10 to 40. The figures show that, as swirl gemgrangle increases, the
mean Nusselt number increases due to the increamsthg intense of the recirculation
zone and the increasing of the rotational flow. Reynolds number increases, the
mean Nusselt number increases due to the increasihg length of the recirculation
zone and the increasing of the tangential flow. Themat transfer rates were
significantly affected with Reynolds number, swarigle and swirl generator location
with more enhancements for downstream swirling. éMioeat transfer enhancements
can be obtained for sm&lH

Figures 11 and 12 show the relative mean Nussefibru Ny, (Nu, of
swirl flow for d/D = 0.72 is normalized by Nu of steady flow in a straight pipe for
d/D = 1), versus Reynolds number for different swvitocations, S, at different swirl
angleso = 15%45°. At high swirl angle® = 45°), figure 11 shows that for all swirl
locations (S), the value dflu,, are above unity, which mean that insertion of wir
generator upstream or downstream the sudden expamépe increases the heat
transfer rate.
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For upstream swirling, the experimental resultsidat that inserting the
propeller upstream of the tube provides considerabprovement of the heat transfer
rate up to 190% for all swirler angles with higvatues obtained & = 45°. While,
inserting the propeller downstream of the tube ples considerable improvement of
the heat transfer rate with about 20% higher timgeriting the propeller upstream the
tube at swirl angle ab = 45°, figure 11. At low swirl angleéx = 15°), figure 12 shows
that the improvement iNu,, will occur only when the swirler is located verpse to
the inlet of the sudden expansion pipe (S = 10Hg felative mean Nusselt number
Nun, increases or decreases depending on Reynolds nwaloe, swirler angle and
swirler location.

4.2 Pressure drop

As shown in figure 13 and figure 14, the pressunpdncreases as Reynolds number
or swirl angle increases due to the increasingha ftow paths and swirling flow
density. The effect of Reynolds number on the pnesdrop is small at low flow rates.
In addition, the influence of swirl angle on theegsure drop is small at small swirl
angles. Swirler position has significant effecttba pressure drop. The pressure drop
increases when the swirler is close to the edgaidélen expansion for both upstream
and downstream swirler. In addition, the pressuog dor upstream swirler is higher
than that for swirler located downstream the sudelgpansion. The effect of swirl
generator location on the pressure drop is sm#dvavalues of Reynolds number. The
figures show also, that the maximum pressure dsa®7D N/m at Re= 40,0000 =
45° andS= 1(H for the upstream swirler.

4.3 Heat transfer enhancement efficiency

The heat transfer enhancement efficiengyi¢ defined as the ratio of the heat transfer
coefficient, for sudden expansion pipe equippedhwé#wirl generator, to the
corresponding fully developed heat transfer coefic without swirl in plain tube at
the same pumping power [9 and 10]. The presenttseshowed that the propeller
swirl generator increases the heat transfer ratehenexpense of pressure drop.
Therefore, the heat transfer enhancement efficigncyNu./Nu ) is used to show
whether, in terms of energy saving, the insertihgwirl generator through sudden
pipe expansion is cost effective or not. Figureabl 16 show the effect of swirling
angle through sudden expansion pipe on the enhamtegfficiency for upstream and
downstream swirlers. The figurebow that the enhancement i) (s generally greater
than unity for6>15. The maximum enhancement efficiengy for the downstream
swirler is about 326% while it is about 213% foe thpstream one. For small swirl
angle, figure 169 =15, there are little enhancements;iop to 50%. This means that
using of a propeller swirl generator after or bef@ sudden expansion of a pipe
increases;. The figures also show that the enhancement effisi () decreased
slightly with increasing the Reynolds number. AsyiR#ds number increaseB|uy,,
decreases while the pressure drop increases. Bhésrshow that; the enhancement
efficiency @) increases as the swirler is close to the edgeec$uldden expansion.
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4.4 Correlations of Results

Correlations for the turbulent swirling flow withfigerent values of swirler location,
upstream the sudden expansion, (for predictingotkesure drop, the relative Nusselt
number and enhancement efficiency), were derivelddrfollowing equations.
The pressure drop results shown in figures 13 d@naré correlated in form of

AP =1(Re®, S). The correlation and its constants are;

AP = aRe+ b (tard *+ cS+ d 10j

Where a = 1.5043E-05, b = 0.3754, ¢ = -0.0865,-0.3393.A p is given in (kPa) and
S given in (m).
The heat transfer results of swirling flow throughdden pipe expansion
compared with no swirling flow through straight @iare correlated in the form of
Nuy = f (Re,0, S). Figure 17 shows the experimental and empirasults for the
suggested correlations of each swirl angle fortdinleulent swirling flow with different
vane angle values. The genezaipirical equation and its constancies are;

Nu, =aRet b(tard } cS+ 0 (11

Where a = 6.21773E-8, b = 0.98267, ¢ = -1.12420B338.

The enhancement efficiency results are correlatddrim ofn = f (Re,0, S).
Figure 18 shows the experimental and empiricallte$or the suggested correlation of
eachswirl angle. The general correlation and its cantstare;

n =aRetb (tard FcS+ d 12)

where a = -6.876E-6, b = 1.0206, c = -1.1881, d0302.

The correlation is valid for sudden expansion ratfo(d/D = 0.72), vane
angle @ = 15°, 30°and 45°), swirler location (S = 10H, 28kt 40H) and Reynolds
number ranges from 9,000 to 41,000 within r.m.sorenf 17.5%, 11.93% and 18.46%
for relative mean Nusselt number, pressure drop antancement efficiency
respectively.

5. CONCLUSIONS

The present work provides an experimental invesitigaof heat transfer and pressure
drop characteristics of turbulent swirling airflotirough an axisymmetric sudden
expansion pipe. The examined conditions includ&tians of Reynolds number &fe

= 10,000 to 40,0004/D = 0.72, swirler vane angk = 15°, 30° and 45°. The swirl

generator was located at three different locati@s 10, 20 and 40Hupstream and

downstream of the sudden expansion. Based on theemr study, the following
conclusions are summarized:

1. The heat transfer rate and pressure drop incre@lsénerease of Reynolds number
and swirl angle.

2. The enhancement efficiencf) increases as swirl angle increases while, it
decreases as Reynolds number increases leading tomclusion that the propeller
fan swirler is more effective at low Reynolds numaed high swirl angle.

3. As the swirler is close to the edge of sudden esipan for the upstream and
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downstream, the enhancement efficiency increases.

4. For upstream swirling, the experimental resultsdatt that inserting the propeller
upstream of the tube provides considerable imprevemf the heat transfer rate up
to 190% for all swirler angles with higher valuelstained at© = 45°. While,
inserting the propeller downstream of the tube jglew considerable improvement
of the heat transfer rate with about 20% highen thaerting the propeller upstream
the tube at swirl angle @ = 45°.

5. In general, the downstream swirler gives higheraeckment efficiency than the
upstream one.
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