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Abstract

In this study, the effect on heat transfer rates, friction factor and exergy loss of swirl generators with holes for the entrance of fluid
were investigated by placing them at the entrance section of inner pipe of heat exchanger. Various swirl generators having circular holes at
different number and diameter were used. Hot air and cold water were passed through the inner pipe and annulus, respectively. Experiment
were carried out for both parallel and counter flow models of the fluids at Reynolds numbers between 8500-17 500. Heat transfer, friction
factor and exergy analyses were made for the conditions with and without swirl generators and compared to each other. Some empirical
correlations expressing the results were also derived and discussed. It was observed that the Nusselt number could increase up to 130%
a value of about 2.9 times increase in the friction factor by giving rotation to the air with the help of the swirl elements. The increase the
dimensionless exergy loss was about 1.25 times in comparison with that for the inner pipe without swirl generators.

0 2005 Elsevier SAS. All rights reserved.

Keywords: Concentric heat exchanger; Exergy loss; Friction factor; NTU; Swirl generator

1. Introduction in the flow area continuously generate swirling flow. In the
second type, which is called decaying flow, the swirling ef-

Heat transfer enhancement at heat exchangers may bdect to the fluid is only given in the inlet flow area, and then,
achieved by numerous technigues, and these techniques cathe fluid flows freely in the following area. In the case of
be classified into three groups: passive, active and compoundwirling flows, the heat transfer and pressure losses should
techniques [1,2]. In the active techniques, heat transfer is im-be carefully analyzed and optimized for the energy econ-
proved by giving additional flow energy into the fluid. Inthe omy aspects because they bring additional pumping power
passive techniques, however, this improvement is acquiredand construction costs, all increasing the total cost of a heat
without giving any extra flow energy. In the compound tech- exchanger [3,4].
niques, two or more of the active or passive techniques may Exergy analysis can reveal whether or not and by how
be utilized simultaneously to produce an enhancement thatmuch it is possible to design more efficient thermal systems
is much higher than the techniques operating separately [2]. by reducing the sources of existing inefficiencies. Increased

The applications of swirling flow, or its effects, to the efficiency can often contribute in a major way to achieving
fluid for increasing heat transfer can be divided into two energy security in an environmentally acceptable way by the
groups. One is the so-called non-decaying swirling flow type direct reduction of irreversibilities that might otherwise have
in which turbulators located through or in certain distances occurred. This makes exergy one of most powerful tools to
provide optimum conditions [5,6].

Turbulent swirling flows in a pipe are poorly understood,
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Nomenclature

A heattransferarea.......................1 m T temperature................. e °C
Aj inner pipe inside surface area............2m T temperature ratio
Ao inner pipe outer surfacearea............. 2m U overall heat transfer coefficient. .. W2.K~1
C, specific heat capacity ........... kg~t.ect Un average fluid velocity ................. arl
Cmax ~mMaximum heat capacity.............. Mt w total uncertainty in the measurement
Cmin  Minimum heat capacity .............. wt |14 WOTK . o v oo e e e e W
Cy heat capacity ratio Yexp  experimental value
d diameter of innerpipe .................... M Ypre predicted value
D diameter of outerpipe .................... m AP pressure drop........ooeiiii i, Ra
ds diameter of holes on the swirl elements.. .. .. m AT logarithmic temperature difference between
e dimensionless exergy loss wall and air temperature................... K
EX exergy AT, logarithmic temperature difference between
EXoss €Xergyloss...................oooiii, W wall and water temperature .. .............. [
f friction factor ) AT.  logarithmic mean temperature difference. ... K
h specificenthalpy..................... k@~
H: a\eerage heat t?gnsfer coefficient of cold ‘ Greek symbols

fluid. ... Wh=2.K~1 0 density of fluid. .. ................... kaop—3
Hp average heat transfer coefficient of hot & effectiveness

fluid. ... Wh-2.K~1 x? chi-square
Jj total number of holes on the swirl elements Subscrints
k thermal conductivity of fluid. . . .. wn-1.K-1 P
L lengthof pipe........cccoveeeenieaoiin. m € cold
m mass flowrate....................... kgt CH chemical
n number constants e environmental condition
N number of observations h hot
Nu Nusselt number i inlet condition or inner
NTU  number of heat transfer units KN kinetic
Pr Prandtl number loss  loss
0 heattransferrate............coooouuuen... W max  maximum
R correlation coefficients min minimum
Re Reynolds number o} outlet condition or outer
RMSE root mean square error analysis PH physical
s specificentropy ................. k1K1 PT potential

turbulent flows in which a fluid element moves along heli- the tube are assumed to impose swirling motion to the fluid.
cal paths and regions of back-flow may appear near the axislt is aimed to increase heat transmission by imposing swirl
of the pipe, rather than a motion of fluid with axial and tan- to the fluid in the entrance section of a double-pipe concen-
gential velocity components. For this reason, there is still no tric heat exchanger which has been used extensively due to
generalized method to predict this kind of flow imposed by its easy construction with no movable parts and low cost.
various swirl generators [10,13]. The effect of swirling flow Therefore, this study is different from others in the scope of
on heat transfer, however, may be determined using globalheat transfer and exergy analysis of such as system.
expressions.

Although numerous studies on the energy and exergy
analysis of thermal systems and applications have recently2. Experimental set-up and procedure
been undertaken by some researchers, e.g., [5,6,15-20], very

few papers have appeared on exergy analyses of concentric The experimental set-up is shown in Fig. 1. The dimen-
heat exchanger with swirl generator, e.g., [3,4]. Itis therefore sjons of inner and outer pipes of the heat exchangetiate:

the purpose of this work to study the effect of a number of 35 mm,d, = 41 mm, L; = 810 mm; D; = 70 mm, Do =
different swirl generators on the heat transfer, friction factor 75 mm andL, = 750 mm. Heat exchanger has portable lids
and dimensionless exergy loss. Swirl generators in this work of 150 mm length at both ends. Hot air was passed through
have got different properties from the works at the literature. the inner pipe, while cold water was flowing through the
These elements containing holes for the passage of fluid intoannulus. Heating of the air was achieved with an electrical
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Fig. 1. Experimental set-up.

heater at the entrance and its power was adjusted with a rheosure regulator was also used. The experimental work was
stat [13]. repeated for both parallel and countercurrent flow modes and
Various swirl generators, which have given swirling to for the swirl elements having different arrangements of holes
the fluid, have been prepared for experimental evaluation. at various fluids Reynolds numbers [13].
The elements were made cylindrical shape in 100 mm length
and 42 mm diameter from thin galvanized iron plates. These
elements are lid-shaped parts containing circular holes in3. Experimental uncertainty
different diameter and number, they can be placed and re-
moved easily on the entrance section of the inner pipe. The All instruments and measurements have certain general
holes were drilled in an angle different from the normal to characteristics. An understanding of these common quali-
the surface. The holes were connected to the pipes with an-ies is the first step towards accurate measurement. Errors
gle of 45 and length of 10 mm. They have four rows of 3, 6 and uncertainties are inherent in both the instrument and
or 9 mm diameter holes for air entrance to the inner pipe of the process of making the measurement, and too much re-
heat exchanger. Each row has three, four or five holes. Thatliance should not be placed on any single reading from
is to say, each of swirl generators has 12, 16 and 20 holes.one affected by the environment. Final accuracy depends on
The holes were arranged in a zigzag line as shown in Fig. 1.a sound program and on correct methods for taking read-
Separate experiments were also conducted for this heat exing on the proper instruments. When readings are repeated,
changer without using these swirl generators [13]. they tend to produce a band of results rather than a point
The inlet and outlet temperatures of the fluids, the tem- or a line. Errors and uncertainties in the experiments can
peratures of the points on the inner pipe wall and ambient arise from instrument selection, instrument condition, in-
temperature were measured with Iron—Constantan thermo-strument calibration, environment, observation, and reading,
couples. The temperatures were read with a multi-channeland test planning [13,21]. In the experiments of heat trans-
digital thermometer. Pressure losses were determined by usfer enhancements in a concentric double pipe exchanger
ing U manometers that were filled with water for the air equipped with swirl elements, the temperatures, pressure
side and with mercury for the water side. The air was sup- drops, flow rates were measured with appropriate instru-
plied from an air compressor. The flow rates of air and water ments. During the measurements of the parameters, the un-
were adjusted with valves and measured with rotameters. Incertainties occurred were presented in Table 1. Consider-
order to keep constant airflow rates at various levels, a pres-ing the relative errors in the individual factors denoted by
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Table 1 be calculated using the measured wall temperatures of the
Uncertainties of the parameters during the experiments of heat transferjnner pipe (arithmetical average of five point) and Egs. (3)
enhancements in a concentric double pipe exchanger equipped with swirl and (4). Eq. (7) may then be used to control the results of

| t .
clements : calculation [23,24].
Parameter Unit  Comment The following equation can be used to calculate the max-
Uncertainty in the temperature measurement imum heat given
Hot fluid inlet temperature °C +0.380 : ) ) N ) )
Hot fluid outlet temperature °C +0.380 Omax= Cmin(Thi — Tci) = mnCpy (Thi — Tci) ®)
go:g ][:U?g in'elﬁempefamfe g ig-ggg The number of heat transfer unitsTU, is expressed in
old fluid outlet temperature ° +0. :
Inner pipe wall temperature °C +0.628 terms of thermal capacity,
Ambient temperature °C +0.380 NTU — UA )
Uncertainty in the measurement of pressure drop - Cmin
Air side mmSS  +£0.282 .
Water side mmHg +0.282 4.2. Exergy analyss
Uncertainty in the measurement of volume flow rate . . .
- Y T Exergy is the maximum amount of work obtained theoret-
Q};ter ”:@'E_l ig‘g ically at the end of a reversible process in which equilibrium
‘ with the environment is attained. According to this defini-
i i i 0, — . . ..
Uncertainty in reading values of table, Cp. k...) % +0.1-0.2 tion, the reference environment conditions must be known

to calculate exergy. Temperature of the reference environ-
Xy, error estimation was made using the following equa- Mentin this work varied between 20 with 22 (ambiance

tion [22]: temperature).
2 2 211/2 A heat exchanger is characterized by two types of losses:
W=[(x0)*+ (x2)+ -+ (xn)°] (1) temperature difference and frictional pressure drop in the

pipe. These losses refer to irreversibility quantity, and some
methods have been devised for minimizing these losses

4. Analysis [26,27]. However, in this study, the exergy analysis does not
include friction (or pressure drop) irreversibilities and based
4.1. Heat transfer only heat transfer irreversibilities.

The total exergy of a systelx can be divided into four

The efficiency of a heat exchanger is defined as the ratio components, namely
of the heat transferred to maximum heat transfer
. (i) physical exergyexPH,

o= 2 2 (i) kinetic exergyEx<N,
Omax (iii) potential exergyExPT, and
the heat transferred from the hot air is given as (iv) chemical exergfxCH [25].
On = 1itnC py (Thi ~Tho) = HhAIATH B) e BPH 4 BN 4 BT 4 ECH (10)
a‘nd the heat received by the cold water is Physical exergy is the majority of the heat exchanger sys-
Qc = 1mcCpe(Teo— Tei) = HcAoATio (4) tem. Therefore, chemical exergy, potential exergy, nuclear

The difference between these two rates shows the convective™<¢'9Y: magnetic exergy and kinetic exergy (kinetic energy)

heat loss from the exchanger, which may be assumed to beVere neglected in this study. ,
In this case, the exergy balance in a steady open system

ligible h
n‘eg gl ? er(? can be written as follows [28]:
= — 5 . . .
QOloss= Oh — Oc¢ ®) E Exi_E Exo + E EXproduct=0 (11)

The Nusselt number, in terms of the air side average heat ] . )
transfer coefficient, is The lost Work_as being described between difference of max-
imum work with real work

Hid : . : .
Nu= k ) Wiost= Wmax — Wactual= EXioss (12)
On the other hand, the overall heat transfer coefficient may and this expression is equal to the exergy loss. Therefore, the
be defined by the equation exergy loss in open systems is
Qh =UiAiATL @) EXIoss= Z’hi(hi — Tesi) — Zmo(ho — TeSo)

where, AT, is the logarithmic mean temperature difference . Te .
over the exchanger. The overall heat transfer coefficient may + Z Q(l - ?) -W (13)
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Fig. 2. Exergy band diagram for heat exchanger.
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Fig. 2 shows exergy band diagram for heat exchanger. The r

exergy loss in an open system heat exchanger is given as

I‘Exlos.s= mc(hei — Tesci) + mn(hni — Teshi)

— nitc(heo — TeSco) — mh(hho — TeSho) (14)
and rearranging this equation gives the following:
EXioss= titc(hci — heo) + tith(hni — hho)

+ Te[’hc(sco — Sci) + nin(sho — Shi)] (15)

E. Kavak Akpinar, Y. Bicer / International Journal of Thermal Sciences 44 (2005) 598-607

= 1
EXjoss= Te|:Cmin In[l — g<1 _ _)i|
T;

If Eq. (23) is divided by(7TeCmin), dimensionless exergy loss
expression can be written as follows:

o= EXioss
TeCrin

1 1

4.3. Friction factor

The experimental pressure drops in the inner test pipe of
concentric heat exchanger were measured for air side condi-
tions and were arranged in non-dimensional form by using
the following equation:

AP

I = Wianeuz)

(25)

In a heat exchanger, the heat given by the hot fluid becomes

equal to the heat taken by the could fluid if the heat losses

Qlossare assumed to be negligible

Q = mh(hhj — hho) = mc(hci — hco)
By using Eq. (15), the following equation can be derived

(16)

EXjoss= Te[’hc(sco — Sci) + 1h(Sho — Shi)] (7)

If entropy gradients of hot and cold fluids are expressed in
terms of specific heats in constant pressure

Sco — Sci = Cpg IN(Teo/ Tei)

sho — Shi = Cpy, IN(Tho/ Thi) (18)
and inserting Eq. (18) into Eq. (17),
EXjoss= Te[fhhcph IN(Tho/ Thi) + 1ircCp, IN(Teo/ Tci)] (19)

Thermal capacities of hot and cold fluids and ratio of capac-
ities are

Ch=mnChpy,,
Cr= Cmin/Cmax

CC - mCCpC
(20)

If we assume that the thermal capacity of the hot fluids is
minimum, exergy loss can be written as follows:

EXjoss= Te[Cmin IN(Tho/ Thi) + CmaxIN(Tco/ Tci)] (21)
and if the following relations are described

Ty = Thi/ Tci

e 0 _ Cmax(Teo — Tti) _ Cmin(Thi — Tho) (22)

B Omax  Cmin(Thi — Tei)  Crmin(Thi — Tci)

and inserting Egs. (20), (22) into Eq. (21), the exergy loss
equation is obtained as follows:

5. Regression analysis

The regression analysis was performed using the Statis-
tica computer program. The correlation coeffici€Ry, the
reduced chi-squargc?) and root mean square error analysis
(RMSE) were used to determine the quality of the developed
relation. These parameters can be calculated as follows [21]:

2 _ Z?:l(yexpu' - Ypre,i)2

= 26
N (26)
1 N 1/2

6. Resultsand discussion

With the values obtained from the experimental data in
inner pipe, the changes in the Nusselt numbers with the
Reynolds numbers were drawn for various swirl generators
containing circular holes at different diameter and number,
as shown in Fig. 3. The experiments were performed for both
counter and parallel flow mode, and results were compared
to those obtained from the empty tube and Dittus—Boelter
correlation Nu = 0.023Re®8Pr04 (describes non-swirling
flow in the smooth-tube) [29]. Indeed, the empty tube has
the tangential inlet, which generates the swirl flow. The swirl
flow induced by the step-shape distribution of the vorticity
has a set of axial velocity profiles under the same Reynolds
and swirl numbers. This is the main distinction between
flows with and without swirling [14].

Itis clear from Fig. 3 that the highest Nusselt number was
achieved with the heat exchanger operated in a counter-flow
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explained in terms of turbulent intensities. The turbulent in-
tensities in the initial parts of the inner pipe must be higher
for smaller diameter holes. Mutual holes of swirl generators
may also affect heat transfer by promoting decay of swirls in
mode and equipped by a swirl generator having 20 circular the entrance section of the inner pipe. However, from these
holes with 3 mm diameter. In this run an increase in the Nus- figures, it is also seen that the effect of swirl generators on
selt number was obtained up to 130% compared to a heatthe heat transfer is less for low values of the Reynolds num-
exchanger with the empty tube. While the increase in the bers. Thus, the relative increase in the Nusselt number was
Nusselt number was 113% at swirl generator having 20 cir- [ow at smaller Reynolds numbers, while it became greater
cular holes with 6 mm diameter, the increase was 109% atat high Reynolds numbers. The values given above are of
9 mm diameter. In all cases, the swirling flow gave higher a heat exchanger equipped with swirl generators having 20
values of Nusselt number than those for the empty tube andholes and operated in counter-flow mode. The enhancements
the Dittus—Boelter regime (non-swirling flow). However, in heat transfer rates decreased with decreasing number of
swirling flow could not only to increase heat transfer, but to holes in the rows and 5-10% smaller for 16 holes than those
decrease it as well. Because, two types of vortex structureswith 20 holes and 5-10% smaller for 12 holes than those
can exist in the swirl flows with the same integral charac- with 16 holes. The improvements for parallel flow showed a
teristics: vortices with left-handed and right-handed helical parallel trend, but, the values found for parallel flow mode
symmetry. Left-handed helical vortexes generate wake-like were also 5-10% lower than corresponding values obtained
swirl flows and increase heat transfer in comparison with the in counter-flow mode as seen in Fig. 3.

axial flow. Right-handed vortex structures generate jet-like  Fig. 4 shows the changes of the effectiveness Wifilu

swirl flows and can diminish heat transfer in comparison for various swirl generators containing circular holes at dif-
with the developing axial flow having the sarRe num- ferent diameter and number. It was observed from this figure
ber [14]. Heat transfer enhancement in this study is a con-that the effectiveness increased with the increashTaf.
sequence of formation of the swirl flow with left-handed The effectiveness values of heat exchanger, which used of
helical vortex in pipe and the increase of the axial velocity swirl generators containing holes for the passage of fluid
near the wall. Because, the increase of the near-wall veloc-into the tube, varied between 53% with 82% in counter
ity produces larger temperature gradients and higher heatflow mode, 51% with 80% in parallel flow mode. The high-
transfer rate. It was determined that heat transfer rates in-est effectiveness was obtained in a counter-flow mode by a
creased with decreasing diameter and with increasing num-swirl generator having 20 circular holes with 3 mm diame-
ber of holes on the swirl generators used in the experiments.ter. The increase in the effectiveness value was obtained up
The effect of the holes diameter on the heat transfer may beto 50-70% compared to a heat exchanger with the empty

Fig. 3. The variation of Nusselt number with Reynolds number in the par-
allel and counter.



604

1.1

E. Kavak Akpinar, Y. Bicer / International Journal of Thermal Sciences 44 (2005) 598-607

0.9 q
0.8
0.7 q
0.6 4

Friction factor
X0 DO =

0.5 q
0.4 4
0.3
0.2 T

+

+ X opm » ¢

¢ ds=3 mm, J=20 O ds=6 mm, J=20 ¢ ds=9 mm, J=20
® ds=3 mm, J=16 ® ds=6 mm,J=16 o ds=9 mm, J=16
A ds=3mm, J=12 A ds=6 mm, J=12 X ds=9 mm, J=12
+ Empty tube

parallel-counter flow

+ X ma ¢
+ Xopemm o
+ X De

8000 10000

Fig. 5. The variation of friction factor with Reynolds number in the parallel

and counter.

0.15

12000 14000 16000 18000

Re

parallel flow
0.125 -

0.1 4

0.075

L
+

0.05 4

Dimensionless exergy loss
+

0.025

& ds=3 mm, J=20)
O ds=6 mm, J=20)
< ds=9 mm, J=20|
o ds=3 mm, J=16|
u ds=6 mm, J=16|
o ds=9 mm, J=16|
A ds=3 mm, J=12|
A ds=6 mm, J=12|
X ds=9 mm, J=12|
+ Empty tube

0.4 0.6

0.15

0.8 1 1.2 1.4 1.6 1.8

NTU=(U.AYChin

counter flow
0.125 4

0.1

0.075 - +F

Dimensionless exergy loss

2e

% B & ds=3 mm, J=20|
0 ds=6 mm, J=20|
© ds=9 mm, J=20)
® ds=3 mm, J=16|
u ds=6 mm, J=16|
o ds=9 mm, J=16|
A ds=3 mm, J=12]
A ds=6 mm, J=12|
X ds=9 mm, J=12]
+ Empty tube

0.4 0.6

Fig. 6. The variation of dimensionless exergy loss NffU in the parallel

and counter.

tube for counter and parallel flow mode. In addition, the ef-
fectiveness andNTU increased with the increase of holes
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high viscous losses near the pipe wall, and to the extra forces
exerted by rotation. Moreover the pressure drop increase is
probably due to the secondary flows occurring as a result
of the interaction of pressure forces with inertial forces in
the boundary layer. It was seen from Fig. 5 that the fric-
tions factors in the inner pipe decreased with the increase
of the Reynolds humbers and decreased with the increase of
the holes diameter and increased with the increase of holes
number. There was increase of up 2.9 times in the friction
factor for swirl generator having 20 holes with 3 mm di-
ameter, when it was compared to a heat exchanger with the
empty tube.
Fig. 6 shows the changes of the dimensionless exergy loss
with NTU for various swirl generators containing circular
number and decreased with the increase of the holes diameholes at different diameter and number. The exergy loss in-
creased with the increaseNTU. In addition, the exegy loss
Pressure drops were found about equal for both flow andNTU increased with the increase of holes number and
modes and increased with Reynolds numbers. The friction decreased with the increase of the holes diameter. The in-
factors were calculated by using Eq. (25) based on the prescrease was about 1.25 times that of the empty tube at the
sure drops. Friction factors in the inner test pipe are given in highest Reynolds number for swirl element having 20 holes
Fig. 5 as a function of the Reynolds number, for air side, and with 3 mm diameter.
Variation of the dimensionless exergy loss with frictional
ent diameter and number. A great increase in friction factors factor for various swirl generators is shown in Fig. 7. It can
occurred when swirl flow generator was mounted at inlet of be seen that the dimensionless exergy loss increased with
the inner pipe, in comparison with inner pipe entrance with- the increase of friction factor. As is know, the irreversibility
out swirl generator. This results mainly from the dissipation of any heat exchanger is due to losses of the heat transfer
of the dynamical pressure of the fluid (i.e., air) due to very and the frictional pressure drop. Heat transfer losses can be
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reduced by increasing the heat transfer area, but in this case,

pressure drops in the pipe increase [26,27].

Linear and non-linear regression models are important
tools to find the relationship between different variables, es-
pecially, for which no established empirical relation exists.
In this study, the empirical relations were derived for the
variation of the Nusselt number with the Reynolds num-
ber, the variation of effectiveness witliTU, the variation
of friction factor with the Reynolds number and the varia-
tion of the dimensionless exergy loss wTU. Based on

the multiple regression analysis, the accepted relations and

correlation coefficientsRMSE and x? values are given in
the following. It was shown that the accepted empirical rela-
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y =0.9195x + 4.3861 parallel flow
R =0.95826

y =0.8987x+ 6.0447 counter flow

R =0.94857

70
65 -
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Experimental Nusselt number values

Fig. 8. Comparison of experimental and predicted Nusselt number values

tions describing values of the heat transfer, the effectivenes:s,oy Egs. (28) and (29).

the friction factor and the dimensionless exergy loss of con-
centric heat exchanger with swirl generator gave very high
R-value and lowRMSE and x 2 values.

For heat exchanger equipped with swirl generators,

d 0.036
Nu = 0.372Re”%%%pr 5~633<d—'> jo202 (28)
S
In parallel flow
R=0958 RMSE=2754  x?>=853
d 0.029
Nu = 0.331Re°‘668Pr4'630<d—'> jo-1ad (29)
S
In counter flow
R =0.948 RMSE = 3.303 x2=1228
d —0.033
e= 0.521NTu°-551<—') jo0ee (30)
S

In parallel flow

R =0.984, RMSE = 0.0126 x2=175%x 10"
d 0.024
£= 0.705NTU°'520(d—'> jO08 (31)
S
In counter flow
R=0990 RMSE=0.0094  x2=9.7810"°
d 0.169
f= 396867Re‘0‘783(d—'> jo1e9 (32)
S
In parallel and counter flow
R=0819 RMSE=00826  x2=7.4910"3
d 0.028
e= 0.086NTu0~502(d—'> joo7 (33)
S

In parallel flow

R = 0.959, x2=115x%x107°

di 0.0017
e = OlOSNTU0504<d_I) j0.0047

S

RMSE = 0.0032
(34)

In counter flow

R =0.990 RMSE = 0.0016 x2=289x 1078

0.85
y =0.9622x+ 0.0235 parallel flow
R =0.98420

0.8 4

0.75 1 y =0.9778x+ 0.0147 counter flow

R =10.99098
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Fig. 9. Comparison of experimental and predicted effectiveness values by
Egs. (30) and (31).

Here, (dj/ds) was selected for obtained a dimensionless
value.d; andds are diameter of inner pipe, diameter of holes
on the swirl elements, respectively.

The accuracy of the established empirical relations was
evaluated by comparing the computed data in any partic-
ular experimental conditions with the observed data. The
performance of the empirical relationships of the Nusselt
number (Egs. (28), (29)), the effectiveness (Egs. (30), (31)),
the friction factor (Eq. (32)) and the dimensionless exergy
loss (Egs. (33), (34)) at all experimental conditions have
been illustrated in Figs. 8-11 for both flow modes. The pre-
dicted data generally banded around the straight line which
showed the suitability of the empirical relations in describ-
ing the Nusselt number, the effectiveness, the friction factor
and the dimensionless exergy loss value in any particular ex-
perimental conditions. In addition, as seen from Figs. 8-11,
measurement results are reasonably close to the empirical
results. The causes of the errors between the empirical and
the experimental values can be considered because of setting
and measurements of temperature, volume flow rate, and the
pressure of air in the system under laboratory conditions. If
the uncertainties occurred during the measurements of the
parameters are decreased; heat transfer losses, pressure drop
and irreversibility can be decreased.
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. y = 0.6815x+ 0.1691 parallel -counter flow comparison with that for the inner pipe without swirl gener-
% 09 4 R=0.81958 ators.
£ 08+ (4) The dimensionless exergy loss aN@U increased
2 07 with the increase of holes number and decreased with the in-
g crease of the holes diameter. The increase was about 1.25
2 06+ times that of the empty tube at the highest Reynolds num-
33 0.5 ber for swirl element having 20 holes with 3 mm diameter.
B o4l When the increase at dimensionless exergy loss is compared
= with the increase at heat transfer, a counter flow heat ex-

03 ‘ ‘ ' ‘ ‘ ‘ changer with swirl generator was determined to be more

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
advantageous.
Experimental friction factor values (5) The dimensionless exergy loss increased with the in-

Fig. 10. Comparison of experimental and predicted friction factor values by crease of friction factor.

Eq. (32).
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