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Abstract

In the present paper, the optimal curvature ratio for steady, laminar, fully developed forced convection in a helical coiled tube with constant
wall heat flux was analyzed by thermodynamic second law based on minimal entropy generation principle. Two working fluids, including air and
water, are considered. The entropy generation analysis covers a Reynolds number (Re) range of 100 to 10000, a coil curvature ratio (§) range of
0.01 to 0.3, and two dimensionless duty parameters related with fluid properties, wall heat flux and mass flow rate, 11 range of 0.1 to 3.0, and
n/ 1020 range of 0.01 to 1.0. The optimal § for cases with various combinations of the design parameters is given in the present paper. In addition,
a correlation equation for the optimal § as a function of Re, n; and 1, is proposed through a least-square-error analysis. For a thermal system
composed of helical coiled tubes with fixed Re, wall heat flux and mass flow rate, the optimal § should be selected so that the system could have

the best exergy utilization and least irreversibility.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Laminar convective heat transfer in helical coiled tubes is
commonly encountered in the design of compact heat exchang-
ers, evaporators and condensers used in many industrial ap-
plications. Because of the practical importance, a number of
theoretical and numerical studies have been presented for inves-
tigating the flow fields in the helical coiled tubes. Since the heat
transfer performance and pressure drop in helical coiled tubes
are two major concerns for practical applications, most of previ-
ous studies aimed to clarify the correlations between the friction
factor and the Nusselt number [1-4]. Besides, from the review
work of Berger et al. [5] and Shah and Joshi [6] on the abundant
researches relevant to the fluid flow and heat transfer in helical
coiled tubes, it can be seen that the effect of secondary flow
motion generated by the curvature effect and centrifugal force
in helical coils on pressure drop and heat transfer is a principal
focus continuously attracting many researches during the past
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several decades. In the numerical study of Lin et al. [7] on the
laminar forced convection in helical coiled tubes, both Nusselt
number and friction factor were found to become large as the
curvature ratio (ratio of tube radius to the curvature radius of
coiled tube) of the helical coiled tubes increases.

As a good heat-exchanger passage, it is expected that the he-
lical coiled tubes could provide the most effective heat transfer
performance and the least pressure drop so that the available
energy can be utilized efficiently. However, as other heat ex-
changers, an inevitable problem met by helical coiled tubes is
that the heat transfer enhancement in the flow fields is always
achieved at the expense of an increase in friction loss. For exam-
ple, the heat transfer enhancement method by using alternating
axis coils to induce chaotic mixing proposed by Narasimha et
al. [8], not only increases the heat transfer rate, but also in-
creases significant pressure drop simultaneously. Such conflict
raises the question as to what is the optimal trade-off by select-
ing the most appropriate geometry and the best flow condition.
Recently, the design-related concept of efficient exergy use [9]
has become the answer to the question. Based on the mini-
mal entropy generation principle [9], the best exergy utilization
and least irreversibility could be obtained in a thermal system
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Nomenclature
a radius of coil curvature ...................... m
b coilpitch .........o i m
Dn Dean number, = Re(rp/a)'/?
f friction factor
He Helical number, = Dn/[1 + (b/2ma)?]'/?
h specificenthalpy ....................... Jkg™!
h average heat transfer coefficient in the coil
tube ... W-m—2.K™!
k thermal conductivity .............. W.m~!.K™!
m exponent in Eq. (12)
m mass flowrate .............. ... kg-s~!
Ng entropy generation number
(Ns)p entropy generation number due to frictional
irreversibility
(Ns)r entropy generation number due to heat transfer
irreversibility

Nu Nusselt number, = i(2rg)/ k

P PIESSUIE ... v vttt et e e eanns Pa
q’ heat transfer rate per unit coil length ... .. W-m~!
Re Reynolds number, = pV (2rg) /1t
70 radius of coiltube ................ ... ... .... m
s specific entropy generation ......... Jkg=l.K™!
S‘éen entropy generation rate per unit

length ............ ..o L. W.-m~L.K™!
T bulk temperature of the stream ............... K
Vv average velocity in the coil tube .......... m-s~!
Greek symbols
v specific volume ...................... m3-kg™!
N1 dimensionless parameter, = kT /q’
n dimensionless parameter, = 32m?p%q’/u’m3
1) coil-to-tube radius ratio, ro/a
A nondimensionless pitch, b/2mwa
P density ... kg-m™3

while the entropy generation in the system is minimized. Be-
jan [10] has proposed a systematic methodology of computing
entropy generation through heat and fluid flow in heat exchang-
ers, based on which considerable optimal designs of thermal
systems have been proposed [11-14]. During the design work
of helical coiled tubes, there can be found several important
parameters having effective influence on heat and momentum
transport phenomena in the devices. Meantime, these parame-
ters also contribute to irreversibility that inherently competes
with one another. To find out the optimal trade-off between
these design parameters from the view point of best exergy
utilization should be worthwhile for developing a thermal sys-
tem. Nonetheless, in previous investigations relevant to the flow
field in helical coiled tubes, most of them were restricted to the
first law of thermodynamics. Very rare exergy analysis has been
addressed. In a recent work of Ko and Ting [15], an analyti-
cal thermodynamic analysis has been carried out for the fully
developed laminar forced convection in a helical coiled tube.
From the study, it was found that the entropy generation in he-
lical coiled tubes is closely related to the Reynolds number and
curvature ratio of coiled tubes, but relatively insensitive to the
coiled tube pitch. Based on minimal entropy generation princi-
ple, the optimal Reynolds number and curvature ratio of helical
coiled tubes were analyzed. However, in the study only some
specific flow conditions with particular values of wall heat flux
and mass flow rate were considered. In view that the optimal
design to induce the minimal entropy generation is closely re-
lated with various flow conditions, Ko and Ting [16] extended
the research to consider more general flow configurations and
wall conditions of the fully developed laminar forced convec-
tion in helical coiled tubes. The major concern of the study
is the optimal Re for the flow fields. Through calculations of
multi-dimensional mapping cases, a general correlation equa-
tion for the optimal Re was successfully derived in the study,
based on which the optimal Re can be determined according

to the realistic flow conditions. As we know the curvature ra-
tio of helical coiled tubes, which has substantial influences on
the heat transfer performance and fluid friction in coiled tubes,
is another important design parameter in practical applications.
Although the analysis of optimal curvature ratio has been car-
ried out in the previous study [15], however, only the resultant
entropy generation was analyzed, whereas the independent in-
fluences of curvature ratio on entropy generation from frictional
and heat transfer irreversibilities were not mentioned. More-
over, as a preliminary study the research only focused on some
specific flow conditions. For helical coiled tubes under general
flow conditions, there is still lack of thermodynamic analysis
about the effects of curvature ratio on entropy generation and
the further optimal analysis. In view of this, the present pa-
per intends to investigate the optimal curvature ratio of helical
coiled tubes through thermodynamic second law based on the
minimal entropy generation principle. The influences of curva-
ture ratio on entropy generation from frictional and heat transfer
irreversibility as well as the resultant entropy generation will be
analyzed separately in detail. The results of the optimal curva-
ture ratio according to different flow conditions will be given
through graphical form. Besides, the correlation equation for
providing the optimal curvature ratio as a function of the rele-
vant design parameters to yield the best exergy utilization with
minimal entropy generation and the least irreversibility will be
proposed.

2. Geometry and parameters of helical coils

Fig. 1 shows a typical helical coiled tube. The principal geo-
metric dimensions include the inner radius of the tube (rgp),
the curvature radius of the coil (a) and the coil pitch (increase
of height per rotation, b). The curvature ratio, 8, is defined as
the tube-to-coil radius ratio, rg/a. The dimensionless pitch, A,
is defined as b/2mwa. There are four important dimensionless
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coil tube cross-sectional plane
at ¢=constant position

Fig. 1. Geometry of a helical coiled tube. Curvature ratio § =rq/a.

parameters in the flow field of helical coiled tubes, including
Reynolds number (Re), Nusselt number (Nu), Dean number
(Dn) and Helical number (He). They are defined as follows:

Re=pV(2ro)/u,
Dn = Re(ro/a)l/z,

Nu=h(Q2ro)/k
He =Dn/[1+ (b/27a)*]'*

where V and & are the average velocity and heat transfer coef-
ficient in coiled tubes.

3. Entropy generation analysis

The present study focuses on steady, fully developed and
laminar convection in helical coiled tubes with constant wall
heat flux. The entropy generation analysis is similar to that de-
rived by Bejan [9] for a straight pipe with circular cross section,
and has been derived in the study of Ko and Ting [15]. The
analysis is briefly described in the following.

Taking the coil passage of length dx as the thermodynamic
system, the first and second law can be expressed as

mdh=gq'dx 9]

. d 4
§ —m g )

een =M T T AT

where 1, ¢’ and S‘éen are mass flow rate in coiled tubes, heat
transfer rate and entropy generation rate per unit coil length,

respectively. By using the thermodynamic relation

Tds=dh —vdp 3
S‘éen can be written as

o 4AT o dP @
T2+ AT/T)  Tp\ dx

Based on the relationship between friction factor f and pressure
drop, and the heat transfer coefficient 2 and Nusselt number,

Séen can be expressed by

& (q/)z + mgf (5)
&8N T2x Nuk + Tq' szrgnz

The only difference between the final form and the derivation of
Bejan [10] is that the AT /T term in Eq. (4) has been retained
in the present derivation for accuracy. The non-dimensional en-
tropy generation number N [10] is defined as § wen/(q'/T), and
can be obtained from Eq. (5) as

Ns=(Ns)r + (Ns)p (6)
where
1
(Ns)r = Num 1 @)
R 5
(Ng)p = 1R @®)

n1 and n; are two dimensionless duty parameters, defined as

nm=nkT/q ©)
and
m = 32m*p*q /1 (10)

(Ns)r and (Ng)p represent the contribution of entropy gen-
eration from heat transfer irreversibility and fluid friction irre-
versibility, respectively.

For analyzing entropy generation, the information of f and
Nu in helical coiled tubes is required in Eq. (6). The present
study selected the correlations of f and Nu for fully developed
laminar convection in helical coiled tubes with constant wall
heat flux proposed by Manlapaz and Churchill [4]. The correla-
tions are as follows:

Folef( 0.18 "L > He 1'?
" Re [+ (3212 3a) 88.33

an
and
ma=| (T o s )3+1.816(L)3/2]”3
I (14 2382, 14+ 1552
12)
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where values of m are 2, 1 and O for Dn < 20, 20 < Dn < 40,
and Dn > 40, respectively. Substituting the expressions of f
and Nu into Eq. (6), Ng can be obtained as a function of Re,
X, 8, Pr, n1 and n,. Notably, the first and second terms of the
right-hand side of Eq. (6), corresponding to the entropy gener-
ated by the irreversibility from heat transfer and fluid friction,
respectively, may change with opposite signs. Thus, finding the
optimal trade-off according to the entropy generation minimiza-
tion principal becomes a critical challenge for heat exchanger
designers.

4. Results and discussion

From the previous study of Ko and Ting [15], it is known
that the influence of A on Ny is relatively minor, therefore,
the effect of A is not necessary to be included. In the follow-
ing analysis, A is set as 0.05. Nonetheless, N is still a very
complicated function of Re, §, Pr, n1 and ;. It is very hard to
determine the functional extreme by using calculus methods. In
the present study, therefore, Ng is calculated directly through
a multi-dimensional mapping that varies some parameter while
holding others constant, and then the optimum case is found out
based on the minimal entropy generation principle. The analy-
sis range of Re is between 100 and 10000. According to the
research of Srinivasan [17], the critical Re for the helical pipe
flow, which determines the flow is laminar or turbulent, is re-
lated to the curvature ratio as follows:

Recric = 2100(1 + 128'/2) (13)

For ensuring the flow belongs to laminar regime, the small-
est value of § for a case with specified Re is calculated from
Eq. (13). If the smallest value is less than 0.01, the starting
value of § would be 0.01. The upper limit of the analyzed § is
0.3. Two working fluids, including air and water, are computed
and analyzed.

4.1. Analysis of a baseline case: n1 = 2.41 and
n2/1.0E20 = 0.05; working fluid: air

A baseline case with n1 = 2.41 and 1, /1.0E20 = 0.05, and
using air as working fluid is analyzed first. Since friction factor
and Nusselt number are closely related with the entropy gener-
ation in flow fields, the influence of § on these two quantities is
investigated based on the calculations according to the correla-
tion equations, Eqgs. (11) and (12), proposed by Manlapaz and
Churchill [4]. Figs. 2 and 3 show the distributions of f and Nu
with different § and Re, respectively. The straight tube case is
also included in the figures for comparison. From the figures, it
can be found that f decreases and Nu increases as Re increases
for all cases with different §. Both of f and Nu increase with
the increase of §, which reveals the embarrassing situation that
the increases of Nu to enhance heat transfer performance by in-
creasing of § will simultaneously cause the increase of friction
loss. Such conflict effect induces the requirement of the optimal
trade-off by selecting the most appropriate § for the best exergy
utilization and least irreversibility.

6=0.1
- — — - 0=02
—— = 5=0.3
——— — 58=0.0 (straight pipe)

n,=2.41
n,/10%°=0.05

e
0 | I Lol \‘TI‘7-\"1—\--1—-\-4—\-4—[.)—4‘.1—1..

2 4 6 8 10

Re/1000

Fig. 2. Relationship between friction factor and Re and § for the baseline case
with n; =2.41, and 1, /1.E20 = 0.05.
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60
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Fig. 3. Relationship between Nusselt number and Re and § for the baseline case
with n; =2.41, and 1, /1.E20 = 0.05.

In order to understand the detailed contribution of entropy
generation from frictional irreversibility and heat transfer ir-
reversibility, investigations of the effects of 6 on (Ng)p and
(Ns)t have been carried out for the baseline case. Fig. 4 shows
the influences of § on (Ng)p and (Ng)r for cases with Re =
1000, 3000, 5000 and 7000, respectively. The competition be-
tween the entropy generation from frictional irreversibility and
heat transfer irreversibility can be seen very different in various
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Fig. 4. The influence of § on (Ng)7 and (Ng) p of a baseline case with A = 0.05, | =2.41, n,/1.E20 = 0.05, and various Re.

Re cases. In Re = 1000 case, the values of (Ng)p are nearly
zero, which indicates the major entropy generation comes from
heat transfer irreversibility in the case. As Re increases to 3000,
it can be seen that (Ng) p increases but (Ng)7 decreases. How-
ever, (Ng)r is still much larger than (Ng)p for all § cases,
which implies the entropy generation is dominated by the heat
transfer irreversibility under the Re. When Re further increases
to 5000, the curves of (Ng)p and (Ng)r intersect at § = 0.217.
When § is larger than the intersected §, (Ng)p is larger than
(Ns)7 and vice verse when § is less than the intersected §. In
Re =7000 case, (Ng) p increases significantly and turns out to
be larger than (Ng)r for all § cases, which indicates the en-
tropy generation due to frictional irreversibility becomes the
dominant source. Since heat transfer irreversibility dominates
in lower Re regime, the changes of (Ng)7 are more apprecia-
ble in lower Re cases. For the similar reason, the changes of
(Ns)p are more appreciable in larger Re cases since frictional
irreversibility dominates in larger Re regime. The above results
shown in Fig. 4 clearly exhibit that the increase of Re can cause
(Ns)p to increase and (Ng)7 to decrease. Besides, the trend
remains as the same for all § cases. Such influences of Re on
entropy generation could be understood from the effects of Re
on fluid friction and heat transfer performance. As Re increases,
the fluid friction in flow fields will increase, and thus results
the increase of entropy generation due to friction irreversibility.
On the contrary, the increase of Re will enhance the heat trans-
fer performance, making the temperature gradient in flow fields
become gentle, and in turn result the decrease of heat transfer ir-
reversibility and entropy generation. The detailed investigation

and discussion about the effects of Re on entropy generation
and optimal Re with the minimal entropy generation can be
found in the previous work of Ko and Ting [16]. The effects
of §, which is the major concern of the present paper, can also
be observed from Fig. 4. In all of the four Re cases, it can be
seen that (Ng) p increases and (Ng)7 decreases as § increases.
The results come from that the increase of § causes both of
f and Nu to increase. The increase of f raises fluid friction
and irreversibility, whereas the increase of Nu enhances the heat
transfer performance and causes heat transfer irreversibility to
reduce. It can also be found that the variation of (Ng)p with &
is found to become much steeper as Re increases, whereas the
change of (Ng)r with § is steeper in lower Re cases. The rea-
son to induce the results is that (Ng)p is the dominant source
in higher Re cases, therefore, the change of (Ng)p caused by
the change of § will be more significant in cases with higher
Re. On the other hand, (Ng)7 is the dominant entropy genera-
tion in lower Re cases, therefore, change of (Ng)7 in lower Re
cases is more apparent. The opposite influence of § on the en-
tropy generation from frictional and heat transfer irreversibility
makes the optimal trade-off by selecting an optimal 6 become
an important issue.

Fig. 5 depicts the Ng vs § plot for the baseline case, and
Re as a parameter. Since the entropy generation in the lower
Re (Re = 1000 and 3000) cases is dominated by heat trans-
fer irreversibility, the change of Ng is mainly determined by
(Ns)r. As discussed previously, the increase of § would en-
hance heat transfer performance, and in turn reduce the heat
transfer irreversibility, therefore, Ng in these two cases with
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Fig. 5. The influence of § on Ng of a baseline case with A = 0.05, n; =2.41,
n2/1.E20 = 0.05, and various Re.

0.3

0.25
n,=2.41

n,/10°°=0.05

0.2

0.15

a

o
2o

0.1

0.05

0_1||\r||| i
2000 4000 6000

Re

Fig. 6. Optimal § for the baseline cases with A = 0.05, n; = 2.41, and
12 /1.E20 = 0.05, and various Re.

lower Re can be seen to decrease monotonically with the in-
crease of §, i.e. the optimal § for the two cases is the largest §
considered in the present study, 0.3. In addition, although the
larger Re would simultaneously induce more serious fluid fric-
tion and enhance the heat transfer performance, it can be seen
that Ng in Re = 3000 is lower than that in Re = 1000 case for
all § cases. This is resulted from that the entropy generation is
dominated by heat transfer irreversibility in the two lower-Re
cases, and the heat transfer performance is better in the larger
Re case. As Re increases to 5000 and 5500, the competition be-
tween (Ngs) p and (Ng)r becomes very complicated, and no one
is really dominant in the flow field. The reversed influences of §
on (Ng)p and (Ng)r require the trade-off to determine the op-
timal § with the minimal entropy generation. The optimal § for
the two cases can be seen to decrease with the increase of Re.
Besides, when Re increases from 5000 to 5500, Ng increases
for all § cases. Such results come from that the frictional ir-
reversibility becomes more dominant as Re increases, and the
more serious entropy generation due to frictional irreversibility

35 Re=5000

n,=2.41
n, /10°=0.05

> 30

25
[ I

0.025
=" 0.024

0.023

Fig. 7. Influences of § on f, Nu and N for the baseline case with Re = 5000.

would be raised when Re increases. Although the heat transfer
irreversibility would decrease simultaneously, its contribution
is relatively minor in these cases, and therefore the resultant en-
tropy generation is determined by frictional irreversibility. As
Re further increases to 6000 and 7000, the entropy generation
is totally dominated by fluid frictional irreversibility. It can be
seen that N for the two cases increases monotonically with the
increase of § since the larger § would cause more serious fluid
friction. In these cases, the optimal ¢ is the smallest § corre-
sponding to the Re for ensuring the flow is laminar. The above
observations of the relationship between the optimal § and Re
from Fig. 5 can be summarized as follows. When Re is low
enough, the entropy generation is dominated by heat transfer
irreversibility, therefore the larger § should be used for min-
imal entropy generation since the larger § can enhance heat
transfer performance and reduce the heat transfer irreversibil-
ity. On the other hand, when Re is large enough, the entropy
generation is dominated by frictional irreversibility; therefore
the smaller § should be used since the frictional irreversibility
is smaller in the smaller § cases. For cases with medium Re, the
optimal § is determined by an optimal trade-off since the en-
tropy generation from frictional and heat transfer irreversibility
compete with each other. Besides, the optimal § decreases as
the Re increases since the entropy generation from frictional
irreversibility becomes more dominant as Re increases. Fig. 6
shows the relationship between optimal é and Re for the base-
line case, through which the above discussion is reflected. The
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Fig. 8. Optimal § contours on Re—1; plane for cases with n; =1, 2 and 3.

figure is drawn from Re = 1000-7000 with the increment of
100. It can be seen that the relation between optimal 6 and Re
can be separated into three regions by two critical Re. In the
first region, where Re is less than 4500, the optimal § keeps the
same for all Re as the largest § considered in the present pa-
per, i.e. 0.3. In the second range, where Re is larger than 4500
and less than 6200, the optimal § decreases with the increase of
Re. In the third range, where Re exceeds 6200, the optimal § is
the smallest  corresponding to the Re for ensuring the flow is
laminar, which mildly increases as Re increases.

For further investigating the friction and heat transfer perfor-
mance under the optimal §, Fig. 7 shows the influences of é on
f, Nu and Ny for the baseline case with Re = 5000. In the fig-
ures, f and Nu are based on the experimental correlation equa-
tions, Egs. (11) and (12), whilst N is from the present analysis.
The optimal § with minimal Ng observed from the Ng—§ plot
is 0.16. By using the optimal §, it can be seen that f is not
smallest and Nu is not largest, i.e. neither friction loss nor heat
transfer performance is optimal. Nevertheless, from the view
point of thermodynamic second law, the § is best since the op-
timal trade-off between the entropy generation from frictional
and heat transfer irreversibility is achieved at this value of §.

4.2. Analysis of optimal § for general flow conditions

In light of Ng being insensitive to A, the optimal § to yield
the minimum entropy generation becomes a function of Re, 1
and ny. The above discussion has been focused on the base-
line case with n; = 2.41 and 7,/1.0E20 = 0.05. In order to get
the more general information about the optimal § for different
Re, 11 and 1 cases, further calculations were conducted for the
cases with A = 0.05, Re ranging from 100 to 10000, n; from
0.1 to 3.0, and n2/1.0E20 from 0.01 to 1.0. From the resultant
distributions of Ng, the optimal § for the cases with various

combination of Re, n; and 1y were deduced. Fig. 8 shows the
optimal § contours on the Re—1y plane with n; = 1.0, 2.0 and
3.0 cases, respectively. It can be seen from the figure that the op-
timal § is sensitive to Re and 7, in the upper left corners, and the
region of the corner is found to become larger as n; increases. In
the corner zone, the optimal § increases as 1, increases, and de-
creases as Re increases. Except the upper left corner region, the
optimal § keeps as the largest § considered in present paper, 0.3.
Figs. 9 and 10 show the relation between optimal § and Re for
n1 = 1.0, 2.0 and 3.0; and 1,2 /1.0E20 = 0.05, 0.6 and 0.9 cases,
respectively. The figures reveal the similar trend, that the rela-
tion between optimal § and Re can be separated into three re-
gions by two critical Re. In the first region, where Re is less than
the first critical Re, the optimal § keeps the same for all Re as the
largest § considered in the present paper, i.e. 0.3. In the second
range, where Re is larger than the first critical Re and less than
the second critical Re, the optimal é decreases with the increase
of Re. In the third range, where Re is larger than the second
critical Re, the optimal § increases as Re increases. The reason
to cause such results has been explained in previous discussion
according to the baseline case as shown in Fig. 5. Notably, the
two critical Re is dependent on the values of 11 and 7.

4.3. Correlation equation for optimal § for general flow
conditions

Based on the observation from Figs. 9 and 10, the correlation
between the optimal § and Re, 11 and 1, are assumed as the
following functional form:

0.3 when Re/1000 < f1(n1, n2)
K10} (12/10%°)B1 (Re/1000)!
when f1(n1, n2) < Re/1000 < f2(n1, n2)

Kan{ (n2/102)52 (Re/1000)2
when Re/1000 = f2(n1,12)

sopt = (14)
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Fig. 10. Relationship between optimal § and Re for cases with various values of 7 and 7.

From the calculated results, the functions fi(n1,n2) and
f2(n1,1n2) are first found out through the optimal analysis.
Then, by using the least-square-error analysis, the correlation
equation between dope and Re, 11 and 72 can be obtained. The
correlation equation of dop; for helical coiled tubes using air
as working fluid is shown in Table 1. The average error of the
correlation equation is 2.94% when f1(n1,1n72) < Re/1000 <
f2(n1, n2), and 3.95% when Re/1000 > f>(n1, n2). The sim-
ilar entropy generation analysis has also been carried out by
using water as working fluid. The correlation equation of Sopt
is also shown in Table 1. The average error of the correlation

equation is 2.99% when f1(n1, 72) < Re/1000 < fo(n1, n2),
and 1.57% when Re/1000 > f>(n1, n2).

It is noted that the design parameters, including Re, n; and
n, are determined according to flow conditions in practical ap-
plication, e.g. the mass flow rate of working fluid, the coiled
tube size and the external wall heat flux. As these design para-
meters of helical coiled tubes are determined, the optimal § can
be calculated from the correlation equation provided in Table 1.
The optimal § should be adopted as the best flow configuration
so that the thermal system of helical coiled tubes could have the
best exergy utilization and least irreversibility.
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Table 1
Optimal § for helical coiled tubes for air and water as working fluid

Air
F1(01, m2) = 9.834n7 0197 (/10200202
Fa(n1.mp) = 10.633n; %190 (35,/1020)0-145

Re Sopt

Average error

Re/1000 < f1(n1. m2) 03
Ff1(n1.m2) <Re/1000 < fr(n1, 1)
Re/1000 > f>(n1,n2)

1

8744591071433 (515,/1020) 1519 (Re/1000) =7 493

2.3635 x 10_4r)170‘074(172/1020)0‘018(RE/1000)2‘664

2.94%
3.95%

Water

F1G11.m) =9.10977 193 (175110200200

F2(n1,m) = 10385570130 (5 /1020)0-148

Re Sopt

Average error

Re/1000 < f1(n1,m2) 0.3
111, m2) < Re/1000 < f2(n1, m2)
Re/1000 > f>(11,12)

1

528456001446 (35 /1020) 1517 (Re / 1000) 7516

1.472 x 1074771—6-714/100000(]72/1020)774148/1000(Re/1000)2.834

2.99%
1.57%

Analysis range: 71 from 0.1 to 3.0; n2/1.0E20 from of 0.01 to 1.0; Re from 100 to 10000; § from the lowest value calculated according to Re

from Eq. (13) for ensuring laminar flow to 0.3.

5. Conclusion

In the present paper, the optimal § for steady, laminar, fully
developed forced convection in helical coiled tubes with con-
stant wall heat flux is analyzed based on minimal entropy gen-
eration principle. Two working fluids, air and water, are consid-
ered. Through the entropy generation analysis for cases with Re
from 100 to 10000, n; from 0.1 to 3.0, 12/1.0E20 from 0.01 to
1.0, the best correlation equation for the optimal § as a func-
tion of Re, and is obtained by least-square-error analysis, and
is presented in Table 1 for air and water as working fluid, re-
spectively. The optimal § is suggested to be adopted as the flow
geometry for the helical coiled tubes so that thermal system can
have the best exergy utilization and the least irreversibility.
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