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Abstract

Heat transfer and isothermal friction pressure drop results have been obtained experimentally for two three-start
spirally corrugated tubes combined with five twisted tape inserts with different relative pitches in the range of
Reynolds number 3 x 10°-6 x 10%. The characteristic parameters of the tubes are: height to diameter ratio, e/
D;=0.0407 and 0.0569; and relative pitch, H/D;=15.3, 12.2, 7.7, 5.8, 4.7. Significantly, higher friction factor and
inside heat-transfer coefficients than those of the smooth tube under the same operating conditions have been
observed. Extended performance evaluation criteria (PEC) equations for enhanced heat transfer surfaces have been
used to assess the multiplicative effect. Thermodynamic optimum can be defined by minimizing the entropy
generation number compared with the relative increase of heat transfer rate or relative reduction of heat transfer
area. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The performance of a conventional heat exchanger,
which is an essential unit in heat extraction and recov-
ery systems, can be substantially improved by a num-
ber of augmentation techniques. Common thermal—
hydraulic goals are to reduce the size of heat exchanger
required for specified heat duty, to upgrade the ca-
pacity of an existing heat exchanger, to reduce the
approach temperature difference for the process
streams, or to reduce the pumping power [1]. A pre-
ferred approach to the problem of increasing heat
exchanger effectiveness, while maintaining minimum
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heat exchanger size and operational cost, is to increase
the heat transfer exchange rate.

Many different methods have been considered to
increase the rate of heat transfer in forced convec-
tion while reducing the size of the heat exchanger
and effecting energy savings [1-3]. Surface methods
include any techniques, which directly involve the
heat exchanger surface. They are used on the side
of the surface that comes into contact with a fluid
of low heat transfer coefficient in order to reduce
the thickness of the boundary layer and to intro-
duce better fluid mixing. The primary mechanisms
for thinning the boundary layer are increased stream
velocity and turbulent mixing. Secondary recircula-
tion flows can further enhance convective transfer.
Flows from the core to the wall reduce the thick-
ness of the boundary layer and the secondary flows

. All rights reserved.
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Nomenclature

heat transfer surface area (m?)

tube diameter (m)

ridge height (m)

thermal conductivity (W m™' K™

tube length (m)

mass flow rate in the tube (kg s~')

number of tubes

pumping power (W)

pitch of ridging (m)

pressure drop (Pa)

heat transfer rate (W)

rate of entropy generation (W K~')
temperature (K)

temperature difference (K)

flow velocity (m s~")

overall heat transfer coefficient (W m™2 K1)
mass flow rate in the heat exchanger (kg s™')

TSR EN

-

SRS g ﬂ%v:-to.lg“s ~

Greek symbols

o heat transfer coefficient (W m™2 K™!)

p helix angle of rib (°)

3 temperature difference between the wall and
the fluid, 7w—T (K)

I dynamic viscosity (Pa s)

p  fluid density (kg m™>)

Dimensionless groups
A,  dimensionless heat transfer surface (4gr/As)
D, dimensionless tube diameter (Dgr/Ds)

f fanning friction factor (2ty/puz,)

L, dimensionless tube length (Lr/Ls)

Nu  Nusselt number (o;D/k¢)

Ns augmentation entropy generation number

N, ratio of the number of tubes (N, r/N¢s)

Pr Prandtl number (ucp/ky)

P, dimensionless pumping power (Pr/Ps)

Q. dimensionless heat transfer rate (QR/QS)

Re  Reynolds number (pu,,,D/1t)

St Stanton number (o/pup,cp)

AT} dimensionless inlet temperature difference
between the hot and the cold streams (AT;x/
AT s)

Uy, dimensionless flow velocity (u,,, r/Um.s)

W, dimensionless mass flow rate (Wg/Ws)

B« B/90

&y ratio of heat exchanger effectiveness (er/es)

¢, irreversibility distribution ratio

Subscripts

fluid

inside

value at x = 0
mean value
rough tube
smooth tube
outside

value at x=1L
wall

scowmy ~ o

from the wall to the core promote mixing. Flow
separation and reattachment within the flow channel
also contribute to heat transfer enhancement.

Some of the existing methods for enhancing heat
transfer in a single-phase, fully developed turbulent
flow in a round tube are of one of the two types,
(a) methods in which the inner surface of the tube
is roughened, e.g. with repeated or helical ribbing,
by sanding, or with internal fins; and (b) methods
in which a heat transfer promoter, e.g. a twisted
tape, disk or streamlined shape, is inserted into the
tube.

It is well known that two or more of the existing
techniques can be utilized simultaneously to produce
an enhancement larger than that produced by only one
technique. The combination of different techniques act-
ing simultaneously is known as compound augmenta-
tion. This is an emerging area of interest and holds
promise for practical applications. Interactions
between different augmentation methods contribute to
greater values of the heat transfer coefficients com-

pared to the sum of the corresponding values for the
individual techniques used alone. Preliminary studies
in compound passive augmentation techniques are
encouraging. Some examples are: rough tube wall with
twisted tape inserts [4] and grooved rough tube with
twisted tape [5].

Many previous surveys indicate that the corrugated
tubes are among the most effective and practical
methods for augmenting single-phase heat transfer in
tubes. It is reasonable to assume that a combination of
a corrugated tube with twisted tape would be superior
to either combination of passive surface techniques.

This study reports on an experimental investigation
to see whether or not heat transfer can be enhanced by
the multiplicative effect of a corrugated tube combined
with a twisted tape.

2. Experimental program

In the present experimental program two three-
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start spirally corrugated tubes of varying geometries
combined with five twisted tapes with different
pitches have been studied. The smooth tube had an
inside diameter of 16.0 mm with wall thickness of
1.0 mm before rolling operation. A smooth tube
was used for standardizing the experimental set-up
and for comparing the enhancement in heat transfer
and fluid friction. The enhanced tubes were manu-
factured from smooth tubes with a fabrication tech-
nique, which embosses an internal projection, also
known as a ridge, in registration with an external
groove. The characteristic parameters — pitch of
corrugation p, height of corrugation e, spiral angle
p and dimensionless parameters e/D;, p/e, f,., are
listed in Table 1. The twisted tape comprising heat-
treated brass tape has a thickness of 0.8 mm and a
width of 12.5 mm. With the length of the tape in 360°
twist defined as H, five different tapes were used: H/
D;=15.3,12.2, 7.7, 5.8 and 4.7.

Full details of the experimental set-up consisting of
two heat transfer tubes, 1200-mm long, in a conven-
tional recirculating system can be found in [6]. The
pressure difference across the heat transfer section was
measured and friction coefficients were calculated. The
heating section was heated by condensing steam gener-
ated into a boiler. The flow rate of the test fluid, the
tube wall temperatures, the inlet and outlet water tem-
peratures and the temperature of the saturated steam
were measured. The water flow rate was measured
with a calibrated orifice meter and the accuracy of the
measurement was estimated to be 2% while that of the
pressure-drop measurement was 5%. The inlet and
outlet temperatures of the cooling water was measured
by calibrated 0.1°C accurate mercury-in-glass ther-
mometers. The wall temperatures were measured by 12
copper-constantan thermocouples with the same accu-
racy. The bulk temperature of the water ranged from
48 to 92°C and the corresponding variation of the

Table 1
Characteristic parameters of the tubes

Prandtl number was 3.7-1.9. The heat transfer coeffi-
cient was calculated from the heat flux density at the
wall as measured in the heat balance.

3. Results and discussion

The isothermal pressure drop studies were conducted
at different temperatures of the water in the range
from 45 to 90°C in all the tubes over a range of Rey-
nolds number 4 x 10° < Re < 6 x 10* The friction
coefficients for the smooth tube were satisfactorily cor-
related by the Blasius equation

f=0.079Re "%, 1)

over a range of Reynolds number 4 x 10° < Re < 6 x
10* with a standard deviation of 4+3% and this
equation was used for calibration of the experimental
set-up.

As expected, the turbulent flow friction coefficient f
was significantly higher than that in the smooth tube

fs under the same operating conditions Figs. 1 and 2.

A characteristic feature of the flow is that even at high
flow rates, the friction factor continues to decrease
with the increase of Re although not so rapidly as in
the smooth tube. The isothermal friction coefficients
for straight flow and swirl flow in the corrugated tubes
increase when the relative pitch H/D; decreases. The
friction factor data were correlated by the following
equation:

f=ctRe", @

obtained by a curve-fitting procedure. The values of ¢¢
and m were determined for each tube and are listed in
Table 2.

Heat transfer studies in multi-start spirally corru-
gated tubes were carried out to obtain values for the

Number D, (mm) D; (mm) e (mm) p (mm) B (©) e/D; ple Pa H/D;
4040 15.72 13.68 0.557 5.97 67.4 0.0407 10.73 0.749 -

4041 15.72 13.68 0.557 5.97 67.4 0.0407 10.73 0.749 15.4
4042 15.72 13.68 0.557 597 67.4 0.0407 10.73 0.749 12.3
4043 15.72 13.68 0.557 5.97 67.4 0.0407 10.73 0.749 7.8
4044 15.72 13.68 0.557 597 67.4 0.0407 10.73 0.749 5.9
4045 15.72 13.68 0.557 5.97 67.4 0.0407 10.73 0.749 4.8
4030 15.72 13.73 0.781 5.82 68.0 0.0569 7.45 0.755 -

4031 15.72 13.73 0.781 5.82 68.0 0.0569 7.45 0.755 15.3
4032 15.72 13.73 0.781 5.82 68.0 0.0569 7.45 0.755 12.2
4033 15.72 13.73 0.781 5.82 68.0 0.0569 7.45 0.755 7.7
4034 15.72 13.73 0.781 5.82 68.0 0.0569 7.45 0.755 5.8
4035 15.72 13.73 0.781 5.82 68.0 0.0569 7.45 0.755 4.7
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0.87 0.4
water side heat transfer coefficients /4; and the steam Nu = 0.012(Re™" — 280) Pr, 3)
condensing coefficients /,. Since the metal wall tem-
peratures were measured, the individual film coeffi- in the range 1.5 < Pr < 500, 3 x 10 < Re < 10°. Figs.
cients were determined. The smooth tube heat transfer 3 and 4 show the heat transfer data in the form
coefficients were found to agree with +10% of the Nu;Pr~%* as a function of the Reynolds number Re, a
Gnielinski correlation [7] counterpart of the friction factor data shown on
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Fig. 1. Variation of friction factor vs. Reynolds number.
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Fig. 2. Variation of friction factor vs. Reynolds number.
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Table 2
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Values of the friction coefficients

Table 3

Values of the heat transfer coefficients

Number cr m Number ¢, n Re cn n Re
4040 0.117 —0.192 4040 0.0167 0.897
4041 0.229 -0.176 4041 0.0187 0.900
4042 0.260 —0.181 4042 0.0244 0.882
4043 0.378 —-0.202 4043 0.0028 1.130 < 26400 0.549 0.612 > 26400
4044 0.383 —0.187 4044 0.0048 1.108 < 20500 0.521 0.635 > 20500
4045 0.409 —0.170 4045 0.0019 1.223 < 21100 1.535 0.548 > 21100
4030 0.148 —0.182 4030 0.0390 0.823
4031 0.297 —0.175 4031 0.0213 0918 < 30150 0.437 0.625 > 30150
4032 0.335 —0.178 4032 0.0143 0970 < 30550 0.710 0.592 > 30550
4033 0.390 —0.171 4033 0.0057 1.096 < 23800 0.294 0.704 > 23800
4034 0.432 —0.165 4034 0.0020 1.239 < 21200 0.545 0.677 > 21200
4035 0.526 —0.160 4035 0.0009 1.344 < 23400 3.536 0.521 > 23400
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Fig. 3. Water-side heat transfer coefficient vs. Reynolds number.
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Figs. 1 and 2. We can also see that the water-side heat
transfer coefficients are particularly high when the
height to diameter ratio e/D; increases and the relative
pitch H/D; decreases. In the course of the heat transfer
experiments an unexpected behavior of the ratio Nug/
Nus=f(Re) emerged for Re ~ 2.5 x 10* when the rela-
tive pitch began to diminish. For the tubes 4043-4045
and 4031-4035 the ratio Nur/Nus=f(Re) approaches
maximum at Re ~ 2.5 x 10* and then decreases gradu-
ally. This kind of behavior has not been observed for
the rest of the tubes. Therefore, the heat transfer data
were correlated with two different curves in the form

557

by a curve fitting procedure and the values of the con-
stants ¢;, and n, for each tube, are listed in Table 3.
The values for Nugr/Nug in the range of Re studied are
showed in Table 4.

4. Performance evaluation

As preliminary design guidance to the selection of a
technique, the heat transfer efficiency can be evaluated
based on the power consumption per unit mass of the
fluid. The criterion ig [5] is defined as the ratio between
the heat transfer coefficient for the tube using the heat

NuiPr=** = ¢, Re, 4 transfer promoter and the value for a smooth tube at
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Fig. 4. Water-side heat transfer coefficient vs. Reynolds number.
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the same level of power. Following [5] the criterion ig
can be defined as

Nug/Nusg
Ig =

= W = f(Res). %)

With the twisted tape alone, ig was in the general
flow, in value of the order of 1.0-1.2. When an intern-
ally grooved or corrugated tube was alone used,
ig=1.5-2.0 for Re > 10*. When a counterclockwise
twisted tape was used in conjunction with an internally
grooved tube [5], ig attained values of 2.5-3.3. Fig. 5
represents the values of ig for all the combinations of
a corrugated tube and a twisted tape insert investigated
together with those obtained in the previous studies
[4,5]. With an appropriate selection of the geometric
parameters, e/D; and H/D;, a very great improvement
in the heat transfer efficiency (ig)=2.7-4.2 could be
reached.

On the basis of the first law analysis, several authors
[8—12] have proposed performance evaluation criteria
(PEC) which define the performance benefits of an
exchanger having enhanced surfaces, relative to a stan-
dard exchanger with smooth surfaces subject to var-
ious design constraints. On the other hand, it is well
established that the minimization of the entropy gener-
ation in any process leads to the conservation of useful
energy. A solid thermodynamic basis to evaluate the
merit of augmentation techniques by second law analy-
sis has been proposed by Bejan [13,14] and developed
the entropy generation minimization (EGM) method
also known as ‘thermodynamic optimization’. The ulti-
mate purpose is to evaluate the advantage of a given
augmentation technique by comparing the rates of
entropy generation in an augmented duct and in a
reference smooth one.

The method of Bejan [13,14] does not include the
effect of the variation in fluid temperature similar to

Table 4
Increase of the heat transfer coefficient

Number Nug/Nus
4040 1.90

4041 23-2.4
4042 2.3-2.6
4043 2.5-3.5-3.1
4044 2.7-4.5-3.7
4045 2.8-5.5-4.2
4030 2.3-22
4031 2.7-3.4-3.0
4032 2.7-3.9-34
4033 3.0-5.0-4.6
4034 3.6-7.3-6.3
4035 3.6-9.6-7.4

that presented in tubular heat exchangers. Extended
PEC equations including the fluid temperature vari-
ation along the heat transfer passage for heat transfer
from ducts with constant wall temperature have been
developed by Zimparov [15]. These PEC equations
have been used to assess the multiplicative effect of a
corrugated tube combined with a twisted tape. The
equations originate from various design constraints
and generalize the PEC for enhanced heat transfer
techniques obtained by means of the first law analysis.
The application of this more comprehensive treatment
of PEC compared to previous references is illustrated
by the analysis of the heat transfer and fluid friction
characteristics of the multi-start spirally corrugated
tubes combined with five twisted tapes having different
pitches.

When an enhanced tube is being considered for the
replacement of a smooth one, there are many possible
effects on the performance. The design constraints
imposed on the exchanger flow rate and velocity cause
key differences among the possible PEC relations on
the basis of the first law analysis [11,12]. The increased
friction factor due to augmented surfaces may require
a reduced velocity to satisfy a fixed pumping power (or
pressure drop) constraint. However, if the mass flow
rate is reduced, it is possible to maintain a constant
flow frontal area at reduced velocity. In many cases
the heat exchanger flow rate is specified and a flow
rate reduction is not permitted. Despite of the fact that
a large number of possible PEC can be defined [16],
the PEC as suggested by Webb and Bergles [11,12]
characterize almost all the PEC and some of them are
shown below. The equations are developed for tubes
of different diameters and heat transfer and friction
factors based on the presentation format of perform-
ance data for enhanced tubes [17]. The relative
equations for single-phase flow inside enhanced tubes
are:

A, = N,.L.D,, (6)

P,=W,Ap, = — - IR
Px = [ SD.L.Nad,, ~ N2DS fs

™

Q. = W,e,AT?, ()
R
W, :um,*DfN* = Ri’R DN, ©)
fR L* 2 fR L* Re}%
Ap, == | == === = 10
= ()= (2) 5 o

Following Bejan [13,14] the thermodynamic impact
of the augmentation technique is defined by the aug-
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mentation entropy generation number

S,
Ng = SgnR (11)
Sgen,s

Augmentation techniques with Ng < 1 are thermo-
dynamically advantageous, since in addition to the
enhanced heat transfer, they reduce the degree of irre-
versibility of the apparatus. The augmentation entropy

generation number can be rewritten as [13,14]

N7+ ¢oNp
Ng= —2>— 12
S T+, (12)
where [15]
Ny = (Sgen,AT)R _ Q*'go‘RTo,S (13)

B (Sgen,AT)s B N*-9o‘s Ta,R

iE
1 - 4040 7-(1), 5]
- 2-4041 8- (3),[5]
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Fig. 5. Evaluation of heat transfer efficiency based on the constant energy dissipation.



560 V. Zimparov | Int. J. Heat Mass Transfer 44 (2001) 551-574

el -]
(-5 ) 09
B= 45—25 Ls, (16)
Ny = Senark _ Wils Tus fo _ p Tws an

(Sgen,AP)S B NiDi TW,R JTS T TW~R

When the standard heat transfer passage is known,
the numerical value of the irreversibility distribution

ratio, ¢, = (Sgen,Ap/Sgen,AT)s, describes the thermody-
namic mode in which the passage is meant to operate
[15]

fsLs ( ug, TisTos
= o o . 18
¢0 DS <CpTw s 19O,S(To - TI)S ( )

The solution to the PEC equations requires algebraic
relations which:

1. Define correlations for S#(Nu) and f of the augmen-
ted surfaces as a function of Re.

2. Quantify performance objectives and design con-
straints. This means that the designer should define
clearly his or her goal and then solve the equations,
corresponding to the algebraic relations based on
the first law of thermodynamics, to obtain the

4040 -1

19
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3

Rex10™*

Fig. 6. Increased heat transfer rate vs. Reynolds number.
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values of improved heat transfer rate, Q.= QOr/Os;
reduced heat transfer area, A,= Ar/As; or reduced
pumping power, P,= Pr/Pg as a function of Re.

3. Calculate the irreversibility distribution ratio ¢, as a
function of Re for the reference (smooth) passage.

The numerical values of ¢, (7.1 x 107°-0.16 in the
range studied) show that the channel is dominated by
heat transfer irreversibility. The effect of the thermal
resistance external to the surface is also taken into con-
sideration by including external heat transfer coefficient
ho.s. The analysis includes the possibility that the aug-

mented exchanger may have an enhanced outer tube
surface E,=h,r/hos. The fouling resistances on both
sides of the tube wall are neglected.

The heat transfer efficiency of the tubes investigated
has been evaluated for the following cases:

4.1. Fixed geometry criteria (FG)

These criteria involve a one-for-one replacement of
smooth tubes by augmented ones of the same basic
geometry, e.g. tube envelope diameter, tube length and
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3-4032
| 4-4033 “ 6
21 5 - 4034 -
6 - 4035
20 f -A5.
19 S e
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13 " " X " PR R B 1 N 1 : 1 )
3 5 1 2 4 a7
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Fig. 7. Increased heat transfer rate vs. Reynolds number.
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number of tubes for in-tube flow. The FG-1 cases
[11,12] seek increased heat duty or overall conductance
UA for the constant exchanger flow rate. The pumping
power of the enhanced tube exchanger will increase
due to the increased fluid friction characteristics of the
augmented surface. For these cases the constraints
AT;=1, W,=1, N,=1 and L,=1 require
RES:D*RC’R and P* > 1.

When the objective is increased heat duty Q, > 1,
this corresponds to the case FG-la [11,12]. In this
case, the heat duty of the unit with spirally corrugated
tubes combined with a twisted tape increases signifi-
cantly; approaching the values of the order of 1.9 (for
tube no. 4045), Fig. 6 and 2.1 (for tube no. 4035),
Fig. 7, for the smallest relative pitch H/D;, whereas the
unit with spirally corrugated tubes alone attain the

Ng }
70 t
50 F
30
20t
10 }
5
05 | 1-4040
2 - 4041
3-4042
4 - 4043
5 - 4044
6 - 4045
03
6 1-4030
02’} 2 - 4031
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4 - 4033
5 - 4034
FG1a 6 - 4035
.01 4 N " P ST " N n N N
3 5 1.0 2.0 40 7.0
Rex107*

Fig. 8. Augmentation entropy generation number vs. Reynolds number.
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Fig. 9. Increased heat transfer rate vs. Reynolds number.
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Fig. 10. Increased heat transfer rate vs. Reynolds number.
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Fig. 11. Augmentation entropy generation number vs. Reynolds number.
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Fig. 12. Reduced surface area vs. Reynolds number.
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Fig. 13. Reduced surface area vs. Reynolds number.
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values of Q,=1.4-1.5, Figs. 6 and 7. The augmenta-
tion entropy generation number Ng is [15]

1 Str 08
Ng = —— « B{l——D"
= (o132

Tis Tis\ 1" Jr/fs
[re(-7)] el

= /(Reg). (19)

As can be seen from Fig. 8 all the tubes reduce the
entropy generation evaluated through the number Ns.
The values of Ng for the corrugated tubes applied
alone are 0.6-0.7. When the compound enhancement

technique of this kind is applied, the values of Ng
approach 0.10-0.02 for the smallest relative pitch H/
D,.
The FG-2 [11,12] criteria have the same objectives as
FG-1, but require that the augmented tube unit should
operate at the same pumping power as the reference
smooth tube unit. The pumping power is remained as
constant by reducing the tube-side velocity and thus
the exchanger flow rate. The constraints are: N,=1,
L.=1and P,=1 requiring W, < 1 and Rer < Res. In
the case FG-2a, the goal is to increase the heat transfer
rate Q, > 1. For this reason, the corrugated tubes
alone have the values of Q,.=1.0-1.05, Figs. 9 and 10,
whereas for all the combinations of corrugated tubes
and twisted tape inserts Q, < 1. The augmentation

NS/Q*.

.60 |

.40

30

.20

10

.07

.05 VG-2a

.03

2.0 4.0 7.0
Rex10™*

Fig. 21. The ratio Ns/Q, vs. the Reynolds number.
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entropy generation number Ng is [15]

1 Str 1.145 (/R Yo.073

re 2 oo 2150 (7))
0.364 -1

[ Q*@R) D;"727<1—;i2>} +¢,

= /(Reg). (20)

Despite of the fact that the goal imposed by the first
law has not been achieved Q. < 1 as can be seen from
Fig. 11, the entropy generation number is substantially
diminished. The value of the Ng reaches 0.45-0.35 for
corrugated tube alone and attains 0.04—0.015 for the
compound enhancement technique.

Ns =

4.2. Variable geometry criteria (VG)

In most of the cases a heat exchanger is designed for
a required thermal duty with a specified flow rate.
Since the tube-side velocity must be reduced to accom-
modate the higher friction characteristics of the aug-
mented surface, it is necessary to increase the flow area
to maintain W,=1 and permit the exchanger flow
frontal area to vary in order to meet the pumping
power constraint: N, > 1; L, < 1; Reg < Res. In the
case of VG-1 [11,12] the objective is to reduce the sur-
face area A, < 1 with W, <1 for Q,=P,=1.

In this case the reduction of heat transfer area is 30—
40% when the corrugated tubes are used alone and
45-60% when they are combined with a twisted tape
having the smallest relative pitch, Figs. 12 and 13. The
entropy generation number is calculated from [15]

1 R —0.364 5001
N A D=
ST 114, (fs ) .

Str (fr 1 0.709 1y —0.127
o 20
= f(Reg). 21

The reduction of the entropy generation is also sig-
nificant, Ng=0.7-0.6 for the corrugated tubes alone
and Ng=0.3-0.2 for the compound enhancement tech-
nique, Fig. 14.

The cases VG-2 [11,12] aim at increased thermal per-
formance (UrAgr/Usds or Q, > 1) for 4,=1 and
P,=1. They are similar to the cases FG-2. When the
objective is Q, > 1, case VG-2a [11,12], an additional
constraint is AT} =1. The last case is considered to be
VG-2a, where the objective is to increase the heat rate
Q. > 1 for W,=1 and 4,=P,=1. When the unit is
furnished with corrugated tubes alone Q,=1.15-1.25,

Figs. 15 and 16. When a combination with a twisted
tape is used the values of Q, reach 1.45-1.70. The
values of Ng are calculated following [15]

1 fe) 2.091
N =150, {Q*<s> D

Str (fr 01 ~0.127
exp[B(] St (fs) D,

Tis Tis\]" B
ERY(E P

and as can be seen from Fig. 17 the values are as fol-
lows: 0.60-0.55 for corrugated tubes alone and 0.25-
0.15 for a compound enhancement technique.

The results discussed imply that the evaluation and
comparison of the heat transfer augmentation tech-
niques should be made on the basis of both first and
second law analysis. Thus it is possible to determine
the thermodynamic optimum in a heat exchanger by
minimizing the augmentation entropy generation num-
ber compared with the relative increase of heat transfer
rate Q, > 1, or relative reduction of heat transfer area
A, < 1 or pumping power P, < 1. Consequently, a
ratio Ng/Q, and a group Nsd,=f(Rer) might be
defined to connect the two objectives pursued by the
first and second law analysis and as a basis for thermo-
dynamic optimization.

Figs. 18-21 show Ng/Q,—Rer for the cases FG-1a,
2a and VG-2a, and NgA,—Rer for the case VG-I.
From all the cases considered the best performance
has the tube 4035 being far superior to others. The
benefit of making use of this tube is significant. Figs.
18-21 also show that most of the tubes to be con-
sidered have an optimum Reynolds number, corre-
sponding to the minimum rate of entropy generation.

5. Conclusions

1. Heat transfer and friction characteristics of two
three-start spirally corrugated tubes combined with
five twisted tape inserts have been experimentally
investigated. The isothermal friction coefficients for
straight flow and swirl flow in the corrugated tubes
increase when the relative pitch H/D; decreases. The
values for fr/fs varied from 2.4 to 17.9 in the range
of Re studied. The water side heat transfer coeffi-
cients were particularly high when a corrugated tube
was combined with a twisted tape. An unexpected
behavior of the ratio Nugr/Nus=f(Re) was observed
when the relative pitch began to diminish. For most
of the tubes the ratio Nugr/Nus approaches maxi-
mum at Re ~2.5 x 10* and then gradually decreases.
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The values for Nugr/Nus varied from 1.9 to 9.6 in
the range of Re studied.

. Extended PEC has been used to assess the benefits
of replacing the smooth tubes with multi-start spi-
rally corrugated tubes combined with twisted tape
inserts. An additional increase of the heat transfer
rate or reduction of heat transfer area up to 30%
and more than those of the corrugated tube can be
achieved by an appropriate combination of corru-
gated tube with twisted tape. The reduction of the
entropy generation is also significant. The results
discussed imply that the evaluation and comparison
of the heat transfer augmentation techniques should
be made on the basis of both first and second law
analysis. Thus, it is possible to determine the ther-
modynamic optimum in a heat exchanger by mini-
mizing the augmentation entropy generation
number compared with the relative increase of heat
transfer rate Q, > 1, or reduction of heat transfer
area A, < 1. Consequently, a ratio Ng/Q, and a
group NsA, =f(Rer) might be defined as a basis for
a thermodynamic optimization.
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