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Abstract-Performance evaluation equations for enhanced heat transfer surfaces based on the entropy 
production theorem are reported. The equations originate from various design constraints and generalize 
the performance evaIuation criteria (PEC) for enhanced heat transfer techniques obtained by means of 
first law analysis. The application of this more comprehensive treatment of PEC compared to previous 
references is illustrated by the analysis of heat transfer and fluid friction characteristics of spirally corrugated 
tubes, assessing the benefit of these tubes by an augmentation technique subject to various design 

constraints. 

THE PERFORMANCE of conventional heat exchangers 
can be substantially improved by a number of aug- 
mentation techniques resulting in the design of high- 
performance thermal systems. A performance com- 
parison of effectiveness for various types of enhanced 
surfaces may lead to selection criteria for designers 
and users. On the basis of first law analysis several 
authors [l-3] have proposed performance evaluation 
criteria (PEC) which define the performance benefits 
of an exchanger having enhanced surfaces, relative to 
a standard exchanger with smooth surfaces subject to 
various design constraints. Three basic design objec- 
tives have been discussed and applied to 11 cases of 
interest : (1) reduced heat transfer surface (total length 
of exchanger tubing) for equal pumping power and 
heat duty; (2) increased product UA for equal pump- 
ing power and iixed total length of exchanger tubing; 
and (3) reduced pumping power for equal heat duty 
and total length of exchanger tubing. 

On the other hand it is well established that the 
minimization of entropy generation in any process 
leads to the conservation of energy. In a heat 
exchanger unit entropy is generated by the heat trans- 
ferred due to temperatu~ difference and by the irre- 
versible dissipation of kinetic energy due to fluid fric- 
tion. Heat transfer enhancement devices increase the 
rate of heat transfer, but they also increase the friction 
factor associated with the flow. This raises the ques- 
tion of how to employ enhancement techniques in 
order to minimize or at least decrease the overall 
entropy generation associated with the heat exchanger 
operation. 

A solid the~odynamic basis to evaluate the merit 
of augmentation techniques by second law analysis 
has been proposed by Bejan 141. The ultimate purpose 
is to evaluate the advantage of a given augmentation 
technique by comparing the rates of entropy gen- 
eration in an ‘augmented’ duct and in a reference 
“smooth’ one. A second law approach to PEC analysis 
is described in refs. [4-6] where the entropy generated 
per unit time and unit length of the duct is analysed 
for two augmentation techniques : rough surfaces and 
swirl promoters. The analysis is performed for con- 
straints W, = 1 and Q* = 1 which corresponds to case 
FG-lb of Table 1 in ref. f3]. Other publi~tions on this 
subject are refs. [7, 81. One of the problems discussed 
in refs. [7,8] is how to enhance heat transfer in order to 
reduce the temperature difference which is the driving 
force for the heat transfer process with the constraints 
of the case FG- lb [3] or with the following constraints : 
fixed basic geometry, heat duty and pressure drop [8]. 
Another problem discussed in ref. 171 is to enhance 
heat transfer in order to reduce the surface area of the 
unit with the constraints corresponding to the case 
FWl [3]. 

The purpose of this paper is to develop additional 
PEC equations to evaluate the heat transfer enhance- 
ment techniques based on the entropy production the- 
orem with the constraints 131. These equations add 
new information to PEC for enhanced heat transfer 
surfaces developed by first law analysis and 
implemented in heat exchangers [l-3] with criteria 
assessing the merits of au~entation techniques in 
connection with the entropy generation and one-way 
destruction of exergy. The validity of the generalized 
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NOMENCLATURE 

A heat transfer surface area [m’] 

: 
specific heat capacity [J kg- ’ K ‘1 
tube diameter fm] 

h heat transfer coefficient [W m ’ K ‘1 
k thermal conductivity [W mm’ K ‘1 
L tube length [m] 
P pumping power [WI 

AP pressure drop [Pa] 

4’ heat transfer rate per unit length 

Iwm-‘I 

SC? rate of entropy generation [W K-‘1 
T fiuid temperature [K] 
AT wall-to-fluid temperature difference 

[Kl 
%?, mean fluid velocity [m s ‘1 
u overall heat transfer coefficient 

[W rn--’ K- ‘1 
W mass -How rate [kg s ‘1. 

Greek symbols 

p dynamic viscosity [Pa s] 

P fluid density [kg m -“I. 

Dimensionless groups 
A* dimensionless heat transfer surface, 

ARIAS 

D* dimensionless tube diameter. 

D,! ,?S 
dimensionless tube length, LR;L,y 

.r”* Fanning friction factor, 22,, ~(p~,~~ 
NU Nusselt number, It,D/k, 
N., augmentation entropy generation 

number, equation (4) 
PI” Prandtl number, pc,/k, 

dimensionless pumping power, PRj P, 

t;: dimensionless heat transfer rate. 

QzNIQ.~ 
RLJ Reynolds number, pu,,,I>/il 
St Stanton number, h,/(pu,,c;,) 
W* dimensionless mass flow rate, 

w&/ wet; 
($0 irreversibility distribution ratio, 

equation (8). 

Subscripts 

.f fluid 
i inside 
L value at s = L 
F?l mean value 
R rough tube 
s smooth tube 
0 value at x = 0. 

set of PEC equations is illustrated by the analysis 
of heat transfer and fluid friction characteristics of 
spirally corrugated tubes. 

EQUA~ONS BASED ON THE ENTROPY 

PRO5UCTION THEOREM 

In what follows the effect of heat transfer enhance- 
ment techniques on the fluid flowing inside a circular 
duct of diameter II,, and length L is considered. The 
rate of entropy generation for a steady-flow system 
per unit length [4] is 

ds;, q’AT W dp 
x; = 7 +tpT -dx’ i > 

(1) 

where it is assumed that the wall-fluid temperature 
difference, AT, is considerably smaller than the local 
absolute temperature of the fluid. Consider a heat 
exchanger of length L with a constant wall heat flux 
and thermally and hydraulically fully developed tur- 
bulent flow. Equation (1) can be expressed in the form 

(2) 

or 

(3) 

where it is assumed that To x T,-- To. Following ref. 
[4] the thermodynamic impact of the augmentation 
technique is defined by the augmentation entropy gen- 
eration number 

N.s = $.,l$,.,s. (4) 

Augmentation techniques with IV, < 1 are ther- 
modynamically advantageous, since, in addition to 
enhancing heat transfer, they reduce the degree of 
irreversibility of the unit’s performance. Substituting 
equation (3) into (4), iV, can be rewritten as 

where 

(5) 

(6) 

17) 

When the heat transfer passage is known, the numeri- 
cal value of the irreversibility distribution ratio, 
4, = (.Y?,,/.$b.r)s, describes the thermodynamic mode 
in which the passage is meant to operate : 
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The expression (8) for the irreversibility distribution 
ratio 4,, can be simplified [4] : 

which yields a straightforward estimate of &,. For 
example, in the experimental program described in 
ref. [9], for Re, = 13 000, Pr = 3.235& = 0.00023 
while for Re = 51 000, Pr = 2.34- #Jo = 0.00356. In 
this case, the reference passage is dominated by heat 
transfer irreversibility, & << 1. 

The design constraints imposed on the exchanger 
flow rate and velocity cause key differences among 
the possible PEC relations [3]. The increased friction 
factor due to augmented surfaces may require reduced 
velocity to satisfy a fixed pumping power (or pressure 
drop) constraint. If the exchanger flow rate is held 
constant, it may be necessary to increase the flow 
frontal area to satisfy the pumping power constraint. 
However, if the mass flow rate is reduced, it is possible 
to maintain a constant flow frontal area at reduced vel- 
ocity. In many cases the heat exchanger flow rate is 
specified and a flow rate reduction is not permitted. 
The PEC discussed in this paper will account for these 
various possibilities. 

Fixed geometry criteria (FG) 
These criteria involve a one-for-one replacement of 

smooth tubes by augmented ones of equal length. 
The FG-1 cases seek increased heat duty or UA for 
constant exchanger flow rate and velocity. The pump- 
ing power of the augmented tube exchanger will 
increase due to the increased fluid friction charac- 
teristics of the augmented surface. For these cases 
the constraints W, = 1, N* = 1 and L* = 1 require 
Res = D*Re, and P* > 1. One of the most common 
and well documented heat transfer augmentation 
techniques is the surface promoters or ‘in-tube rough- 
ness’. Wall roughness has a negligible impact on the 
flow cross-section and hydraulic diameter D, : thus we 
assume D* = 1 in what follows. When the objective is 
increased heat duty Q* > 1, this corresponds to the 
case FG-la [3], and the augmentation entropy gen- 
eration number N,, equation (S), becomes 

(10) 

where 

NT = Qiz and Np = G&)~ 

If the objective is U,A,/U,A, > 1 for Q* = 1, the 
driving temperature difference AT, may be reduced. 
This case corresponds to FG-16 [3]. The constraints 
N* = 1, L+ = 1, W, = 1 and Q* = 1 require 
Re, = Res and P* > 1. The objective is AC < 1. The 
augmentation entropy generation number N,, equa- 
tion (5), can be written in the form [4] 

or 

(11) 

The FG-2 criteria have the same objectives as FG- 
1, but require that the augmented tube unit operates 
at the same pumping power as the reference smooth 
tube unit. The pumping power is maintained constant 
by reducing the tube-side velocity and thus the 
exchanger flow rate. The constraints are: N* = 1, 
L* = 1 and P* = 1 requiring W, < 1 and Re, < Res. 
When the objective is Q* > 1, the augmentation 
entropy generation number Ns becomes 

In this equation, however, the values of Nu, and NuR 
are calculated at different Reynolds numbers, NuS for 
Res and NuR for ReR. Figure 1, pertaining to the 
important area of internal, single-phase, forced con- 
vection flow, demonstrates the friction factor and heat 
transfer coefficients using the presentation format of 
performance data for enhanced tubes [lo]. Having 
in mind that the comparable heat exchangers must 
produce equal energy dissipation, the problem can 
readily be solved considering the ratio of heat transfer 
coefficients at constant pumping power, [1 11. If the 
friction factor and Nusselt number characterizing the 
smooth surface in the turbulent flow region are fitted 

by 

fS = 0.079Re-0-25 and NuS = 0.023Re0.8Pr0~4 

Res h 

FIG. 1. Sketches of Nusselt number and friction factor vs 
Reynolds number. 
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the ratio NuS/NuR in equation (12) can be expressed 

(Fig. I) by 

h%(Re,) Nu,(Re,) Nu,(Re,) = -_ .._.__ ____- 
NudRed NdRe,) NudRed 

recalting also that the constraint P* = I imposes 

.fi(Res) Re: = fi(KeJ Rei. 

Consequently, the term representing the irreversibility 

due to heat transfer yields 

In equation (13) the Nusselt numbers and friction 
factor coefficients are calculated for one and the same 
Reynolds number, Re = Re,, and equation (12) can 
be rewritten in the form 

(14) 

When the objective is AT: < 1 with the additional 
constraint Q* = 1. the augmentation entropy gen- 
eration number N, is 

(15) 

In this case, which corresponds to FG-2b [3], the Reyn- 
olds numbers maintained in the comparable unit are 
defined by 

Re, = ReR(fR&)” 3h4 =fnc(Re,). (16) 

The case (called FG-2c here) where the objective is 
AT: < I with the constraints N* = 1, IL++ = 1, Q* = I 
and Ap* = 1 (pressure drop fixed) is an extension of 
eases FG-2. The consequences are W, i 1, P* < 1. 
ReR < Re, and this case corresponds to case B [8]. 
Now the terms representing the impact of the heat 
transfer and fluid friction on the entropy generation 

are 

0457 =,fkc(Re,) 

Np = (W,/ W,) = (.fk,lfsj-’ “’ =.fnc(Re,) 

and equation (5) yields 

(17a) 

(17b) 

+&JG/Ys-““’ 1 = fk(Re,). (18) 

The third criterion, FG-3 [3], attempts to reduce the 

pumping power for constant heat duty. The con- 
straints and consequences are N* = 1, L, = 1. 
Q* = 1, J@‘* < 1, Re, < Re,. The objective is PO <: 1. 
in this case 

(194 

(19b) 

and equation (5) yields 

= fk(Re,). (20) 

Fixed,fluw area criteria (FN) 
These criteria maintain constant flow area. The 

objective of F&l case is reduced surface area by 
reduced tube length, L, < 1, for constant pumping 
power, P, = 1. The additional constraints are N, = 1, 
Q* = 1 requiring We < 1 and ReR i: Re,y. In this case 

N, = AT,,, K/AT,,,. 5 

= _;!A (,fki’fs)“.“’ &o.7”q = fhc(Re,) (2la) 
R 

il;, = 1 (21b) 

and the augmentation entropy generation number N,\ 

becomes 

The Reynolds numbers maintained in the comparabie 
unit are defined by 

0 364 

=,filc(Re,). (23) 

The objective of FN-2 case [3], is to reduce pumping 
power, P* < 1, with constant heat duty, Q* = 1. and 
flow rate. &J* = 1. Another constraint is N* = I and 

consequently L* c 1 and Re, = Re,. The P* equation 
shows that it is not possible to obtain P* < 1 for a 
two-fluid heat exchanger [3]. This is because 
j& > ti,/U> For a prescribed heat flux boundary 
condition fi,,IL’, = h,/h,. Therefore, P* < 1 would be 
obtained if.f&“, < .~t~~lNu,~. Rough surfaces typically 
yield,fJf, > Nu,/Nu5. In this case 

lVp A. 
Is * (24) 

and the equation for the augmentation entropy gen- 
eration number is 
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Variable geometry criteria (VG) 
In most cases a heat exchanger is designed for a 

required thermal duty with a specified flow rate. 
Because the tube-side velocity must be reduced to 
accommodate the higher friction characteristics of the 
augmented surface, it is necessary to increase the flow 
area to maintain constant flow rate. All of the VG 
cases maintain W, = 1 and permit the exchanger flow 
frontal area to vary in order to meet the pumping 
power constraint : IV* > 1; L* < 1; Re, < Re,. Case 
VG-I [3] yields reduced surface area A* < 1, for 
Q*=landP,=l.Now 

NT = AT,.JATm,s 

= ~~~~~~)“.29i~~o.709 =fnc(Re,) (264 

Np = 1 (26b) 

and the augmentation entropy generation number Ns 
is 

Ns = ~(fx~~)“~291A;o.709+~o 

= jizc(Re,). 

After fixing Re,, Res can be calculated from 

(27) 

“& 
0.364 

Re, = Re, -A* 
( > fs 

= fnc(Re,) . (28) 

The cases VG-2 [3] aim at increased thermal per- 
formance (U,A$U,A, or Q* > 1) for A* = 1 and 
P* = 1. They are similar to the cases Fe-2 and the 
equations for the augmentation entropy generation 
number NS have the same forms as equations (14) and 

(16). 
Case VG-3 [3] aims at reduced pumping power, 

P* < 1, for A* = 1 and Q* = 1. It is similar to case 
FG-3 and the equation for N, has the same form as 
equation (20). 

APPLICATION OF PEG EQUATIONS AND 
DISCUSSION 

The solution of the PEC equations described above 
requires algebraic relations which : 

1. Define correlations for St andfof the augmented 
surfaces as a function of Re. 

2. Quantify performance objectives and design 
constraints. This means that the designer should 
define clearly his or her goal and then solve the equa- 
tions corresponding to the algebraic relations [3] 
based on the first law of thermodynamics, to obtain 
the values of Q*, A* or P* as a function of Re. 

From an engineering point of view it is important 
to know under what conditions the w~I-roughe~ng 
technique leads to a reduction in entropy generation. 
It is evident that the ability of roughened walls to 
reduce the degree of irreversibility depends on the 
thermo-fluid operating regime, 4. and Re,. The results 
of this study can be illustrated by the characteristics 
of the spirally corrugated tubes obtained through the 
experimental program [9]. Twenty-five spirally cor- 
rugated brass tubes with different geometrical par- 
ameters were investigated. The variations of Re and 
Pr were in the range lo4 < Re < 6x lo4 and 
2.2 < Pr < 3.4 and the corresponding values of 4. 
were in the range 0.~02 < & < 0.004. The numerical 
values of (PO show that the channel is dominated by 
heat transfer irreversibility. 

Figures 2 and 3 represent case FG-la where the 
augmentation objective is to increase the heat duty, 
Q* > 1. The variations of the augmentation entropy 
generation number NS as a function of Re, (Fig. 2) 
are obtained from equation (12) with the values for 
NuS/Nua, fR/fs and CpO taken from the experimental 
program [9]. The values of Q*, as a function of Re, 
are obtained following Webb’s treatise on PEC [3] 
(Fig. 3). In this case, the unit with heat transfer 
enhancing spirally corrugated tubes increases its heat 
duty, Q* > I, significantly, but does not reduce the 
destruction of exergy. All corrugated tubes (in the 
range of Reynolds numbers studied) lead to an 
increase in the rate of entropy generation, despite the 
fact that the heat duty has increased (Fig. 2). 

Figures 4 and 5 represent the case FG- 1 b where the 

I I 

1.3 

1.2 

1.1 

1.4 

FIG. 2. Augmentation entropy generation number vs Reyn- 
olds number. 
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Re x1W4 

FIG. 3. Increased heat transfer rate vs Reynolds number. 

r 

0.6 1 Pr = 2.95 

0.5 

Re x1W4 

FIG. 4. Augmentation entropy generation number vs Reyn- 
olds number. 

0.6 

0.5 

0.8 

0.1 

*a 
2 0.6 

0.8 Pr = 2.95 

0.6 

Re ~10.~ 

FIG. 5. Reduced driving temperature difference vs Reynolds 
number. 

augmentation techniques may be used to reduce the 
driving temperature difference, A7;r; < 1. The vari- 
ations of Acn with Re, for the spirally corrugated 
tubes studied in [9] are shown in Fig. 5. As seen, a 
heat exchanger utilizing tubes 32, 21, 23, 13, 18, 28 
may operate at 45% lower driving temperature differ- 
ence than the unit designed with smooth tubes. The 
variation of the augmentation entropy generation 
number N, as a function of Re, is plotted in Fig. 4. 
Several spirally corrugated tubes, 32, 18, 28, 27 have 
N.Y < 0.4 and will yield significant savings in exergy. 

These values of N, can be compared with those for 
sand-grain roughness and repeated ribs for 4” = 0 
[4, 51. None of the roughened surfaces [4, 5j reach 
NI = 0.4, e.g. the exergy payoff associated with 
implementing the spirally corrugated tubes will be 
larger. 

In the case FG-2a the goal is increased heat transfer 
rate, Q* > 1, for equal pumping power, P* = 1. The 
variations of Q* as a function of RP are shown in Fig. 
7 [9], whereas Fig. 6 represents the variations of N,. 

Examining carefully Fig. 7 [9] and Fig. 6 one may 
find out that the corrugated tubes 35,32 and 18 which 
have the smallest values of N, do not guarantee the 
largest heat transfer rate increase. On the other hand. 
the corrugated tubes 13, 14, 15. 16, 23 guarantee the 
largest values of Q* and have Nc < 1. This implies 
that the evaluation of the heat transfer augmentation 
techniques should be made on the basis of both first 
and second law analysis. 

Figures 7 and 8 illustrate case FG-26 where the 
objective is to decrease the driving temperature differ- 
ence. AC* < 1, for A* = P* = Q* = 1. The variations 
of Act as a function of Re are plotted in Fig. 7 and 



Pr = 2.95 t 0.8 

0.7 

the corresponding values of Ns in Fig, 8. The tubes 
13, 23, 14, 16, 28 show the best charaet~r~sti~s and 
guarantee s~~~taneo~s~y the smallest values of AC 
and Rs. 

Figure 9 represents the va~atj~ns of rVS with ReK 
for ease E-2c which is an extension of the cases FG- 

FIG. 7. Reduced driving temperature difference vs Reynolds 
I numwr. 

FIG. 9. Assentation entropy generation fl~rn~r vs Reyn- 
“I . 

ws numtrer. 
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2. The objective here is also AT,T, < 1, but the vari- 
ations of AT,*, with Rr, are not presented here because 
the equations needed to calculate AT,T, are not 

0.8 I- IN-1 

included in the procedure based on the first law analy- 
sis. In this case the behaviour of the tube 34 [9] for 
Re > 3 x IO4 is interesting. 

The values of NI for case FG-3 in the range of RE 

studied are plotted in Fig. 10. This figure should be 

considered together with Fig. 8 [9] where the vari- 
ations of P* with Re for all tubes are presented. Exam- 
ining the figures one finds that tubes 32, 23, 14 and 
16, have the smallest values of NS (approximately 

equal values) but the values of Ph are different& 
for 14 and 16, PC = 0.39: for 23, P* = 0.43 ; for 32, 

P* = 0.50. 

The reduction of heat transfer surface through 
reduced tube length L, < 1 for Q* = P* = 1 as a 
function of Re is shown in Fig. I 1. The corresponding 
values of NS are presented in Fig. 12. Considerable 
tube length reduction can be achieved for lower Reyn- 
olds numbers. When the Reynolds number increases 
this benefit decreases except for tubes 34 and 33. 

Examining simultaneously Figs. 11 and 12 one can 
find out that tubes 13,23 and 32 have the best charac- 
teristics for this case. 

Figure 13 represents the variations of N.\ with Re, 

for case VG- I. In this case the objective is to reduce 
the surface area A, < 1 with W, = I for 
Q* = P* = I. This information can be found in ref. [9] 

(Fig. 9). The preferable tubes for this case are tubes 
14, 16.24 and 32. They guarantee reduction of surface 

7 

m-1 
0.9 - 

0.6 

0.5 I- I 
0.8 

0.5 

t 

0.7 

0.4; I I I III 
2 3 4 5 67 

Re x10s4 

061 
. 1 2 3 4 5 61 

Re x10"' 

FIG. 10. Augmentation entropy generation number vs Reyn- 
olds number. 

FIG. 12. Augmentation entropy generatlon number vs Reyn- 
. . 

0.8 

0.1 

0.6 

0.5L I 

0.51 I 2 3 I 
I I Ilj 
4 5 61 

Re x104 

FIG. 1 I. Reduced tubing length vs Reynolds number 

area of 3848% in the range of Reynolds numbers 
studied while the values of N, are 0X20.90. 

Figures 14 and 15 illustrate case VG-2u where the 
objective is increased heat rate Q* > 1 for IV, = 1 and 

l.Ok I 

0.9 

0.8 

olcls number. 



Performance evaluation criteria for enhanced heat transfer surfaces 

0.8 

I I I I I 
2 3 4 3 67 

Re xlOd 

FIG. 13. Augmentation entropy generation number vs Reyn- 
olds number. 

A* = P* = 1. Compared to case FG-2a [9], Fig. 7, the 
heat rate can be increased by 20% more compared 
to case FG-2~. This energy payoff however is associ- 
ated with additional destruction of exergy, Fig. 15. 

1.6k I 

Rex@ 

FIG. 14. Increased heat rate YS Reynolds number. 

LO! I I I II] 
2 3 4567 

Re xl@ 

FIG. 15. Au~en~tion entropy generation number vs Rem- 
olds number. 

The best tubes for this case-13, 14, 23, 32-have 
augmentation entropy generation number ArS = 1.26-- 
1.08 in the range of Reynolds numbers studied. The 
same tubes for case %-2a have NS = 0.95-0.80 for 
the same range of Reynolds numbers. 

CONCLUSIONS 

The results of the present study can be s~rna~zed 
as follows : 

1. PEC equations have been developed to assess 
heat transfer enhancement techniques based on the 
entropy production theorem with various constraints 
imposed. These equations add new PEC for enhan~d 
heat transfer surfaces developed by first law analysis 
with criteria assessing the merits of augmentation 
techniques in connection with the entropy generation 
and exergy destruction. 

2. The heat transfer and fluid friction charac- 
teristics of 25 spirally corrugated tubes are used to 
illustrate the application of the PEC equations. The 
results for different design constraints show that the 
evaluation of the heat transfer augmentation tech- 
niques should be made on the basis of first and second 
Iaw analysis simultaneously. 

3. The general evaluation criteria may help to dis- 
play inappropriate enhanced surfaces and assist the 
engineer to design better heat transfer equipment. 
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