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Abstract-This study extends previous work of Bergles and Webb to establish a broad range of Performance 
Evaluation Criteria (PEC) applicable to single phase flow in tubes. The equations include the effects of shell- 
side enhancement and fouling and are applicable to roughness and internally finned tubes. Detailed 
procedures are outlined to calculate the performance improvement and to select the ‘optimum’ surface 
geometry. PEC are presented for four design cases: (1) reduced heat exchanger material; (2) increased heat 
duty; (3) reduced log-mean temperature difference; and (4) reduced pumping power. The 11 cases discussed 
include fixed flow area and variable flow area. Appropriate PEC for two-phase exchangers area also 

discussed. 
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NOMENCLATURE 

heat transfer surface area per unit 
length of tubing, for internally finned 

tubing (a,), for smooth tube (n,) 

[ mz m-l); 
heat transfer surface area [m’] ; 
mean conduction surface area [m’] ; 
external-to-internal surface area ratio ; 
specific heat [kJ kg- ’ K- ‘I; 
tube inside diameter [m] ; 
hydraulic diameter [m] ; 
roughness height or fin height [m] ; 
roughness Reynolds number 

(eD)Re&72 ; 
f/f3 at constant Re; 
h/h, at constant Re; 
fanning friction factor; 
fixed geometry criterion (defined in 

Table 1); 
constant flow area criterion (defined in 
Table 1); 
mass velocity [kg m - ‘I; 
heat transfer coefficient 
[W m-‘K-l]; 
thermal conductivity [W m-’ K-l] ; 
length of flow path in heat exchanger 

[ml ; 
log-mean temperature difference [K] ; 
number of fins in internally finned 
tube, ?rDJp; 
number of tubes in each pass of heat 
exchanger ; 
number of heat transfer units; 

spacing between roughness elements 
or fins [ml; 
pressure drop [Pa] ; 
pumping power [W] ; 
Prandtl number ; 
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Subscripts 

1, 

0, 
& 

heat transfer rate [W] ; 
ratio of resistances (defined in Table 

2); 
Reynolds number, smooth or rough 

tube (Du/v), internally finned tube 

(44~) ; 
fouling factor [m2 K W - ‘I; 

entropy generation rate per unit 
length ; 
Stanton number ; 
tube wall thickness [m]; 

inlet temperature difference between 
hot and cold streams [K] ; 
flow velocity [m SC’] ; 
overall heat transfer coefficient 

[Wm I; 
-2K-1 

variable geometry criterion (defined in 
Table 1); 
tube-side heat exchanger flow rate 

[kgs-‘I; 
sum of resistances (defined in Table 2) 
[m2KW-‘1; 

heat exchanger thermal effectiveness; 
Kinematic viscosity [m2 s-l]. 

inner tube surface; 
outer tube surface; 
smooth tube. 

IYTRODUCTION 

THE SUBJECT of enhanced heat transfer has developed 
to the stage that it is of serious interest for heat 
exchanger application. Industry has used enhanced 
heat transfer surfaces to develop more compact and 
less expensive heat exchangers. An alternate goal is to 
use such surfaces to increase the system thermody- 
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namic efficiency, which allows reduced operating costs. 
Extensive data have been published on the basic heat 
transfer and friction characteristics of the various 
augmentation techniques. A recent bibliography [l] 
gives 1967 literature citations. Webb, Bergles and 

Junkhan [2] identify 329 U.S. Patents on enhanced 

heat transfer surfaces. 
Bergles er al. [3, 41 and Webb er ul. [S, 6] have 

attempted to simplify this problem by proposing 
Performance Evaluation Criteria (PEC) which define 
the performance benefits of an exchanger having 
enhanced surfaces, relative to a reference exchanger. 

e.g. one having smooth surfaces. These PEC consider 
only the thermal performance and material content of 

the heat transfer surface used in the exchanger. It does 
not include the complimentary structural materials 
and flow losses. This provides a method of screening 

the various enhancement techniques to identify those 

offering greatest potential. The PEC forms a funda- 
mental ‘building block’ which may be incorporated in 
morecomplex optimization programs which minimize 

the heat exchanger total cost or maximize the system 

performance. 
Bergles rr al. PEC [3.4] define a method to evaluate 

the comparative performance of existing surfaces for 
which St and ,f data are available. Within a class of 
enhanced surfaces, e.g. p/r = 10 transverse-rib rough- 

ness, a family of roughness sizes is available. Only one 
of these roughness sizes will provide the ‘optimum’ 
performance for specified operating conditions. The 
analysis of Webb and Eckert [5] and Webb and Scott 

[6] select the ‘optimum’ geometry for the specified 
operating conditions. PEC, in general, were recent]) 
surveyed by Shah 171. This paper presents a more 
comprehensive treatise on PEC than provided in the 
previous references. This work emphasize> single 

phase flow and defines 
(1) Recommended performance objectives and de- 

sign constraints. 
(2) The required algebraic relations for the several 

PEC. 
(3) A method to use the PEC to select the preferred 

enhancement type and to calculate the ‘optimum’ 
geometrical parameters for the preferred enhancement 

type. 
The present PEC are primarily applicable to smgle- 

phase flow, since they relate the heat transfer perfor- 

mance to fluid pumping power. They may not be 
directly applicable to two-phase flow situations if the 
two-phase pressure drop affects the log-mean tempera- 
ture difference. This problem will be discussed in a later 

section. 

PERFORMANCE ORJECTlVES AhD 
DESlG\ COYSTRAlNTS 

The performance objectives may be defined such 
that the augmented exchanger is required to do a 
better ‘job’ than the reference design for established 
design constraints. There are three basic design 
objectives 

(1) Reduced heat transfer surface material for equal 
pumping power and heat duty. This may be of little 
interest unless the material reduction is accompanied 
by reduced manufacturing cost. 

(2) Increased UA for equal pumping power and 

fixed total length of exchanger tubing. A higher h! 4 
may be exploited in one of two waks 

(a) to obtain increased heat tiut! for fixed entering 
fluid temperatures; 

ib) to secure reduced LMTD for iixed heat duty, 

(31 Reduced pumping power for equal heat dtltk 
and total length of exchanger tubing. 

Objectives (1) and (2a) allow a smaller heat cx- 
changer size, and hopefully. reduced capital cost. 
Objectives (2b) and (3) offer reduced operating cost. 
The reduced LM TD of (2a) will affect improved system 

thermodynamic efficiency, yielding lower system 
operating cost. Objective (3) offers reduced pumping 

power cost. Objectives (2bl and (3) are particularI>, 
important if ‘life cycle‘ co\t analyG is of interest. .A 
more costly augmented surface will be justified if the 
operating cost savings are sufficiently high. 

The major operational variables include the heat 

transfer rate, pumping power (or pressure drop), heat 
exchanger flow rate and the fluid velocity. which affect> 
the exchanger flow frontal area. A PEC is established 
b) selecting one of the operatIona variables for the 
performance objective. subject IO de$n constraint> 
on the remaining variables 

The design constraints placed on the exchanger flow 

rate and velocit> cause hey difference among the 
possible PE(’ relations. The increased friction factor of 
augmented surfaces may require reduced velocity to 
satisf! ;I fixed pumping power (or pressure drop) 
constramt. If the exchanger flow rate ix held constant, 
it may be necessary to increase the flow frontal area to 
satlsfb fhe pumping power constraint. I-or constant 
tube diameter, this will increase the shell diameter of a 
shell-and-tubedesign. However, if the mass flow-rate i\ 
reduced. it i\ possible to maintain constant flow frontal 

area at reduced velocit>. When the exchanger flow rate 
ih reduced. :L must operate a! higher thermal 

efyectiveness to provide the required heat duty Thib 
may slgnifcantly reduce the performance potential of 
the augmented surface if the design effectiveness I\ 
sufticiently high, In many cases the heat exchanger 
flow rate is specified and thus flow rate reduction is not 
permitted. The PEC discussed in the next section will 

account for these various possibllitios. 
Table 1 gives the recommended PEC‘ for the several 

cases of interest. The Table segregates the PEC’ by 
three different geometrical constraints (F‘G. t‘N and 
VG). Within each of the geometry constraint group- 
ings, PEC arc established for three performance 
objecti\ es: (1) reduced surface arca; 12) increased heat 
duty (or /I 4): and (3) reduced pumping power. The 
applications for the barlous PEC are described belob. 

1, isrti g~ortwrr~ uiieria C f,‘Ci i 

These involve a one-for-one replacement of smooth 



T
ab

le
 

1.
 

Pe
rf

or
m

an
ce

 
E

va
lu

at
io

n 
C

ri
te

ri
a 

fo
r 

D
/D

, 
=

 
1 

Fi
xe

d 
C

on
se

qu
en

ce
s 

C
as

e 
G

eo
m

. 
W

 
N

 
L

 
P

 
Q
 

O
bj

ec
tiv

e 
W

 
R

e 
P

 
T
i
 

Q
 

A
T

i 

N
, 

L
S 

W
S 

R
e,

 
PS

 
Q
.
 

A
T
,
,
 

FG
-l

a 
N

, 
L

t 
x 

x 
T
Q
 

1 
1 

1 
1Q

 
>l

 

FG
-l

b 
N

,L
 

x 
x 

1A
T

i 
1 

1 
1 

10
 

1 

FG
-2

a 
N

, 
L

 
x 

x 
T
Q
 

1 
1 

<l
 

<1
 

1 

FG
-2

b 
N

, 
L

 
x 

x 
/A

T
i 

1 
1 

tl 
<l

 
1 

FG
-3

 
N

, 
L

 
x 

x 
1P

 
1 

1 
<l

 
<l

 
<l

 

FN
-1

 
N

 
X

 
X

 
IL

 
1 

<l
 

<l
 

<l
 

1 

FN
-2

 
N

 
X

 
X

 
lP

 
1 

<l
 

1 
10

 
<l

 

V
G

-1
 

X
 

X
 

X
 

X
 

LN
L 

>
l*

 
<l

 
1 

<
1*

 
1 

V
G

-2
a 

N
L

f 
X

 
X

 
X

 
t
Q
 

>
 1

* 
1 

1 
<

1*
 

1 

V
G

-2
b 

N
L 

x 
x 

x 
lA

T
i 

>
l*

 
1 

1 
<

1*
 

1 

V
G

-3
 

N
L 

x 
x 

x 
1P

 
>l

 
1 

1 
t1

* 
<l

 

>l
 1 

>l
 1 1 1 1 1 

>l
 1 1 

1 

<l
 1 

<1
 1 1 1 1 1 

cl
 1 

* 
R

ou
gh

ne
ss

 
w

ith
 

hi
gh

 
P

r 
fl

ui
ds

 
m

ay
 

no
t 

re
qu

ir
e 

N
/N

, 
z 

1 
(o

r 
R

e/
R

e,
 

<
 

1)
. 

t 
N

 
an

d 
L

 
ar

e 
he

ld
 

co
ns

ta
nt

 
in

 
ca

se
s 

FG
-1

 
th

ro
ug

h 
FG

-3
. 

f 
T

he
 

pr
od

uc
t 

of
 N

 
an

d 
L

 
ar

e 
co

ns
ta

nt
 

in
 

ca
se

s 
V

G
-2

 
an

d 
3.

 
4 

Fo
r 

in
te

rn
al

 
ro

ug
hn

es
s.

 
Fo

r 
in

te
rn

al
 

fi
ns

, 
R

e/
R

e,
 

=
 

D
,,/

D
. 



718 R. L. Wean 

tubes by augmented tubes of equal length. These may 
be regarded as ‘retrofit’ applications. The FG-1 cases 

seek increased heat duty or UA for constant exchanger 
flow rate and velocity. The pumping power of the 
augmented tube exchanger will increase due to the 
higher friction characteristic of the augmented surface. 
The designer should consider the benefits of operating 

a smooth tube exchanger design at equal pumping 
power (via increased tube-side velocity) before adopt- 
ing this approach. The FG-2 criterion has the same 
objective as FG-1, but requires that the augmented 
tube design operate at the same pumping power as the 
reference smooth tube design. The pumping power is 
maintained constant by reducing the tube-side ve- 
locity, and thus the exchanger flow rate. Because I-G-2 
has a smaller tube-side flow rate, the LMTD will be 

reduced resulting in a smaller heat exchange capacity 
than for FG-1. The third criterion (FG-3) attempts to 
effect reduced pumping power for constant heat duty. 

Fixed jlow area criterion (k’N i 
These criteria maintain constant flow area. For a 

shell-and-tube exchanger having constant diameter 
tubes, this means the number of tubes and shell 

diameter are held constant. The objective of FN-1 is 
reduced surface area, via reduced tubing length, for 
constant pumping power. Reduced flow rate will 

probably be required to satisfy the constant pumping 

power criterion. Augmented tubes are used in FN-2 to 
obtain reduced pumping power with constant heat 
duty and flow rate. 

Variable geometr!’ uses ( VG) 

In most cases, a heat exchanger is ‘sized’ for a 
required thermal duty with specified flow rate. In these 
situations the FG and FN criteria are not applicable. 
Because the tube-side velocity must be reduced to 
accommodate the higher friction characteristic of the 
augmented surface, it is necessary to increase the flow 

area to maintain constant flow rate. This is accom- 
plished using a greater number of tubes in parallel, or 

by using the same number of larger diameter tubes. 
Maintenance of constant exchanger flow rate avoids 
the penalty due to operating at higher thermal effec- 
tiveness encountered in the previous FG and FN cases. 

However, the shell diameter must be increased which 
will add to the exchanger cost. It may not be necessary 
to increase the number of exchanger tubes if the 
reference exchanger is of multipass design. For ex- 
ample, a two-pass smooth tube design may be replaced 
by a one-pass augmented design using a 5OqS velocity 
reduction. The criteria VG-1, 2 and 3 correspond 
directly to FN-1, FN-2 and FG-3 with the only 
difference being the flow rate reduction of the FN 
cases. 

The PEC listed in Table 1 compare to the previously 
presented criteria by Bergles er a1. [3] and by Webb 
and Eckert [IS] as follows. The correspondence for the 
Bergles et al. criteria [3] are: FG-l(B-l), FG-2(B-3) 
I’G-3(B-4) VG-2(B-8). Bergles er al. criteria B-5 

corresponds to FN-1. Bergles et a/. criteria B-2 and B-6 
correspond to FG-2 and FN-1 if pressure drop rather 
than pumping power is the constraint. Bergles er a/. B- 

7 criterion does not correspond to any of those in Table 
1. It is a FN-type criterion with fixed heat duty and 

constant exchanger flow rate. In this case the augmen- 
ted exchanger will have a higher pressure drop than the 

reference exchanger, for the same flow area. The A, B 
and C criteria of Webb and Eckert correspond with 

the VG criteria as follows: A(VG-2) B(VG-1) and 
C(VG-3). 

ALGEBRAIC FORMATION OF I’HE PN 

Quantitative formulation of a PEC requires alge- 
braic relations which : (I) quantify the objective func- 

tion; and (2) define the heat transfer and friction 
characteristics relative to the reference exchanger. I-or 
generality, the PEC must account for several impor- 

tant factors : 
(1) surface area based on either the nominai 

(smooth tube) or actual surface area. Typically. the 
nominal area is used for rough surfaces and the actual 
area is used for finned surfaces. 

(2) A tube side fouling resistance. 
(3) ‘The thermal resistance across the metal tube 

wall. 
(4) The possibility ofenhancement on the inner and 

outer tube surfaces for a two-fluid heat exchanger. 
The PEC equations of [225] do not include all of the 

above factors. The following development basically 

parallels the special cases of [5] and [6] but are now 
presented in the generalized form. 

For simplicity, the equations are developed for tubes 
of constant diameter, and heat transfer and friction 
factors are based on the nominal diameter. The 
modifications necessary for internally finned tubes wili 
be discussed in a later section. 

The relative friction power equation for the tube side 
fluid is 

P f’A rGi’ 

The UA equations for the reference (smooth tube) 
and augmented exchangers are 

The resulting development is more easily under- 
stood if the various resistance terms are written as 
ratios. The resistance terms are normalized by the tube 
side heat conductance (hA product). Table 2 defines 
the dimensionless ratios. 

The analysis includes the possibility that the 
augmented exchanger may have an enhanced outer 
tube surface. 

E,, = ho/h,,,. 
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Table 2. Dimensionless ratios to be used in equations (I), (2a) and (3a) 

Definition Reference H-X Augmented H-X 

Surface area ratio B, = &IA, B = A,/A 

Outer surface conductance rr = hdB,ho, r = r,BJB 

Metal resistance rws = h,t AJkA, r, = htA/kA, 

Fouling resistance ‘IS = h,R, 

Composite resistance 8, = rE + r,, + rfs 

719 

The simplified UA equations result from substitut- 
ing the Table 2 definitions and equation (4) in 
equations (2a) and (3a). 

(2b) 

1 1 _=_ 
UA hA 

(3b) 

Dividing equation (2b) by (3b) and including the /I- 
definitions gives UAIU,A,. 

. 
W 

Using h cc StG in equation (5a) we obtain 

UA 

UsAs 
(5b) 

the GJG is eliminated from equation (Sb) by substitut- 

ing (1) 

Equations (1) and (6) give the UA and pumping 
power (P) ratios for an augmented exchanger, relative 
to a smooth tube exchanger which operates at specified 
G,. The terms /I and & contain known or specified 
information. The parameters of interest in equation (6) 
are A/A, P/P, and UA/UJ,. For each case of interest in 
Table 1, two of the parameters are set as constraints 
and the third is the objective function. For example, 
consider case FG-2 for which P/P, = A/A, = 1 and the 
objective is UA/U,A, > 1. Equation (6) becomes 

UA 1 + 8s __ = 
UsAs St, f 1’3 (7) 

-- 11 St s 
+B 

the G/G, is obtained from equation (1) 

(8) 

These equations may be solved for specified G, once 

appropriate equations are established forfand St of 
the augmented surface. 

The internal surface area ratio (for roughness) and 
W/W, are given by equation (9) and (lo), respectively. 

A N L 

A,=N,.L, 
(9) 

W N G 

w,=N,.G,. 
(10) 

CALCULATION OF St AND f 

Solution of the PEC equations requires correlations 
for the St andfof the augmented surfaces. Assume that 
St and f are known as a function of Reynolds number. 
In most of the Table 1 PEC, Re # Re, and Re/Re, is 
dependent on St/St, and flf,. Therefore, it is necessary 
to solve equations (1) and (6) by iteration. 

The general problem is more complex. Assume that 
the designer has selected a particular type of augmen- 
ted surface for evaluation, say p/e = 10 transverse rib 
roughness. By varying the roughness height, a wide 
range of geometrically similar roughness sizes are 
possible. In conceptual terms, visualize 10 tubes, each 
having a different e/D with p/e = 10. Which of these 
tubes will yield the greatest performance improvement 
relative to the smooth tube exchanger designed to 
operate at Re,? Several methods may be employed to 
solve equations (1) and (7). 

(1) Rough surface data are normally correlated as a 
function of the ‘roughness Reynolds number’ (e+), 
rather than the pipe Reynolds number (Re). A cor- 
relation does not exist in the formf(Re, e/D) and St(Re, 

Pr, e/D), to use in equations (1) and (7). Webb and 
Eckert [5] outline a design procedures for this si- 
tuation, which employs the generalized St and f 
correlations in terms of e+. The procedure defines the 
specific roughness size (e/D) that yields the maximum 
(or minimum) value for the objective function. 

(2) Alternatively, one may use the generalized St 

andfvs e+ correlations to generate curves of St andfvs 
Re for each roughness size. An empirical curve fit for 
each specific geometry may then be used to obtain the 
iterative solution of equations (1) and (7). 

(3) Bergles et al. [3] propose a procedure which 
specifies Re rather than Re,. At the specified Re, the f 
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and St of a specific augmented surface are obtained by 
any appropriate means. Algebraic forms forfs(Re,) and 
St,(Re,) are used in equations (1) and (6) to solve for 

Re,,. Although this is a simple method, it does not allow 
independent specification of Re,, and Re, will be 

different for each roughness size evaluated. The in- 
ability to specify constant Re, as the major disadvan- 
tage of this method. In order to make the performance 
comparison for Re, = constant, it would be necessary 
to repeat the solution for each roughness size at several 

values of Re and obtain an interpolated value for the 

objective function at the specified Re,. 

(4) If the augmented and smooth surfaces have the 
same Reynolds number exponent,flL = Efi and St/St, 
= & when Re = Re,. Using the Blasius equation, (1; 

= 0.046 Re;O.‘) and the Dittus Boelter equation (Nu, 
= 0.023 Rei.’ Pr0.4) we may write 

J Re, OL 

j; = Ef Rep I---l 
02 

t 12) 

These two equations are sufficient to solve equations 

(1) and (6) for specified Re,. Normally, the rough and 
smooth surfaces do not have the same Reynolds 
number exponent so this method is of limited useful- 
ness for roughness. However, this method may be 

applied to internally finned tubes in turbulent flow 
using correlations forfand Sr developed by Carnavos 

PI. 

HEAT EXCHAYGER EFFECTIVENESS 

The augmented and smooth exchangers may not 
operate at the same effectiveness (s). For these cases 

when the objective is increased heat duty, the X-NTU 
design method gives 

Q W i: AT, 

a = w, E, .T,, 
(13a) 

where ATi is the temperature difference between the 
two inlet streams. For fixed inlet temperatures (ATi = 

AT,,), equation (13a) yields 

Q_ w i. 

Q\ w, I:,' 
(13b) 

Since the operating conditions of the smooth tube 
exchanger are known, its NTU, = NTU,A,/W,C, is 
known and I:, is calculable. Once UAJU,A, and W/W, 
for the augmented exchanger are known, its NTU is 
calculated by 

UA W, 
NTU = NTU,U-A .-G. 

I \ 
(14) 

Then the e of the augmented exchanger may be 
calculated, and Q/Q& obtained from equation (13b). 

When the objective is increased UA with Q/Qs = 1, 
ATJAT,, -C 1. By equation (13a) 

ATi i:, W, 

ATi, - i: ‘_f 

MODIFIED EQUAI‘IONS FOR I\TERhALLY 
FINUED TUBES 

Equation (6) requires minor modification for apph- 
cation to internally finned tubes. The differences arise 
because 

(1) The heat transfer coefficient is based on the total 
internal surface area. 

(2) The friction factor and Reynolds number are 

based on the hydraulic diameter (D,,). 

(3) The flow area for equal nominal diameter IS 
reduced due to the cross-sectional area of the fins. 

Webb and Scott (6) derived the equations for 
internally finned tubes. The results are 

161 

Using Carnavos’ correlation for internally finned 

tubes (8) the St andfare given in the form of equations 
(11) and (12). 

APPLICATION OF PEC EQL’Al‘IO\S 
‘TO TABL.K I CASES 

The PEC equations will now be used to derive 
algebraic relations for each of the cases in Table 1. The 
developments are shown only for the roughness case 
(equations (1) and (6)). Parallel development may be 
made for internal fins using equation (1) and (16) 

through (18). 

Case FG-1 
For this case W/W,\ = N/N, = L,‘L, = 1. Since G;‘G, 

= 1, thefand St are directly calculable. Equations (11 

and (5b) give 

UA 1 + /i, 
U,A, = ?c 

if + Ii 

(19a) 

(1Yb) 

Using UA/CJ,A, and P/P, from equations (1Ya) and 
(19b), the NTU is given by equation (14) after which I: 
is calculated. If the entering fluid temperatures are 
fixed, equation (13b) gives Q/Q, = I:/{:,%. If the alternate 
objective (UA/U,A, > 1 for Q/Q9 = I) is desired, the 
initial temperature difference (ATi) may be reduced 
and is given by equation (15). 
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Case FG-2 
This case has the same geometry and objective 

constraints as FG-1, but is more restrictive since P/P, 
= 1. Since N/N, = LJL,, a reduced flow rate is 
necessary to satisfy P/P, = 1. Equations (1) and (6) 
yield 

G f,“” 
c,= f F-1 

(204 

UA 1 + B, 
-=St, f 113 
USAS -G-l St s +B (20b) 

These equations must be solved by an iterative 
process, since G/G, is unknown. 

Case FG-3 

Here, A/A, = Q/Qs = 1 and N/N, = L/L, = 1. To 
satisfy Q/Q, = 1, the augmented exchanger must 
operate with .s/e, > 1 since W/W, < 1. The equations 
to be solved are 

UA 1 + B, 

UsA, St, f P, 1’3 

-I- -1 
(214 

St L p +B 
P fG3 

c=f;i G, L-1 
@lb) 

(214 

The solutions method is : (1) assume G/G,; (2) solve 
for PIP,, (3) obtain UAIU,A, from equation (21a); (4) 
calculate NTU from equation (14); (5) determine F and 
es; and (6) calculate Q/Q, from equation (21~). Repeat 
the iterative solution using different values of G/G, 
until equation (20~) yields Q/Q, = 1. When G/G, is 
converged, P/P, is given by equation (21~). 

Case FN-1 

This case fixes P/P, = Q/Q, = N/N, = 1. The 
objective is reduced surface area via L/L, < 1. The 
equations to be solved are 

UA 1 + 13. 

Li,A,=qTJ-gq (22a) 

(22b) 

WC) 

The solution procedure is similar to that for case 
FG-3. Substitution of equation (22b) in (22a) gives 

The solution method is : (1) assume G/G,; (2) solve 
for UA/U,A, from equation (22d); (3) calculate NTU 

from equation (14) ; and (4) calculate Q/Qs from 
equation (22~). Repeat the iterative process on G/G, 
until equation (22~) yields Q/Qp = 1. Then L/L, is given 
by equation 22b. 

Case FN-2 
This case fixes Q/Q, = N/N, = 1 and seeks P/P, < 

1. It is similar to case FG-3, except it maintains W/W, 

= 1 and yields a reduced exchanger length as well as 
reduced pumping power. Since G/G, = 1, the St and f 
are directly calculable and equation (5b) gives 

(23a) 

then 

L u, 

L, U 

and 

P=Lu, 
ps f, u’ 

(23b) 

(234 

The P/P, equation shows it is not possible to obtain 
P/P, < 1 for a two-fluid heat exchanger. This is 
because f/h > U/U,. For a prescribed heat flux 
boundary condition U/J, = h/h,. Therefore, P/P, < 1 
would be obtained if ffs < h/h,. Rough surfaces 
typically yieldf’ > h/h,. 

Case VG-1 

All of the VA cases maintain W/W, = 1 and permit 
the exchanger frontal area (N/N,) to vary in order to 
meet the pumping power constraint. Case VG-1 yields 
reduced surface area for Q/Qs = PIP, = 1 since E = es, 
Q/Q, is satisfied by UA/U,A, = 1. The equations to be 
solved are 

l= 1 + B, (244 
l=-rA 

r . . Wb) 
Js 4 

The solution is obtained by (1) assume G/G,, and 
calculateffs and St/St,; (2) obtain A/A, from equation 
(24b); and (3) calculate UA/U,A, from equation (24a). 
When the solution is converged for G/G,, equations (9) 
and (10) give N/N, and L/L,. 

Case VG-2 

This case seeks increased thermal performance 
(UA/U,A,orQ/Q, > 1)for A/A, = P/P, = LThiscase 
is similar to case FG-2 and requires solution of 
equation (19a) and (19b). Having obtained UA/U,A,, 

the NT U is given by equation (14) and E and E, may be 
determined. Equation (15) (W/W, = 1) gives the 
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permissible reduction of ATi and equation tl3b) 
{W/W, = 1) gives QI’Q,~. The N/N, is again given by 
equation (9). 

For internally finned tubes the geometry constraint 

is NL/N,,L, = 1 (fixed total tubing length in the 

exchanger). 

Reduced pumping power is desired for A/A, = Q/Q% 
= 1. This case is similar to case FG-3, although 

considerably more simple to solve since W/W, = 1, the 

Q/Q, = 1 is satisfied by UA/U,A, = 1. By equation 

!5b) 

(25a) 

Equation (24a) may be solved for G/G, 

This equation may be solved for G/G, using the 

known St(&) relation for the augmented surface. 
Then fjf; is calculated and P/P, is given by equation 

(21 b). 

The procedure outlined may be employed to estab- 

lish the performance benefits of an enhanced tube of 
given dimensions. However, if the ‘optimum’ perfor- 
mance benefits of a particular enhancement type is to 

0.7 

0.E 

>* 
; 0.5 

0.4 

be realized, further evaluation is required. The de- 
signer should establish the height (e/l)) and spacing 
(p/e) of the roughness or internal fins. In addition, the 
helix angle of two-dimcnsionat ribs or internal fins will 
have a significant effect or performance. The effect of 

these geometric parameters were evaluated in IS, 9 and 
101 for two-dimensional rib roughness and sand-grain 
type roughness. Webb and Scott [6] establishes prc- 
fcrred fin spacings and heights for internally tinned 

tubes. 
It is Important to understand that the preferred size 

of a roughness geometry is dependent on the oper- 

ational Reynolds number. as discussed by Webb [9]. 
As the Reynolds number increases, the preferred 
roughness size becomes smaller. 

Finally, the designer may wish to know which basic 

type of enhancement will yield the greatest perfor- 
mance benefit. To properly answer this question. the 
comparison of the various enhancement types should 

be based on the ‘optimum‘ dimensions for each of the 
enhancement types compared. Little work has been 
done on this question. Webb and Hong [ 1 l] compare 
the performance of nine ‘optimized’ enhancement 

types for one application. And, the performance of 

‘optimized’ p!e = 10 transverse-rib roughness and 

internal fins are compared in [h]. 

RESC:i.,TS OF PEC‘ .~\+\I.YSfS 

The results of Webb and Hong [l l] are presented to 

illustrate the use of the PEC equations to identify 
preferred enhancement types and optimum dimen- 
sions for each enhancement type. The reference ex- 

Dewy Parameters 

Re, ̂  46,200, Pr = 6 2 internat fto code 

ho = 27,260 W/&K 

h 6.814 W:&K 

Rf, ~4.4xi0-5m2wW 

n 

16 

20 

24 
28 

32 

0 
Transverse-rib 
e=O 136mm 

FK;. I. V,‘V, \s G,,:G for several water-side enhancements. $:P, = Q/Q, = 1, with w w, == 1 
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changer (smooth inner tube surface) boils ammonia at 
22.2”~ using a porous boiling surface on the tube 
outside diameter, with 26.7”C cooling water at Re, = 
46 200 on the tube side. The exchanger uses aluminum 
tubes (25.4 mm I.D. with 1.6 mm wall thickness). The 
inside-to-outside thermal resistance is h&o/h,& = 
1.13 x 27260/6814 = 4.52. Because the dominant 
resistance is on the tube side, enhancement should be 
beneficial. The study determined the possible heat 
exchanger tube material reduction due to use of tube- 
side enhancement for P/P, = Q/Qs = 1 with constant 
flow rate (w/w, = 1). This corresponds to case VG-1 of 
Table 1. The study selected the optimum dimensions of 
several enhanced surface types using a water-side 
fouling resistance Of R,i = 4.4 x lo- 5 m2 K W- ‘. The 
enhancement types evaluated are 

(1) Two-dimensional transverse-rib roughness with 

p/e = 10 [S]. 
(2) Helical-rib roughness with tl = 49” [lo]. 
(3) Axial internal fins [6]. 
{4) Helical internal fins with (X = 30” [lOI. 

A parametric analysis was performed to establish 
the optimum fin or roughness height (e) and the 
number of fins (n) which yields the minimum tube 
material volume ratio (V/V,). 

Internal-fin analysis 
The analysis method is described by Webb and 

Scott [6]. A solution is generated for each fin height 
and spacing following the procedure described for case 
VG-1. Equation (18) (with P/P, = 1) is employed, 
rather than equation (24), which is for roughness. The 
fiL and St/St, are obtained from equations (11) and 
(12), using E, and Ehi values from Carnavos cor- 
relation [8]. The fin height-to-thickness ratio is 2.5, 
and fin efficiency effects are included in the analysis. 
Figure 1 shows the results. The upper solid curves 
show V/V, vs GAG for axial fins with three different fin 
heights. The smallest value of V/V, (0.54) is obtained 
using e = 1.07 mm and n = 32 fins. The lower curve 
shows the results for 30 helical fins 1.07 mm high. In 
this case, 32 fins yield V/V, = 0.42. Therefore, the 
optimum internal fin geometry has 32 helical fins (a = 
30”) with 1.07 mm fin height. The tube side velocity is 
approximately equal to that of the smooth tube design 
(GJG = 0,98), so no increase of heat exchanger 
diameter is required. 

internal roughness analysis 
The St and f characteristics were obtained from 

[5] for transverse-rib roughness and from [to] for the 
helical-rib. These references use the roughness Rey- 

nolds number (e’) rather than the pipe Reynolds 
number (Re) as the inde~ndent variable. Previous 
anaiysis [S, llf has shown that the optimum rough- 
ness size (e/D) occurs for e+ = 20. If e+ is specified, 
the e/D required to satisfy equations (24a) and (24b) 
may be directly calculated, although an iterative 

solution is required [S]. The V/V, for the two rough- 
ness geometries operated at e” = 20 is shown by the 

noted points on Fig. 1. Both roughness types provide 
material savings approximately equal to that of the 
axial internal fins. The helical-rib roughness may be 
operated at a higher velocity than the transverse-rib 
roughness, which allows a smaller diameter. The 
roughness heights are 0.14 mm (transverse-rib) and 
0.15 mm (helical-rib). Note that the optimum rough- 
ness size is quite small. 

EFFECT OF REDUCED EXCHANGER FLOW RATE 

The FN and FG casks maintain N/N, = 1. For P/P, 
= 1, it is necessary to operate at reduced exchanger 
flow rate ~W~W~ < 1). The reduced flow rate of these 
cases penalize the augmented exchanger. Such a 
penalty does not occur for the VG-cases, which 
maintain W/W, = 1. Let us compare this effect for the 
FN-1 and VG-1 cases which seek reduced surface area 
for Q/Q, = P/P, = 1. Because the FN exchanger 
operates at higher thermal effectiveness, it will require 
additional surface area to compensate for the reduced 
log-mean temperature difference. If A,Ti = constant, 
equation (13b) shows 

(26) 

Figure 2 may be used to illustrate the penalty 
associated with the W/W, < 1 exchanger. This figure 
is constructed for an evaporator or condenser 

(c*i~c~=~ = 0) which operates with constant UA and 
AITi. The e‘ is given by E = 1 - exp ( - N TU). To obtain 
Q/Q, = 1, for U = constant, the surface area of the 
W/W, < 1 exchanger must be increased by the ratio 
QJQ, relative to that for the W/W, = 1 exchanger. The 
area penalty increases with larger NTU of the re- 
ference smooth tube exchanger. The W/W, < 1 and 
W/W, = 1 augmented exchangers have the same U- 
value if AP/AP, = 1. If P/P, = 1, the W/W, = 1 
exchanger will have a slightly higher U-value. 

0.6 

0 I 2 3 4 5 

NTU of Enhanced Exchanger 

FIG. 2. Effect ofreduced flow rate on Q/Q, for UA/U,A, = 1. 



724 R. L. WI-NH 

To summarize the concept, assume that the smooth 
tube exchanger is designed for es = 0.632 (NTU, = 

1.0) and the augmented exchanger provides a 509;; 
larger U-value. For the VG-case (W/W, = I ), U/U, = 

1.5 yields A/A, = l/1.5. If W/W, = 0.8 for the FN-case, 
Fig. 2 shows Q/Q, = 0.903. The FN-exchanger will 

require AfA, = 0.667,/0.903 = 0.14 to satisfy Q/Q, = 1. 

Thus, the VG exchanger provides IO”;;, greater surface 

area reduction than allowed by the FN-exchanger. 

PEG’ FOR TWO-PHASk: FLOW 

The PEC used for single-phase flows may not be the 
most appropriate for two-phase exchangers. In two- 

phase exchangers, pressure drop of the phase change 
fiuid may cause reduced LMTD. A good exampie is 

that of a direct-expansion refrigeration evaporator 
with tube-side evaporation. Because the compressor 

suction pressure is fixed, refrigerant pressure drop 
reduces the LMTD and affects reduced evaporator 
heat duty. An appropriate PEC should estabiish the 
refrigerant flow rate which yields maximum evap- 
orator load. This criterion is employed in the analysis 

of test results on internally roughened tubes by 
Withers and Habdas [ 121, and by Lord, Bussjager and 
Geary [13]. Similar arguments may be stated for 
refrigeration condensers having fixed compressor dis- 

charge pressure. Alternati~,ely~ the condenser PEC 
may be based on fixed LMTD with consideration of 
the increased compressor power required to corn- 
pensate for the increased pressure drop of the condens- 

ing vapor. These considerations may be more impor- 
tant if the two-phase pressure drop is greater for flow in 
tubes than on the shell side. Significant pressure loss 

increase has not been reported for use of shell-side 
enhanced nucleate boiling surfaces. Specific PEC’ have 

not been proposed for two-phase situations. However. 
Royal and Bergles [14] use the single-phase PEC to 
evaluate several surface geometries for in-tube con- 
densation. By comparing the tube geometries for fixed 

pressure drop. they maintain constant LMTD and 

compressor power for a refrigeration application. 

OTHER PERFORMAYCE I’VALI ATION MIXHODS 

In the introduction. we noted that Shah [7J has 
recently surveyed the subject. Table 1 of Shah‘s paper 

describes 19 different methods. which have been 
proposed by others, Further study of the literature will 

reveal additional proposed methods. For complete- 
ness, a comparison between the PEC given here and 
those presented by others is given. Due to space 
limitatjons, the comparison will be limited. 

In 1957, Le Foil [15] developed a PEC which plots 
(St/St,)"/(f~~) vs Re/Rtz,,. Cases FG-2a and VG-2a 
agrees with the Le Foil criteria if ii = /j_ = 0. In this 
case equation (20b) gives (St/St,);($,‘f;)’ .’ = 114 :h,.4,. 
This form has been frequently used to evaluate the 
performance of externally roughened tubes used in a 
rod-bundle configuration for high temperature gas 
cooled reactors (HTGR), 116. 171; Williams, Pirie and 

Warburton [16] define this as the “Thermal Perfor- 
mance Ratio”. Similariy, White and Wilkie [i7] use 
the form {“~~~)/(~~/~r~)~ = P/P, to defme the pumping 
power reduction afforded by rough surfaces in the 
HTGR application. This form is obtained from case 
FG-3 and VG-3 for p = fl, = 1, which defines the P;P. 

ratio for $4, = 1. 

Those interested in comparing the performance oi 
surface geometries for compact heat exchangers 
(CHE) have developed comparison methods related to 
those in the present paper. This topic is the main focus 

of Shah‘s paper [7]. Shah uses the term “Goodness 
Factor”. rather than the term PEC.’ used here. A 

goodness factor defines the performance improvement 
(e.g. ii!& or hi&) for fixed operating constraints (e.g. 

P!P, = 1) and fixed geometry constraints (e.g. hea? 

exchanger volume). Such analyses typically compare 
the performance of two surfaces and ignore the effect of 
the other resistances that would be present in an actual 
heat exchanger (the /$ and & terms of the present 

analysis). Typical analyses of this type are given hi 
Kays and London (18), Le Haye, Neugbaur and 
Sakhuja {19], Cox and Jahouk [20] and Soland, Ma& 

and Rohsenow [Zl]. Soland, Mack and Rohsenouf 
compare the performance of different CHE surfaces. 
relative to that of a reference surface for scvcrai 

operating conditions and geometry ~~~nstraints. Their 

analysis is similar to the cases presented here for /i =I ii* 

= 0. 

The present analysis differs from the above ap- 

proaches in two major respects : (1) we account fnr the 
effect of the composite thermal resistances (P and ii,) 
which occur in a two-fluid exchanger: (2) rather than 
comparing the relative performance of a given en- 
hanced surface with a smooth surface, we show how to 

select the ‘optimum’ geometric parameters for an! 
basic type of enhanced surface. 

A different approach to PEC analysis is described by 
Bejan and Pfister [22] and Roulette and Bejan [23]. 
This approach compares the entropy generation rate 

(s’) of the enhanced and smooth tubes. The entropy 
generation is the sum of the irreversibilities due to heat 

transfer and fluid friction. A preferred geometry yields 
Y/S: < 1. References [22] and [23J show calculamd 
values of S/S: for several types of tube side enhance- 
ments. The analysis is performed for MJ:X,~ and Q/Q,% =’ 

1. which corresponds to case FG-I b of Table i 
Further, the analysis does not include the /I. {I, term in 

equation (1 1. 

CONCLUSlOl\rS 

This paper provides a comprehensive treatise on 
Performance Evaluation Criteria (PEC) to assess the 
performance advantages offered by enhanced heat 
transfer surfaces. Four possible performance objec- 
tives are discussed and applied to eleven cases of 
interest. The eleven cases include three different geo- 
metric constraints on the heat exchanger geometry. 
The detailed equations necessary to quantify the 
performance benefits are developed, and step-by-step 
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procedures are given for solution of the equations. The 
modified equations necessary to evaluate internally 
finned tubes are also included. The importance of 
using the PEC to select ‘optimum’ dimensions for the 
enhanced surface is stressed. Several of the PEC allow 
the flow rate of the enhanced exchangers to be reduced, 
which may severely penalize its performance benefits. A 
method is presented to evaluate the performance 
penalty due to reduced fiow rate. Finally, modified 
PEC applicable to heat exchangers having two-phase 
flow are discussed. 
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to Professor A. E. Bergles for the many stimulating dis- 
cussions we have had on the subject of Performance Evalu- 
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CRITERES DEVALUATION DE PERFORMANCE POUR DES SURFACES A BONNE 
QUALITE D’ECHANGE THERMIQUE, DANS LA CONCEPTION DES ECHANGEURS 

DE CHALEUR 

Rkrm&-Cette etude ilargit un travail de Beigles et Webb pour Btablir des criteres ~~yai~t~on de 
performance (PEC) applicable & l’ticoulement monoph~ique darts ies tubes. Les equations tiennent en 
compte les effets d’accroissement du c&i de Ia virole et l’encrassement et ehes sont applicables aux tubes 
rugueux et ri ailettes internes. Des procedures detaillees sont etablies pour calculer l’accroissement de 
performances et pour choisir la geometric optimale de surface. Des PEC sont present& pour quatre cas: (1) 
reduction de mat&e, (2) accroissement de puissance thermique, (3) reduction de la moyenne loga~th~que de 
temperature, (4) reduction de la puissance de pompage. Les onze cas discut& concement une section de 
passage fix&e ou au contraire variable. On discute aussi les PEC dans le cas des echangeurs diphasiques. 
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BEWERTUNGSKRITERIEN FUR DEN EINSATZ VON VERBESSERTEN 
W~RME~B~RTRAGUNGSFL~CHEN BEIM ENTWURF VON W~RMEAUSTAUSCHERN 

Zusammenfassung-Die Studie setzt friihere Arbeiten von Bergles und Webb fort und stelit in einem weiten 
Bereich Bewertungskriterien fur die Einphasenstrijmung in Rohren auf. Die Gleichungen beriicksichtigen 
Effekte der mantelseitigen Verbesserung und der Verschmutzung und sind anwendbar aufRauhigkeiten und 
innenberippte Rohre. Ausfiihrliche Verfahren zur Berechnung der Verbesserung der Wlrmeiibertragung 
und zur Auswahl der optimalen Obertliichengeometrie werden beschrieben. Die Kriterien werden fur vier 
AuslegungsBIIe dargestellt : (1) verminderter Materiakufwand des Warmeaustauschers, (2) erhiihte Wiirme- 
ieistung, (3) reduzierte mittlere log~thmische Tem~raturdiff~enz und (4) reduzierte Pum~nIeistung, Die 
11 diskuti~ten F;ille behandehr konstanten und variablen S~6mungsquerschnitt. Geeignete Kriterien fur 

Zweiphasen-Wiirmeaustauschflachen werden ebenfalls besprochen. 

MCIIOJIb30BAHME KPMTEPHEB OHEHKM XAPAKTEPMCTMK IIOBEPXHOCTEH 
@OPCMPOBAHHOl-0 TEHJIOOfiMEHA IIPM nPOE~HPOBAHH~ TEn~~6MEHH~KOB 

AHHoTaunn - npe&TaraeMOe ~CCACAOBaH~e IIBnrieTCR n~Ao~~eH~e~ pdOTb1 6eprn3a is Be66a no 
onpeneneemo KpuTepeeB OueHKn XapaKTepricTaK OnHOi.$a3HbIX TereHHii B TpyBax. B ypaeHeHasx 
yqnTbIBaeTCs BJlWIIHI(e BHI%lHWO KOpllj’Ca TeflJlOO6MeHHHKa. UlepOXOBaTOCTEi flOBepXHOCTH. 3WpSl3He- 

HHR A BH)‘TpWHCrO Ow6PeHHSl Ha UNTeHCHBHOCTb TennOO6MeHa. flOApO6HO ti3JlaraeTCA MeTOAHKa 

PaC’leTa K.n.A. H BbI6Opa OIlTtiMaflbHOk reOMeTpNH IlOflepXHOCTH. np&iBeAeHbI KpHTepHH AJIR ‘WTbIfEX 

CJQ’qaeB. BCT~qaMuHXCR B FlpaKTHKe FlpOeKTHpOBaHHfl: (I) MHHHManbHiil MeTaJWOeMKOCTb TWU,O- 

06MeHHHKa, (2) MaKCUMWlbHal TenxOBaR Harpy3Ka, (3) M~H~Ma~bHbI~ C~A~e~O~p~~~~~CCK~~ 

HanOp II (4) M~HHM~bHa~ ~O~HOCTb JIpOKaYKH. B OA~HHaA~aT~ PaCCMOT~HH~X CRy’taStX WCGOJIb- 

3yiOTCX +iKCHpOBaHHaSl H nepeMetinar nnoluaAR nonepeworo wterim. PaCCMaTpHBatOTCR rakwe 
COOTBeTCTBy,O”.We KpLiTe&Wi AJIR Oll~AefleHH5l nOBepXHOCTR Harpsa ABJ’X+a3HblX TenJIOO6MeHHHKOB. 


