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Abstract

The purpose of this paper is to discuss the internal surface area basis, a key issue of modeling fouling in enhanced
heat transfer tubes, and to correct an error in the author’s previous paper, Li and Webb [Int. J. Heat Mass Transfer 45
(2002) 1685]. A fouling factor can be defined based on one of the two area bases, nominal internal surface area and total
internal surface area. The error was originated from incorrect definition of internal surface area basis.
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1. Introduction

The two subject areas of fouling and enhancement
have been developed mainly independently for many
years. Watkinson [1] had attempted to bring the two
areas together in an early paper. Chamra and Webb [2]
tested accelerated particulate fouling behavior for a wide
range of particle size distribution and foulant concen-
tration for two different types of in-tube enhancements
and a smooth tube. Rabas et al. [3] monitored the
fouling characteristics of helically corrugated (indented)
steam condenser tubes in an electric utility plant for 15
months. Bott [4] and Epstein [5] described information
on particle deposition. Webb [6], and Somerscales and
Bergles [7] summarized much of the relevant prior work
on accelerated fouling in enhanced tubes.

Webb and Li [8] provided the data on long-term
fouling in practical situations. The tests were conducted
in seven 15.54 mm ID copper, helically ribbed tubes as
shown in Table 1 using cooling tower water. Li and
Webb [9] further provided correlations of the experi-
mental results of Webb and Li [8] to quantitatively de-
fine the effect of rib height, rib axial pitch, and helix
angle on the tube fouling performance. Even though the
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correlations can be directly used to assess the fouling
potential of enhanced tubes in actual cooling water sit-
uations, there is an error in the Section 3.2 of Li and
Webb [9], bordering on a misinformation of potential
readers including a number of wrong or misleading
statements. It was originated from incorrect definition of
internal surface area basis. The purpose of this paper is
to discuss the internal surface area basis, a key issue of
modeling fouling in enhanced heat transfer tubes, and to
correct the error in the author’s previous paper.

1.1. Two area bases

We can define the fouling factor on two area bases.
They are: R¢, based on nominal area, and Ry, based on
total internal area. The overall thermal resistance
(1/UA) is given by

1 1 R 1

= b R+ Rpu+R 1
Ud " iy A T, T Rron R M)
One must specify the area basis for the fouling factor in
Eq. (1), using either of the definitions given above. One
may convert from R; definition to Ry, definition using the
following relationship,
Ri Ry

Riou = —
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Nomenclature

A surface area, m> Rioul fouling thermal resistance per square area
A cross-sectional area, m? (=R¢/A), KIW

D; internal tube diameter, or diameter to root U overall heat transfer coefficient, W/m? K

f fins, m
f ?rictiosr,l factor, dimensionless Greek sy mbols. . .
Lo i) B area index, (4(/Ay)/(Ac/Acp), dimensionless
G mass velocity (= m/4.), kgm fciency index "U/ )/(f;f) dimension-
h heat transfer coefficient, W m— g le clency . Ule P/ ensio
J Colburn j-factor (= StPr*/?), dimensionless o8 . . .
g fouling process index, dimensionless

L tube length, m . . 3

. 1 p fluid density, kg/m

m mass flow rate, kgs Il sh N N/m?

AP tube side pressure drop, N/m? Tw Wwall shear stress, J/m

Pr Prandtl number, dimensionless Subscripts

St Stanton number, dimensionless i inside

R; fouling factor based on nominal area, m?> K/ 0 outside

W p plain surface
Rf asymptotic fouling factor based on nominal t total internal area
area, m> K/IW
Table 1
Experimental fouling ratio and experimental heat transfer enhancement ratio (referred to plain tube)

Tube Rﬂ/pr Rr/pr n ﬁ Ac/Acp Al/Ap ]’l//’lp
2 8.19 5.15 1.18 1.66 0.96 1.59 2.32
5 5.61 3.40 1.04 1.75 0.94 1.65 2.26
3 3.45 2.26 1.05 1.56 0.95 1.48 2.33
6 2.25 1.57 1.01 1.52 0.94 1.43 2.08
7 2.14 1.51 1.05 1.52 0.94 1.42 1.93
8 1.64 1.25 0.98 1.40 0.94 1.31 1.51
4 1.32 1.13 0.95 1.24 0.94 1.17 1.74

1 1.0 1.0 1.0 1.0 1.0 1.0 1.0

D; = 15.54 mm, Ry, = 2.8E-5 m> K/W, &, = 6730 Wim* K, f, = 0.0257.

The ARI allows equipment manufacturers to include
a “design fouling factor” in Eq. (1) for the machine
design rating. The logic of this is that when the machine
was tested in the laboratory, no fouling occurred over
the short (e.g., two weeks) test period. Hence one
“rates” the machine for operating conditions expected
to occur in seasonal operation. The Rag; value specified
by ARI is 4.4E-5 m? K/W (2.5 E—4 hft’ °F/Btu). This
value currently applies to all internal tube geometries.
For the case of “internally enhanced” tubes, which have
larger internal surface area than a plain tube, one must
decide whether to use the actual, total internal surface
area, or whether to use the “‘nominal” plain tube area
(A, =nDiL) in Eq. (1). Equipment manufacturers
choose to use the actual, total internal surface area. An
important implication of this is that it will result in a
smaller de-rating of the unit. This is illustrated for Tube
2, which has 4,/4, = 1.59, as shown in Table 1. If we

write the Ud-value on a “per unit length” basis, the
fouling thermal resistance is Rari(L/4;). Hence the
fouling thermal resistance added for Tube 2 depends on
the area basis applied to the fouling factor. It is calcu-
lated below for each of the possible area definitions.
Rari(L/A;) based on total internal surface area:

L 1
Rari( = ) = Rart | o
ARI (AI ) ARI ( 1.597D; )

=2.07E -3 mK/W (3)

Rari(L/A4,) based on nominal internal surface area:

L 1
R — | =R — | =3.29E -3 mK/W 4
ARI(AP> ARI(T[D]_) mK/ 4)

Although the Rari(L/A4:) and Rari(L/A4,) may seem
like a small number, one must measure it relative to the
“water side convection thermal resistance”, L/hi4;. As
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shown by Eq. (1), the fouling thermal resistance (Rg,y) is
added to the convection thermal resistance (1/4;4;). For
Tube 2, L/hiA4; = 11.1E-3 m?> K/W. The sum (1/h;4; +
Riou) 1s the total water side thermal resistance (R; o). If
Riou 1s based on the “total internal surface area”, the
addition of Ragr; increases R by 19% [100(11.1+
2.07)/11.1]. However, if Ry, is based on the “nominal
internal surface area”, the resistance increase would be
30% [100(11 + 3.29)/11.1]. The next question of im-
portance is—What is the magnitude of the total water
side thermal resistance for the measured fouling factors
obtained from the fouling tests? As shown by column 1
of Table 1, the highest measured Ry is 22.9E—-5 m?> K/W.
This value is 5.21 times larger than the Ragr;. Such a
fouling resistance would result in a very large increase of
the total water side thermal resistance. For Tube 2, the
Ri o increase would be 197% [100(11.1 +5.21 x 2.07)/
11.1].

2. Fouling data analysis
2.1. An error in Li and Webb [9]

We would like to quote the Section 3.2 in Li and
Webb [9]:

Ry Tw/Twp

Because the e/D; < 0.04 of the tubes investigated in
this study is small, the momentum in the axial direction
is much larger than the angular momentum promoted
by the ribs. The apparent shear stress, obtained from
pressure drop data, is used to approximate the wall
shear stress (7). The 7y, is given by

APA. = 14,4, (6)

Combining Egs. (5) and (6):

«
.
"

R,

oc By (7

p=(4/4p)/(4c/As,) 1is an area index and 5=
(/jp»)/(f/fp) is the efficiency index, where f is the fric-
tion factor and ; is the Colburn j-factor. f and # are
normally provided by the tube manufacturers. As pre-
viously noted, the Rf, f, and j are based on the nominal
surface area. By correlating R;/Ry,, fouling factor ratios
at the end of one cooling season, with -5 in Table 1
using Eq. (7). Li and Webb [9] obtained the following
correlations:

Ry

—=pn 10.0>p/e>=5.0 (8a)
Ry,

Ry _ 5.03

= 0.178(Bn) ple < 5.0 (8b)

fp

Egs. (8a) and (8b) have an average deviation of 4.5%.
They can be directly used to assess the fouling potential
of enhanced tubes in actual cooling water situations.

There is an error in the above analysis. Please note
that the R} and 7, in Eq. (5) must be defined on the same
area basis. Because the R{/R;, is based on 4, one must
use the same A4, for 7,,. However, 1, is based on 4, as
shown in Eq. (6). Therefore, Eq. (7) is not valid because
Eq. (5) is based on 4, and Eq. (6) is based on 4;. The
correct analysis is as following: by definition,

t = £(G*/20) 9)

Setting G = constant and substituting Eq. (9) into Eq.
(5) give:

5

f
- 1
R aph (10)

g, is a fouling process index based on 4, which is de-
termined from the fouling tests. By comparing Eq. (10)
to Eq. (7), we observe that R; /Ry is proportional to n
instead of f - 5.

2.2. Correlations based on the total internal surface area

The equipment manufacturers use the actual, total
internal surface area. We need develop correlations of
Ry, /R;,, which is based on the total internal surface area.
According to Eq. (5), we obtain the following relation:

R;, Tyt / Twp

Eq. (11) may be transformed to a different form using
the following relations: j 4, = ji4; and Eq. (6). Substi-
tuting these relations into Eq. (11) gives:

Ry 71AC

P __
R =N = 0.956, (12)

A

o, is a fouling process index based on A, which is de-
termined from the fouling tests. The ratios of A,/4. for
the tested tubes in this study are between 0.94 and 0.96
as shown in Table 1. We use 0.95 for 4.,/4. in Eq. (12).
By comparing Eq. (10) to Eq. (12), we observe that
Ry /Ry, is also proportional to 1. Ry /Ry, shall have a
similar behavior to R¢/Rg, according to Egs. (10) and
(12). This is confirmed by Fig. la. Fig. la also shows
that Ry /Ry, and Ry /Ry, are not able to be correlated by .
However, Eq. (7) correlated the experimental data well
by using f -7 as shown in Egs. (8a) and (8b). If we
correlate Ry /Ry, fouling factor ratios at the end of one
cooling season, with f§ - 1 as shown in Table 1, we obtain
the following correlations:

Ry

R =23pn—14 10.0>p/e=5.0 (13a)
fp
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Fig. 1. (a) Ra /Ry, and Re /Ry, vs. 1, (b) Ry/Ryy and Re/Ryy vs.
B-n.

Ry

=027(pn)>"" ple < 5.0 (13b)
pr
Egs. (13a) and (13b) have an average deviation of 6.5%.
Egs. (10) and (12) are not able to correlate the ex-
perimental data as shown in Fig. 1a, but Egs. (8) and (13)
correlated the data well as shown in Fig. 1b. There ap-
pears to be a gab between theoretical analysis and ex-
perimental data. Little understanding exists of the role of
f in the modeling process. The helical-rib tubes provided
significant surface area increase, which is reflected in f.
Both particulate and precipitation fouling (P&PF)
existed in cooling tower [8]. Fig. 2a shows that signifi-
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Fig. 2. (a) A photo of fouled (upper photo) and unfouled
(lower photo) tube 2 after completion of P&PF test. (b) A
sample of experimental P&PF data of the tube 2.

cant physical P&PF deposits cover the total internal
surface of a tested tube 2 after the completion of tests in
one cooling season. Fig. 2b shows the corresponding
fouling data of the tube 2. The P&PF deposits on the
total internal surface including the surfaces between ribs,
rib tip surfaces, and side surfaces of ribs, due to deposit
cohesion. If there is no deposit cohesion as particulate
fouling, the fouling deposit will be on the surface be-
tween the ribs and on the rib tip surface only [2]. It is
probable that f (or 4,/A,) should be manually added
into Egs. (8) and (13) to include the effect of deposit
cohesion. Further studies are needed to investigate the
reason of adding f3, the gab between theoretical analysis
and experimental data.

3. Conclusions

1. The purpose of this paper is to discuss the internal sur-
face area basis, a key issue of modeling fouling in en-
hanced heat transfer tubes, and to correct an error in
the author’s previous paper, Li and Webb [9]. A foul-
ing factor can be defined based on one of the two area
bases, nominal internal surface area and total internal
surface area. The error was originated from incorrect
definition of internal surface area basis.
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2. A series of semi-theoretical fouling correlations as a
function of f - # based on total internal surface area
was developed. The correlations can be directly used
to assess the fouling potential of enhanced tubes in
actual cooling water situations.
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