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Abstract

The findings of various investigators durihg the past
ten years'has greatly enhanced our ability to analyze, model
design, and optimize the finned tube heat exchangers so widely
used in the HVAC business. 'The effect of rows, fin pitch, and
other geometric parameters are now well understood and genera-
li;ed heat transfer correlatiéns are available. The relation o,
betwéen heat and mass- transfer has been much better defined
and good correlations have'beeh developed. Some advances have
also Been made in modeling techniques especially where partially
dry cooling and dehumidifying coils are involved. All of these

factors will be reviewed to concisely summarize what is now

available to the heat exchanger analyist;
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Introduction

Interest in the'désign and optimization of finhed tube heat exchangers
was revived in about 1968 after gome ten to fifteen years of limited activity :
fpllowing the work of Kays and London. Escalating manufaéturing costs, the
need for increased compactness, ;nd lack of mass transfer data were respon-
sible for this renewed'emphasis. As a result of rather intense activity,
the findings of various investigatbrs during the past ten years has greatly
enhanced our ability to analyze, design, model, and optimize the finned
tube heat exchangers so‘widely used in the HVAC & R business. The effect of
tube rows, fin.pifch and other parameters are now wélllunderstood‘gnd
generalized heat, mass, and momentum transfer correlations are available.
The relation between heat and mass transfer has been better defined and
surface éffects have been investigated. Some advances have also been made
in modeling techniques, especially with respect to partially dry cooling

and dehumidifying coils. All of these factors will be reviewed beginning

-with an optimization study initiated in 1968,



Review of Literature

An ambitious project was undertaken by the author (1) to define the
parameters which wquld.optimize the finned tube heat exchanger with respect
to space aﬁa‘weight uqder both heat and mass transfer conditions. To do
this! genefélized correlations fég the heat, mass, and momentum transfer
coefficients were required. It-immediately became clear that very little
data were available and practically no general co;relations could be found.
In fact experimental data for only two plate fin tube surfaces could be
located. The scope of the initial effort was therefore reduced to cover
onlx sensible heat transfer and considerable effort was expended to test
two surfaces (2) and develop simplified general correlations for the heat
transfer and friction coefficients. Figurés 1 and 2 shpw these corre-
lations. Tﬁe data of Rich (3) was not available at the time of this work;
but has,beep added for comparison. These correlations were not considered
to be entirely satisfactory, but the absence of data made further devel-
opment futile. The results of this project shoﬁed that tube diameter and
fin Spacing should be constrained to as small a value as possible; that fin
thickness 1s a weak parameter and can be as small as éossible; and for a
given tube diameter there is an optimum fin diameter to give maximum ﬁe#t
traﬂsfer per unit of coil volume, face area, or weighﬁ. Figure 3 shows
results for minimum volume. This work is still considered to be valid
although the correlations used were not as refined as desired.

A paper by Rich (3),Apublished in 1973, focused attention on the
effect of fin spacing on the heat transfer and friction factors for one
flate fin tube geometry. Fin pitch was systematically varied from zero to
about 20 fins per inch with data collected overla wide operating range. A
significant result of this work was the fact that fhe 3 factors and fric-

tions factors could all be correlated quite well using a Reynolds number



- O REFERENCE 1
I REFERENCE 3

1.2k O RICH
0.0897
<\ Yo = 1-0.256 (-éH?) |
0.8F '
> - =

0.4 0.25<TUBE DIA.<0.5 INCH
- | Re<5000 o
INFINITE NUMBER OF TUBE ROWS |
1 { | 1 1 1 ]
0 1.0 2.0 30 4.0 5.0 6.0 7.0
H/Se

Figure 1. Heat Transfer Correlation for Finned Tube Heat Exchahgers

0

04}
0.25 = TUBE DIA. < 0.5 INCH

' Re<5000 _
\ - INFINITE NUMBER OF TUBE ROWS

fRe%2= 1-0.7213(L)"
. ’ : e' '

"TORICH
O REFERENCE 1
I REFERENCE 3 | | | o

0 1.0 20 30 40 50 60 7.0
" H/Se '

Figure 2. Friction Factor Correlation for Finned Tube Heat Exchangers

0

o



O.51 0.21
. !
c0.41 -
Z 017
mm L
)
Go.3k
c . S
u'_ i 0125
0.2F
. [ S=0.06 inches
Oif t=0.005 inches
i he =20.0 Btu/hr-ft*F
O A 1 e 1 . 3 i .1' 1 '
01 0.2 03 04 0.5

Fin Radius, R - Inches

Figure 3. Effect of Tube and Fin Radii on -
Volume per Unit of Heat Transfer

I ¥ T - ¥ 1 T 1 I v 1 | 1
0.04} ‘ : -
_SURFAGE NO.
i 1-7 |
f
0.02} i
SURFACE NO.
1-8
0.01} | : _
_ 0.008f i
0.006} - i
L RICH i
1 1 ] 1 L. 1.1 l 4 i | 1
0.004=— T4 6 8 10 20 , 44Lo
NRe X 107° |

Figure 4. Correlation of Heat Transfer and ‘Friction Results
(RICH3)




gased on the tube row spacing with fin pitch varying from about three to
15‘f1ns per inch, figure 4. Although these results are for bnly one tube
size and layout (0.5 in; 1.25 in x 1.25 in.) the Reynolds number_based on
tube row spacing should correlate other similar geoﬁetries equally well.
Riqh then proceeded to stﬁdy the effect of tube rows.

The results of the stgdy of tube row effects were published in 1975
(4). In this case 6ne coil geometry indentical to that of reference 3 with
14 fins per inch was tested with the numbef of tube rows var&ingffrom one
to six. One coil with four rows of tubes was teéted'and the:performance of
each row was determined. These‘very interesting and useful results are

’

shown. 1n figures 5 and 6. The average heat transfer coeffiﬁient is shown
to decrease'as the number of rows increase up to a Reynolds.number (Based
on tube row spacing) of about 15,000 then the effect reverses. However,
the usual range of opera;ion is at the lower Reynolds numbers. .It should
be«ﬁoted that this behavior is opposite to that of bare tubes where the
effect of increased tube rows is to increase the avérage heat transfer
}coefficient. Thesg resulﬁs are significant because they show that the tube
rows at the coll exit are not ve;y effective in a deep coil. In the case
of dehumidifying coils, the higher heat transfer rate experienced by the
first row leads to a high surface temperature, reduced mass transfer, and
often no mass transfer at aliiiﬂl;his part of the coil. - It can generally
be assumed "that the number"df tube rows will affect the mass transfer
coefficient 1in the same way as the heat transfer coefficient since they are
related; howéver,‘the friction factor does not seem to be influenced very
much By the number éf tube rows. The literature 1s vague on this boint.
Rich (4) did not investigate the effect of rows on friction performance.
The assumption is that since é contraction and expansion of the air stream

_occurs for each row, the friction factor 18 the same for each row. The

last row actually has a larger friction factor but the difference 1s small

]
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‘for the tube diameters and tube layouts of interest here. While Rich was
studying fin pitch and row effects the author decided to pursue the ques=
-tion of the validity of the Colburn, j factor analogy given by

2/3 o
)/, € ) ; (1)

iy = hd(Sc2/3)/Gc = j = h(Pr

h, = mass ﬁtansfer coefficient
h = heat transfer coefficient : -
Sc = Schmidt number

.Er = Prandti number

G = mass velocity in the coil -

[od

¢, = specific heat capacity |

Resdlts of a simple (5) study involving a parallel platg exchanger
suggested that the analogy was very poor when dry surface and wet surface j
factors'wefe combared. A much more refined investigatioﬁ was?then under-
taken with the objective of déterm;ning the'relationshib betwgen_tbe dry
surface sensible heét'transfer and friction performance and the wet surface
heat, mass, and friction performance of plate fin tube éxchangers. The
initial phase concentrafea on the basic nature of the processkand the
effect éf surface conditions (6). Figu?e 7 shows some of the'resuitslof
this study. The presence of condensate on the surface influenges the
transport process, The clean surface corresﬁondé to a film of‘wﬁter on the

¥

surface while the nonwetting surface was coveség with drOplets;of water.
The water on the surface has a roughness effectkwhic%}is impof@;ht when thé
Reynolds>number is high and the boundary layer is'thi;? but has little

- effect when the Reynolds number is low and the boundary layer is thick,

. Note that the droplets have a greater effect than the film. These results

prompted a continued study of surface conditions and the testiﬁg of 5

different plate fin tube colls with varibus fin spacings and ﬁnder dry,
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dry, film, and drop surface conditions (7). The coils were typical coﬁper
tube—aluminum fin exchangers. Extensive bench tests revealed that the
aluminum fins would not operate in the film condensing mode following
conventional degréasing methods, but exhibited drops 1nstead. However, when
the coil was cleaned using a harsh detergent and steam or boiling water,
stable film condepsation_occured. Figures 8, 9, and 10 show the sensible j
factors, total ] factors, and the friction factofs for the coil with 8 fins
per inch. The effects of the moisture on the surface is.evident. Also
note that the surface effect increases with 1ncreaéing Reynolds number.
Similar data were obtained for exchangers with 4, 8, 10, 12, and 14 fins
per inch. It should be noted that in reducing the raw data for the above
study; the effect of the number of tube rows was considered. The curves of
figure il were developed from the results of Rich (4) for this purposé.
This approach predicted higher surface temperatures at the coil inlet and
lower surface temperatures at the coil outlet than those obtained using
average transport coefficients at both inlet and outlet. This in turn
alters the enthalpy driving potential and the derived mass transfer coeffi-
cient. The fin efficiency concept of reference 8 which accounts for mass
transfer was also used in the data reduction. As a result of ;11 these
refinements, the data reported in reference 7 are thought to be quite
accurate. However, the j versus Reynolds number representation of the data
is grossly inadequate to relate heaf and mass transfer. It 18 also desir-
able to have cofrelations to account for variations in geometry to avoid
many additional tests,

‘Extensive review of the litérature (9) revealed that sohe'investi*
gators in the process industry were able to correlate data for large circu-
“lar fin air coolers using the Reynolds number based on tube di{ameter and

ratio of the total surface area to the surface area of the bare tubes.
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The parametef is defined as
m L. \N '
JP Re™ (A/A)) o (2)

Note'that tﬁe ratio A/At is equal to one for a bare tube bank and for this
case m 1is aBout -0.4 at low Reynolds numbers. The parameter A/At contains
all the geometric parameters of the coil except  the ﬁumbér of tube rows,
The final form of the correlation is shown in figure 12 where the data of
reféfence 5 are plotted. Additionally, the data of.references 2 aﬁd 3 are
shown to fit nicely. Coils with tube diameters ranging from 3/8 inch to
5/8 inch; tube patterns raﬁging from 1 inch x 1 inch to 1 3/4 1ncﬂ x 1 3/4> :
-inch; and fin pitch ranging ffom three to 20 fins per inch are correlated.
Howevef, the correlation 15 for four rows of tubes.
Analysis of the data shown in figure 5 which shows the tube row effect
resulted in the following correlation
/3, = 1-1280 N_ Reb~;'2 | - (3)
where

N = pumber of rows of tubes

T
jh = j factor corresponding to Nr
jl = ] factor for a 1 row coil
Reb = Reynolds number based on tube row spacing

Since the correlation of figure 12 is based on four row coils, equation 3 can

be modified to obtain

-1.2

b (4)
-1.2

b

1 - 1280 Nr Re

1/3, =
AT ) (4x1280) Re

where J4 1s found from figure 12,
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The friction data of references 2, 3, and 7 were correlated in a

similar way using a parameter defined as follows

R 4(1-Ps y 2R*

where

R _ (Xa - 2R)Ps + 1
R* (A/At)»

(6)

. and

'R = effective fin radius

Xa = tube spacing normal to the air flow

Ps = fin pitch

y "= fin thickness
Figure 13 shows the friction fagtor f plotted versus FP, the data of reference
7 correlate very wali with the data from all sources scattered somewhat, -
Friction data from different sources are usually diffiqult to correlate.
With ' the dry sensible heat tranfer and friction coefficients correlated

reasonably well, new parameters to modify JP and FP were sought to relate

the wet surface sensible and total ] factors and friction factors to the

-dry surface values.

The wet surface effect seemed to depend strongly on the fin spacing
and Reynolds number (reference 7)., Therefore, two new parameters were
devised. These were a Reynolds number based onAfin spacing Reg and the
ratio of fin spacing to distance between the'fins, Fs' Correlating param-
eters of the form

j - fcﬁ[('Jp)J(s)]

wet

(7)

fwet = fcn[(FP)F(8)] ;

weére developed. In the case of the film type surface condition the parameters

were as follows:
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Sensible j§ Factor

J(s) = 0.84 + 4,0 x 10—5 Resl'25 S . (8)

Total j Factor

5 1.25 2

J(s) = [0.95 + 4 x 10 Re ~*“7] F_ (9)
Fanning Friction Factor
F(s) = [1+Re O] F > (10)

Figures 14, 15, and 16 show all the wet surfaée data from reference 7.

With the exception of the 14 fin per inch coil, all the data correlates
reasonably well., Note that J(s) and F(s) are équal to one when the surface
is dry. Therefore ghe correlations of figures 14, 15, and 16‘may be used
to obtain all the trénsport coefficients for any smooth plate fin tube coil

operating either wet or dry.

Diécussion

The generalizéd correlations descfibed above provide excellent tools
to investigaté the performance, optimize, and design finned tube heat
exchangers. Strictly speaking, the correlations shown are for smooth plate
fin tube coils. Experience has shown, however, that circular fins, wavy
fins; and other such variations correlate in the same general way with a
slight displacement to the right or left and a small change'in slope.
Therefore, with a few data points from dry sensible tests, acceptable
correlationg can be developed for a whole family of coils with similar
gedmetric characteristics. It must be assumed that the wet surface perform—
ance will foliow the same trends as given for the smooth plate finned tube -
coils. This approach has been found to work well for smooth cir;ular fins
and corrugated circular fins where only four data points were available for.
the j and f factors.

Practical use of the forgoing correlations in heat exchanger analysis
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requires a computer, especially when mass transfer is occuring. This is
because iteration 1is required. When only sensible heat transfer 1is océur—
ing, the calculation procedure may be the classical LMTD or NTU;E methods
using the overall heat transfer coefficient U. In the case of simultaneous
heat and mass transfer a different approach 1s required because the latent
heat transfer due to moisture condensation depends on the surface femper—
ature and not the water temperature directly. An iterative procedure may
be used to compute the coil surface temperature at the inlet and outlet
‘taking into account the difference in heatAand mass transfer rates at inlet
and ouﬁlet as discussed in the literature review (4). With these tempera-
tures and tﬁe entering and leaving moist air conditions the driving potential
(log mean enthalpy difference) is established and the total heat transfer
rate may be computed. The sensible heat transfer is coﬁputed in the usual
wéy, but a U'factor based on wet surface conditions.is used. In the course
of carrying out the iteratlons suggested above the computed surfacé tempera—
tures may be used to check for a partial or totally dry coil as follows:

1. Surface Temperature at inlet less than dewpoint temperature

indicates a completely wetted coil.
| 2. Surface Témperature at exit greater than dewpoint temperature
.1ndicates a completely dry coil.
3. surface Temperature at inlet greater than dewpoint temperature
indicates a partially dry coil.

Figures 17 énd 18 {1llustrate the cdnditions for a partially dry coil which
is the most troublesome to analyze because it 18 necessary to determine the
1ocafioﬁ in ihe coil where condensation begins and the air temperature at
that point. Again this is accoﬁplishéd by itefation. Using the known dew-
.point temperature and humidity ratio énd by checking the energy balances
betweéen the air and refrigerant for both the dry and wet‘portions of the

coil, the location where condensation begins may be found. This iteration



figure 17, Temperatures in a Partially Wet Dehumidi-
gying Coil
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Figure 18. Psychrometric Process for a Partially
Wet Dehumidifying Coil



i8 ‘carried on each time the overall iteration for the coil exit conditions 1is
done. At convergence all energy balances must be saﬁisfied._ This éeneral
approach has been used successfully for typical air conditioning type cal-
culations as wellias cases where alr temperatures and pressures were réther
extreme. In a number of cases computed and actual performance have been

compared and found to agree within the accuracy of the general correlationms.

Summérz

Recent developments in the correlation of hea;, mass, and momentum
transport data for finned tube heat exchangers have béen reviewed. It was
shown that the effects of all geometric parameters on performance are well .
understood. Surface effects bavé been much better defined and the relation
between heat and mass transfer 18 fairly well understood. Howgver, with
"~ all this progress there étill are a nﬁmber of assumptions to be questioned.
The assumption that the number of tube rows affects mass transfer in the
same way as heat transfer should be verified. It may also be true that the
number of-tube rows has an effect on the friction factor, especially when
the coil is wet. Additional research should also be done to better define
the parameters which relate wet surface and dryvsurface performance. The

correlations of figures 14, 15, and 16 can no doubt be improved.
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