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ABSTRACT (
"The performance parameters proposed by Soland et al, (2] was '_
used to perform a comparison of the Kays and London (3] '.:
plate - finned surfaces for heat exchangers constructed from 2.
stainless steel, mila steel, aluminum, and copper. Three ;
additional comparison criteri:a were also 1nvestigated by s
modifying the proposed parameters. When using sStainless 4
steel, the louverea plate - finned surface /4 (b) - 11.1, -
is the best, but when using mild steel, aluminum, oOr copper, g
the wavy - fin plate ~ finned surface 7.8 - 3/8W s the -~
pest of those consigerea. i
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NOMENCLATURE

DEFINITION
heat exchanger width
heat transfer area of base surface
without enhancement; equals length
t imes heated perimeter
minimum free flow area
frontal area of heat exchanger
flow area without enhancement
total heat transfer area
plate spacing
gpecific heat
pin diameter

nominal diameter: defined by (1lb)

friction factor based on total
area (Ah): gefined by (4a)

nominal friction factor pased on
pbase area (AD): defined by (4b)

friction factor for a smooth
surface: defined by (28>

conversion factor (= 32.174)

mass flux based on minimum free
flow area; dcefined by (2a)

nominal mass flux based on flow
area (Ag); defined by (2b)

heat transfer coefficient based on
total area (A,); defined by (5a)

nominal heat transfer coefficient
based on base area (Ab>: defined
by (5b>

Colburn 4 factor based on total
area (A, ); cefined by (7a)

L pat \J 0 3 3 -

£t2

£t2

£t2

£12

ft
BTU/iby, F
ft

ft

by, ft/log 92

|y he £t2
| b/ hT £e2
BTU/hr ft< F

BTU/hc £t< F

-

e .y




of
W
g
6 "
p
in nominal Colpurn y factor pased on - - - v
pbase area (A >: cefinea by (7b) X
Jg Colburn J factor for smooth - - - :
surface; defined by (26> )
)
Km thermal conductivity of mater:ial BTU/hr ft F .
.!
1 fin length from root to center; ft ‘
(= b/2> .
(1
L heat exchanger length ft -
m fin parameter: defined by (10> 1/ £t ;
Nu Nusselt numper: defined by (6a) - - -
“
W
Nun nominal Nusselt number; defined - - - %
by (6b) 5
&
NTU numper of heat transfer units:; - - -
defined by (23> q
P pumping power hp N
Pr Prandtl numper - - - .
q heat transfer rate BTU/hr &
.
4rh hydrauli1c diameter: defined by ft [
(la»
J
Re Reynolds number based on minimum - - - ol
free flow area (Ac): aefined by "
(3a> 3
Re nominal Reynolds number based on - - - Z_
free flow area (AF): gefinea by "
(3b>
T temperature F .
v heat exchanger volume on one £¢3 2
side o
s
N
.
N
v
b9
Y
2
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aPg

Ne¢

ratio of heat transfer area (Ah)

MISCELLANEQUDS

to volume

friction pressure drop

mass

fin efficiency;

total

surface efficiency;

by (8>

flow rate

viscosity

density

heat exchanger effectiveness

fin thickness

case

case

case

case

case

case

case

g

SUBSCRIPTS

parameter
parameter
parameter
parameter
parameter
parameter

parameter

enhanced surface

smooth surface

mominal

ERC A
_A.A'J\

’_A

defined by (9)

-.\ .\‘.

‘a’

def ined -

b/ he £t

b/ £t3

ft
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I. INTRODUCTION

Plate - fin surfaces have been used for many years in A
heat exchanger design. Various attempts have been madge to 5
develope a universal comparison method to evaluate the ;
performance of enhanced surfaces. These compari19on methoas .
provide ways for the designer to select the most beneficial ;
surface for a given application. Any comparison methoad E
should be easy to apply and give accurate results. The most N
notable of these attempts have been Dy Bergles et al. [(11], h
Webb (6], Webb et al. (7], LaHaye et al. (8], and Cox et al. ?
[111. X
>

LaHaye et al. (8] proposed a method using an effective ?
uninterrupted flow length to Qiameter ratio of the surface ;
to daetermine the relative performance of different heat E
exchanger surfaces. This comparison method was modified DOy ?
Soland et al. [2) and used to compare the plate - finneaq ;
surfaces of Kays and Lonaon [3]) using aluminum ag the heat a
exchanger material. From these proposed performance i
parameters four cases could pbe 1nvestigated when the fiow .
rate and inlet temperatures between the surfaces bpeing \
compared were held constant. The cases were: :
a) Same shape and volume. )

b) Same volume and pumping power. S

¢) Same pumping power and number of trangafer units. ﬁ

N

d) Same volume and number of transfer units. i

‘
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Aluminum may not be the pest material to use for eat
exchanger construction i1n aili applications. Pl!ate spacing,
fin thickness, and material thermal conductivity are tnree
of the parameters that determine fin efficiency and
subsequently the surface eff,ciency. These factors prevent
the "best" aluminum surface from being the "best" when a
different material 138 used. Here the proposed performance
parameters of Soland et al. [2] are used to 1nvestigate
which surafce 18 the "best" for four different materials - -
stainless steel, mila steel, aluminum, and copper. The:r
performance parameters are also further modiflied to
investigate three aadditional cases:

e) Same shape, volume, and pressure drop.

£f) Same frontal area and heat transfer.

g) Same frontal area and pumplng power.




Kays and London (3], presents data for many different

plate - finned surfaces in terms of Colburn J factors, g,
and friction factors, f, as a function of Reynolds number
Re. The total heat transfer area of the surface, A,, is the
reference area for J and f while the minimum free flow area,

Ac. 18 the reference for Re.

The proposea comparison method of Soland et al. (2]
converts the magnitudes of J and f referenceda to the surface
base plate area, A,, to obtain new “nominal" values, j, and
fh- These values will i1nclude the effect on the base plate
area of the fins. The new J, includes the total heat
transfer area but 18 based on the plate area; hence Jp > J-
Since 18 proportional to the local heat transfer
coefficient, h, th1s implies that h, > h. Similarly the new
friction factor includes the total friction effect but 18
based on the plate area as though the fins were not present;:

also fn > f. Further, since h, includes the effect of the

fins 1t pecomes a function of fin material therma,
conductivity. The f,. hovever, 18 1ndependent of fin
conductivity. The new "“nominal" Reynolds number, Ren. Wil

be based on the open flow area, AF. as though the fins were

not present.

Table I shows the proposed new definitions of the
various quantities comparea with the aefinitions used Dby

Kays and London (3]).
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Figure | shows a representative surface geometry ana a

sample calculation for the proposed hyadraulic diameter, Dp»
and mass flux, G,, of a smooth surface passage and the Kays
and London plain plate - fin surface 6.2. Note that Dy = 2b

for either a finned or unfinned parallel plate passage.

To convert the Kays and London data to the new pas;s,
the following ratios are obtained from the definitions of

Table I and Figure 1.

Ap Qal e

_— ——— . - i1

A, A8V  ab

where # = A /V

A
_F = abL = ! (12
Ac “hrh Ary
G A
=« = = pr, €13
G_ AF '
Re 0.G

AN el Y.L C14)
Re 4rhGC ol

<

fan  ApARGE b (1S
——m I ———— = —ﬁ
¢ ACADG; 25“r5
J n.G I -
LT L (16

3 h Gn  2rp

These ratios were used to convert Kays and London aqata
to obtain curves of the proposed fn and 4, as a function of
Re,. To solve for the proper fin efficiency, %¢ , two

assumptions were required: selection of the heat exchanger

materlial and operating fluid. The gas selected was air at

RS T A R T e T e
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400 F (cp = 0.2451 BTU/lby, F, M = 0.0624 Iipp/ft hr, Pr =
0.683). Four different heat exchanger materials were
analysed; stainiess steel (km = 10 BTU/hr ft F), mila steel
(km = 25 BTU/hr £t F)>, aluminum (km = 100 BTU/hr £t F), ana

copper (km = 225 BTU/hr ft F>).

A representative set of curves for the Kays and London
plain plate - fin surface 6.2 of reference (3] 18 shown 1n

Figure 2 for aluminum heat exchanger material.

Using the definitions from Table I, two power
performance parameters can be developed. For any heat

exchanger, the pumping power required for one side 1S:

P = pod AP 17>
»

Substituting for AP; from equation (4b) and using equation

(3b) results 1n:

e f . .Ret
P_z"'_,uL ;3” ET-B
92" n
3 £ R03
I Ael N N
9o” Cn

2
FLRen  9,°% p
E | ————
o 2uc  wl

202

A% 9 3

(
-~
o
A
.
.
Rt

L)
D)
»

L
Ve
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These two equations are the power performance parameters.

The heat transfer for any heat exchanger 18 given by:

Q= "rh.tn - Tc.in’“‘p (228 ]
= AhhATlﬂ (22b)
= wCpal, (22¢) :

For any flow arrangement, a curve similar to Figure 3 exists b,

which relates £ to NTU. where:

Aph
NTU = — 23> :

wcp K

This relationship petween £ and NTU 1s always monotonically
increasing. The log mean temperature difference, AT )y » 18
defined by Figure 4 and 1s applicable to all single pass
flow arrangements except for cross flow heat exchangers. [n N
a cross flow exchanger AT . must be corrected as described -

in reference [4].

Heat transfer performance parameters can be developea
from the definitions, (3b) ana (7b) of Table I and equations b
(22) and (23) resuiting 1n the following:

5/3
Jn  PFTT Aphp

]
»
D)
F
v‘v

—_— - (242>
(s 4wcy L
p2’3  q
- C24b)>
‘BCP AT‘"L

Y e T et et e T AT L L e N . e T TR AT T e e
T e e N N e
SRV P L A, AP A P N T A T AU LT Y




avt
- - In 1 (24
4L AT,

273
Jchn Pr Ahhn

- - .

DE Qucp v (25a)
P£/3 q

- 25b)

4ﬂcp ATlmV

273
_ P L T

/4 v

(2%¢c)H

Equations (24) ana <(25) are the heat transfer performance

parameters.

With the surface gata 1n the form of Jp and fn as a

function of Re,, the performance parameters can be

constructed 1nto performance curves and plotted. A different

curve will result for each surface.

Since Jpn’Dpn ana fnRenZ/Dn3 nhave a common heat exchanger

dimension of length, they will be usea tc generate one set

of performance curves. Volume 1S the common qimension for

JnRen/Dn2 and fnRen3/Dn4 SO they will be usea together to

generate another set of performance curves.

Figure 5 shows representative performance curves for two

Kays and London surfaces when plotted as Jn’Dn as a function

of fnRenz/Dn3. Figure 6 shows the same two surfaces for the

other performance parameters, JnRen/DnZ and fnRens/Dn4. In

poth figures, Ren can be represented as shown.




TABLE I: DEFINITIONS

Quantity Kays & Longon (3]  Proposegd ===~~~
aACL
s — (1b>

hydraulic

diameter Ay Ay

mass flux

Reynolds
number

friction
factor

heat transfer
coefficient

Nusselt
number

Colburn
factor

Surface
efficliency

Fin
efficiency

Fin thin sheet
parameter fins

circular
pin fins

- . - LI |

»
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a)> Smooth Surface Passage

a .
A b o 4 ! L 8
= . b4 — ‘_)
F n Ab cab
Ap = Cal 4
W w
v = abL Gn T e T —
AF ab
\
p> Plain Plate -~ Fin Surface 6.2
q >
Vv ablL _
Ag = ab B, = 4 — = 4 — = b
Ab cal
A = 2al -
(7Y W {
v = abl G, = — = —
AF ab {

Figure 1: Sample Calculation of Nominal Diameter and Mass
Flux for Rectanguiar Flow Pasgsages.
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NTU

' Figure 3: Representative Plot of Heat Exchanger
Effectiveness,f , vs. Number of Transfer
Units, NTU.
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§ 111, COMPARISCON METEOL

L)

. consider a heat exchanger wWith the cohlrdiiing neat
¢

transfer registance on one sSide, sSuch as the gas fiow siqe

of a conaensor or evaporator. This allows the comparison to

be conaucted on onily one 38ide of a plate - finned heat

exchanger. The plate resistance separating the two sides of

PAf D S G g RN

the heat exchanger will be considered negligiple, and the
heat exchanger 1'nlet temperatures, Th,xn ana Tc,ln' will

] remaln constant for all cases considered.

Using the two sets of performance parameters (equations

(20) and (24), and equations (21) and (25)), seven different

A

cases can be consigered. The first four cases were developed
b by Soland et al. [(2) ana uses the performance parameters .n
s the form of equations (21) and (25). These cases will be
p briefly presentea tor completeness of discussion. The last
three cases use the performance parameters 1n the form of

equations (20) anad (24).

The two Surfaces represented |n Figure 7 for the
performance parameters of eguations (21> ana (25) will ope
p used to demonstrate the use o0t these curves to determine
3 heat exchanger reiative performance for the first four
s cases. These comparisons will be maae for the same flow rate
and 1nlet temperatures. This 1mplies that any compariscn
b which results in the same value for NTU/V will also have the

same q/V,.
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refering to Figure ~, point o on surface | represents a
reference heat excnanger with the folilowing specificat.crs:
Poy+ NTUgG, qgq. Lo AF o+ Vo- This point may lie anywhere on
the surface ! performance curve. Points a, b, ¢, and a on
surface 2. represent the four different per formance

comparisons of Soland et al. (2].

The two surfaces shown I1n Figure 8 for the performance
parameters of equations (20> and (24) will be usead to
demonstrate their use to aetermine heat exchanger

performance for the last three cases.

Point o 1n Figure B8 represents the same reference heat
exchanger as the previous four cases. For these performance
parameters the specificati(ons at point o will be: APF.o' Po.
NTUO. 95 AF.o' Ly This point may li1e anywhere on the
surface | performance curve. Points e, f, ana g on surface ¢

represent the last three performance compar | Sons.
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Representative Performance Curves tor Two
Surfaces Showing Points Used for Cases a, b, c,

anad 4.
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Figure 8: Representative Pertormance Curves tocr Two
Surfaces Showing Points Usedq for Cases e, f, ana
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Cage a:

Same heat exchanger shape, volume, flow rate, and Inlet

temperatures.
L, = L

] o "’o""o
AE,a " A, AT o = 474 4
Va " VYo

This case represents a comparison of points o and a of
Figure 7 by equations (2b) _and (3p). The ratios of the
ordinate values, equation (éSc). and the apsacissa values,
equation (21), provide the reiative changes of heat transfer
and pumping power between the two heat exchangers. The

necessary ratios are:

R.ni. Dﬁ,.
Ra 0

N.O

n.o

P CFaRe3 08>,

a
-_—
Po (FoRe3/DN>,

NTU, (jnp.n/o§>.

= bl
NTU, (1 Re,705),
Figure 9a shows the magnhitude of the (ncrease in pumping
power and heat transfer when using Surface 2 1nstead of

surface 1 in the same shape and volume heat exchanger.
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Cage p:

Same heat exchanger volume, pumping power, flow rate,

and inlet temperatures.

vb.vo wb-wo
Po = Po AT p = 8T, 0
A vertical line on the performance plot of Figure 7 has

a fixed value of power per unit volume, equation (21), anaq
18 represented by a comparison of points o and b. From
equation (25c), the ratio of the ordinate values will yiela
the number of heat transfer units ratio of the two heat

exchangers. The required ratios are:

Ren b . Ac,0 On,pb

Rep o Ae.b Pn,o

: <
NTUD (Jchn’Dn)b
- ‘ol
NTU° (jnRon/D;\O

The magnitude of the increase in heat transfer for the
same pumping power when using surface 2 (nstead of surface |
18 represented in Figure 9b. Note that R‘en'D < Ren.o since
surface 2 has greater friction than surface 1. If the plate
spacing for both surfaces 1s the same ‘Dn.n = Dn.o" then

the frontal area for surface 2 will be greater than for

surface 1, AF,D > AF.O‘ Requiring the same volume means that

the length will agecrease, LD < Ly

e

L
D
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curves, surface 2 will result 1n a smailer heat exchanger
volume.
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Cage ¢:

Same heat exchanger pumping power, heat transfer, flow
rate, and inlet temperatures,
PC = Po wa " w,

NTU, = NTU, 8T{,c = &T4,0

i,cC

Dividing equation (25¢c) by equation (21> will result n
an equation for a straight line with a unity slope. A llne
having a slope of | in Figure 7 from point o0 on surface | to
intersect surface 2 at point ¢ will provide a comparison of
required heat exchanger size for the same pumplné power and
heat transfer rate. Since each axi!s is i1nversly proportional
to volume, the ratio of either the ordinates or abscissas at
points o and ¢ will result 1n the required heat exchanger

volume. The ratlos are:

=
Rep o Ae,c Unyo

3.4 <
Vc (Fchn/Dn)o "nR'n/on)o
-_— 3T 3 = D<)
vo (fchn/Dn)c x)nRon/ fc

Figure 9c shows the relative recauction I1n heat exchanger
volume when using surface 2 with respect to surface 1. As

long as surface 2 lies above surface | on the performance

aMafavadun. afa ¥oa'o
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Case g:

Same heat exchanger volume, heat transfer, fiow rate,

and iniet temperatures.

Vg = Yo wg ® wo
NTU4 = NTU, AT, 4 = &7,
)
) A horizontal line on Figure 7 has a constant value of
5 heat transfer per unit volume: equations (25p) ana (25c¢).
: When both heat exchangers have the same overall heat
2: transfer performance, the ratio of points o and d abscissa
- values, equation (21>, will provide the pumping power
: required by surface 2 compared to surface 1. The ratios are:
Rep g . Ar,o0 On,a
E Rep Ar,d Dn,o
- Pa ¢ €nR.r3.'/0: ’q
- P CFnRes/ D3>,
; Figure 9d shows represenrtative results for this
o comparison. Note that Re; 4 > Re, ,. when the plate spacing
for surface 1 ana surface 2 are the same (Dn,o = Dp,po)+ tne
;; frontal area for surface 2 will be greater than surface 1,
; AF.d > AF.O‘ The same heat exchanger volume i1mplies that the
length wiil decrease, L4y < L,. Since Re, 4 18 the smallest
of these four cases, the frontal area for surface 2 will be
i the largest for case g, AF.c > AF.c > AF.D > AF.a'
!
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Case e:

Same heat exchanger sShape, volume, pressure drop, ana

inlet temperatures.

L. - LO APF’. L APF.O
Ar.a ® *fr,0 AT, o = AT
Vg ® VYo

This case represents a comparison of points o and e of
Figure 8 since a vertical line has a fixed value of pressure
drop per unit length as shown by equation (20b). Taking
ratios of the ordinate values, equation (24c), provides the
change in the number of heat transfer units between the two

surfaces. The rati1o of nominal Reynoids numbers from

equations (2b) and (3b) provides the flow rate ratio which
will also be equal to the pumping power ratio of the
surfaces by equation (20a). Using equation (24c)> and (24a)
and the temperature aefinitions from Figure 4, a ratio o

the temperature rise for surface 2, AT, to the 1nlet

e '
temperatue, ATi ., can be geterminea. Th.s temperature ratic
wiill pbe a famiiy of curves determinea py the Selecteaq

temperature rise rat:0 of surface !. Knowleage of both the

e

temperature rise ratio and flow rate ratio enapies a
comparison of the heat transfer rates Dbpetween the two
surfaces by use of equation (22c). A family of curves for

the heat transfer ratio will algo result due to the

temperature rise ratio of surface 1. The following ratios

are applicable:

A } « AW A J -
A TAS O A
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we R.ﬁ,e Dn,o Pe
“o Ren o Dn.e Po
NTU. ] (jn/on).
NTU° (Jn/Dn)o
AT, e AT, o NTU_/NTU
— B 1= (] = —) e o
aTi ATi
LI we AT',’. A'I'1
———— - —
Typical results of thi1s comparison are 1!llustrated 1In

Figure 10. A vertical movement on the performance curve
between two surfaces results i1n the upper surface having a

smallier nominal Reynolids number, Ren'e < Re If the plate

n,o:
spacing for both surfaces are equal, Dn.e = Dn,o' and since
the frontal areas are the same, sgurface 2 will have a
smal ler mass flow rate,“."wo. Pumping power 18 proportional

to the product of mass flow rate and pressure drop. This

results 1n a lower pumping power for surface 2, Pe < Pg.

The number of heat transfer units for surface 2 1S
greater than for surface 1, NTU, > NTU,. However, th:s aoes
not mean surface 2 will have a greater heat transfer rate
than surface 1. Refering to Figure 3, the NTU ratio 18 seen
to be proportional to the surface effectiveness rati1o within
a constant. Thus, surface 2 13 a more effective surface than
surface 1. From egquations (22a) and (22¢) the temperature
rise to inlet temperature ratio,AT,. o74T, , 13 the surtface
effectiveness. Surface 1| effectiveness will 1ncrease as the

temperature ratio i1ncreases. Since effectiveness approaches

et m. mt.

v e e



37

unity exponentially, the change 1n the temperature rise for
surface 2 becomes less. The combination of reduced flow rate
and the I1nterrelatiunships between NTU, effectiveness, ana

temperature, can cause a heat transfer ratic less than one.

The above discussion was based on equal plate spacings.
If the plate spacing for surface 2 18 greater than sSurface
1, Dn.e > Dn.o' then the hydraulic diameter ratio will be
less than unity ana the flow rate and pumping power ratios
will pbe smaller. The temperature ratios wil! not change
since they are a function of the NTU ratio. The heat
transfer ratio wiil pbe less due to the smaller flow rate
ratio. 1f the plate spacing for surface 2 19 less than
aurface 1, Dn,e < Dn.o' then the flow rate and pumping power
rati108 may be greater than unity. This would i1ncrease the

heat transfer rati1o without any change 1n the temperature

ratios.

Note from Figure 10 however, that there 1S some

combination of parameters that wi!| provide an |mproved nesxt

transfer for a lower pumpihg power.
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Case f£:

Same heat exchanger frontal area, heat transfer rate,
flow rate, and 1nlet temperatures.
Ar, e ™ AF,0 we = w,
Qg ® 9, ATi.f = ATI},O
Using the Reynolds numpber ratio obtained from equations
(2b) and (2c¢c) results 1n a compariscn of points o and f in
Figure 8. Since the heat transfer rate and fiow rate are the
same, the temperature ri1sSe across the heat exchanger remains
constant and the temperature difference of the outlet 18
constant, equation (22c>. Therefore, from equations (24c)
and (24d>), NTU remains fixed which means the length ratio of
the surfaces can be found from the inverse ratio of the
ordinate values. The pumping power ratio, equation (20a), 13
determined from the product of the abscissa values and the

length ratio. The requirea ratios are:

o (jn/Dh)F

ﬁ
Pp <FoRe2/D22¢ Lg¢

CfF ReS/DRYo Lo

Results of the rati1os obtained are shown 1n Figure 11!.
If the plate spacings of the two surfaces are equal, Dn.f =
Dn.o' then the nominal Reynolds numbers are equal, Ren’f =
Ren,o- Surface 2 18 above surface | on the performance curve

plot because 1t has greater heat transfer enhancement ana
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friction. For the same heat transfer rate, the greater heat

transfer enhanced surface will regquire less length, Ly < L.
for the same frontal area - - a smaller heat exchanger. Due
to the higher friction of surface 2, 1t will require more

pumplng power, Pf > P,. The magnitude of the increase 1n

pumplng power 18 reduced by the decreased length.

The above discussion was based on equal plate sSpacings.
I1f the plate spacing for surface 2 19 greater than surface
1, Dn,f > Dn.o' then the nominal Reynolds number of surface
2 18 greater than surface 1, Ren'f > Ren.o' and point f
moves further to the right on Figure 8. A situation could be
reached where the resulting length ratio will be greater
than unity. This would occur when the ordinate value of
gurface 2 becomes less than surface !. This would require
surface 2 pumping power to be greater. If the piate sSpacings
are such that surface 2 1s less than surface |, Dn.f < Dn,o'
then the Reynolds number of surface 2 1s less than surface
1, Ren’f < Ren.o' and point f wil! move to a polnt such as
f- in Figure 8. In thi1s situation the iength ratio wil.
remain less than unity but the pumping power ratio wii.

pecome less than untity. This 18 because the apscigsa value

for surface 2 is less than surface 1.

The results of Figure 11 :ndicate that for gsome
combination of sSurface parameters a heat exchanger can bDe
found to provide a shorter length with less pumping power

for the same heat transfer, frontal area, and flow rate.
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Cage g: A

Same heat exchanger frontal area, pumping power, fiow '
rate, and i1nlet temperatures.
AF.e ™ AF,0 wo * %o :

Pe = Po AT = AT

[
90
[~ B
(o]

Points o and g, which are found from the Reynolds number

¥ ¥ 2 8 =

ratio of equations (2p) and (3p), I1n Figure 8 are indicative
of this case. Since pumping power and flow rate are 3
constant, the nverse ratio of the abscissa values wili

provide the heat exchanger length rati1o py equation (20a». '
The NTU ratio 18 obtainea from the proauct of the ordinate
rati1o and the length ratio from equation (24c). As presented
for case e, a ratio of the temperature rise for surface 2 to
the 1iniet temperature, &T,. 74T, ., can be determined from
equations (24c) and (24a) and Figure 4. This temperature
rise ratio wiil result 1n a family of curves determined Dby
the selectea temperature rise rat:io of surface 1. Knowleage ,
of the temperature ratios prov.,des a comparison of the heat
transfer rates. A tamily of curves again resuit due o the

temperature ratios. The ratios are:

0

R.n,g n, 9

= )
Ren o Dn, o

<,03)
Lg (FnRon/Dn °
—

e J
>
Lo xfnRo;/Dn>9

NTUg  €3n7Dpdg Lg

PPN

]
NTUg — <3n70n00 Lo
alr .o AT, o )NTU,/NTUO

a1l - (1 -
AT, AT,
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Resulits of this comparison are shown 1n Figure 12.

Assuming equal plate spacings, D = D

n,g the Reynolds

n,o'

number ratio will be unity, Ren'g = Ren’o. Since surface 2
has a greater friction than surface 1, to achieve the same

pumping power surface 2 must be shorter than surface 1, L. <

g

Lo. The magnitude of the NTU ratio 18 as shown. Since the

NTU ratio and surface effectiveness are related as presented

for case e, surfacé 2 will be more effective thanrsurface 1.
The heat transfer ratio will only pbe a function of the
temperature rise ratio due to the constant flow rate between

the two surfaces.

If surface 2 has a greater plate spacing than surface !,

Dn,g > Dp,o+ then the Reynolds number of surface 2 s

greater than surface |, Ren’g > Rey 5. This will cause point
G to move further to the right in Figure 8 and the above
aiscussion 18 still applicable. [f surface 2 plate spac:i:ng
< D

18 less than 9gurface 1, D then the Reynolas

n.g n,o:*

number ratio will be less than unity, Ren.g < Ren.o' ana
point g may be located at g 1n Figure 8. In this situation,

surface 2 will have a greater length than surface 1, L >

9

Lo. and the NTU ratio will 1ncrease and may exceed unity.
This would cause a greater temperature ratio for surface 2
for any selected temperature ratio of surface 1, ang

subsequently an even greater heat transfer cratio.

PO R A S N
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An .1mproved neat transfer for a shorter lengtn neat

exchanger at the same pumping power ana fronta: area |s
posgible at some combination of surface parameters as

indicated py Figure 12.
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The Kays ana Lonaon plate - finned surfaces of reference
{3] that were considered are 11stea i1n Taple Il by surface
type, plate Spacing, and surface designations. Only the
surfaces considered by Solanda et al. (2] were analysed. Due
to the large number of surfaces considered, all the figures
on the following pages will use the numpering scheme }istea

in the right hand column of Table I1I.

Soland showed that any surface performance curve which
1s above the performance curve for another surface 1s a
better surface. A petter surface 18 defined as one which
provides the same heat transfer rate for the same pumping
power, mass flow rate, and inlet temperatures - - case cC.
The conclusion was that the wavy - fin plate - fin surface
17.8 - 3/8 W was the bpest surface for an aluminum heat

exchanger.

Refering to egquations (8), (9), ana «l0) of Tapble [, ¢
two heat exchangers were constructed ot the same surtace put
adlfferent materials, then the surface with higher therma.
conductivity would resuit 1n a smaller neat exchanger. This
would primarily be due to a Dpetter fin efficiency ana
supsequently a bpbetter overall surtface efficiency. From
equation (16>, a greater overall efficliency causes a larger
nominal Colburn  factor, Jn,2 > Jn,1- Notice that the
nominal friction factor of equation (15) does not change.

These two items cause the performance curve for the higher

J‘-F . u 0,
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conauctivity mater,al to li1e apove the othner and resulit jn a
smaller heat excnanger. [f the two neat exchangers were
constructed from aifrerent materlials ang aifferent surfaces,
fin efficiency may not 1mprove aue to higher thermal
conductivity. In thi1s situation, plate spacing, fin

thickness, and conauctivity piay a role,

Performance curves for each surface Jisted in Table 11
were plotted for four different materials - - Sstainless
steel, mild stee!, aiuminum, andg copper. The surfaces were
ranked by surface type for each material. To proviade a more
apparent comparison, aluminum was used as the base heat
exchanger. Figures 13 through 16 are the performance curves
obtained for stainless steel, mild steel, aluminum, andg
copper respectively. Oniy the best surface type constructea

from aluminum 18 sShown tor each ot tne four materials.

5
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N
2 TABLE II: KAYS AND LONDON PLATE - FIN SURFACES
\
General Plate Spacing Surface Surface
; Surface Tvpe (b, inches)  Designation  Numper
P Plain Plate - Fin .470 5.3 1
N . 405 6.2 2
.823 9.03 3
. 250 11.1 4
; .480 11.11¢a» S
v .330 14.77 6
N .418 15.08 7
' . 250 19.86 8
' Louvered Plate - .250 3.8-6.06 Q
. Fin .250 3/8(a)-6.06 10
. . 250 1/2-6.06 11
2 . 250 172(a>-6.06 12
o .250 3/8-8.7 13
} . 250 3/8(a)-8.7 14
.250 3716-11.1 15
v . 250 174-11.1 i6
L .250 174¢b>-11.1 17
3 .250 3/8-11.1 18
Y .250 3/8(b>-11.1 19
v . 250 1/72-11.1 20
.250 374-11.1 21
: .250 3/4¢br-11.1 22
b Strip - Fin Plate .250 1-4¢p)-11.1 23
8 - Fin . 485 3,/32-12.22 24
) .414 1-8-15.2 25
‘s Wavy - Fin Plate .413 11.44-3/8 W 26
o] ~- Fin .413 17.8-3/8 W 27
j Pin - Fin Plate .240 AP-1 28
j ~ Fin .398 AP-2 29
- . 750 PF-3 30
L2 .502 PF-4CF)> 31
i .510 PF-9CF> 32
Vo
)
>
v’
>
“
Y
‘
S
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To perform a comparison of cases e, f, ana g. a
reference surface was selected. This surface 1S a smooth
surface with no ennancements and a plate spacing of 0.25
inches (D, = 0.5 inches). Compar:son of many surfaces to a
single common sSmooth plate nominal hydraullic dlameter
permits a relative comparison between sSurfaces having

different nominal ciameters.

The performance curve ordinate, Jn’Dp, for a smooth
surface was determined utllizing the turbulent flow In tubes
Colburn correlation for forced convection from reference
[4]:

J = 0.023 Re™0-2 (26>
For a smooth surface h = h,, G = Gn. Re = Re,. Then:

Jg  0.023 Re~9-2

-_— — 27>
Dn Dh
The performance curve apscissa, fnRenZ/Dn3. for a smooth
surface was calculated by the ii1near approximation from

reference {(4]:

2%

£ = 0.0791 Re 9 ¢28)
Fcr a smooth surface f = fr-
— ~
fsRer  0.0791 Rel 73 29>

"4 - T
oA ox
Solving equation (28 tor Ren and substituting 1nto

equation (27) leads to:

Is 0.0172 ¢ § 9.2,03)'0"“ <30
oo " pr.z@s s N
n n
- ,}-__ N "4 o x_r e \I\.';’ w Tt PSR N

N P R R N N A T A"IL.(L.'L'L e e Y
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Equation (30) provides the performance curve for a
smooth surface for cases e, f, and g. Figure |7 shows the
performance curves used for these comparisons. Shown are the H

beat surface of earh surface type determined by case ¢ and

the smooth surface for aluminum heat exchanger material. In '
the followirg figures, the subscript "es" will denote the
enhanced sucface and the 9gubscript "s" wi1ll denote the

smooth surface.

Results for case e, same shape, volume, and pregsure
drop, are shown 1n Figures 18 through 23 inclusive. Figure
18 shows the NTU ratio as a function of Ren,3° The flow rate
ratio, which 1s equivalent to the pumping power ratio, 18
shown in Figure 19. Note that 1n Figure {9, a higher ratio
is the smaller pumping power for the enhanced surface. Since
a family of curves are generated for the heat transfer ana
temperature rise ratios, Figures 20 and 21, only the curves
for a smooth surface temperature rise ratio of 0.1 are
shown. A family of curves generated by the sSelectea Smooth
surface temperature rise ratio are shown i1n Figures 22 ana
23 for heat transfer and temperature rise ratios. These I
figures—éhow the results for one surface only, namely the
plain plate - finnea surface 6.2. Ratios of heat transfer
and temperature rise as a function of the smooth surface
temperature rise are shown in Figures 24 and 25 regpectively

for the msame surface.

.

. B

4
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For case f, same frontal area, flow rate, ana heat
transfer, Figures 26 and 27 show the resuits. Figure 26 s
the pumping power ratioc and Figure 27 1s the length ratio as
a function of the smooth surface nominal Reynolds numper,
Ren's. A lower ratio 13 preferred in Figure 26, and a higher

ratio in Figure 27,

Case g results are shown in Figures 28 through 35
inclusive. The NTU ratio 138 shown 1n Figure 28 andg the
length rati1o in Figure 29. Like case e, heat transfer ratio
Vs, Ren,s 19 Figure 30 and temperature rise rat:io vs. Ren.s
18 Figure 31 for an i1nlet temperature rise ratio of 0.1 on
the smooth surface. A family of curves generated by the
selected smooth surface temperature rise ratio are shown 1In
Figures 32 and 33 for heat transfer and temperature risSe
rati1os. These figures snow the results for one surface oniy,
namely the plain plate - finned surface 6.2. Figures 34 ana
35 show a family of curves for the heat transfer anag
temperature rise rati10s respectively, vs. the smooth surface
temperature rl1se ratio for ¢the same sSingle surface. In
Figure 29 a higher ratio gives petter results ana in Figures

28, 30, and 31 a lower ratio 1s preferadle.

.« s 3 _p_V_®
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E V. COMPARISON RESULTS

‘.

o Table Il1]I shows the ranking of the surfaces pased on
b case ¢ by heat exchanger material ana surface type In coraqer
" of decreasing performance within each surface type. Ranking
N of the best surface for each material, with the surface
N

- plate spacing 1n parentheses, 18 shown 1n Table IV. Using
i

™ aluminum as the "base" surface material, the rankings within
a; each material 18 shown in Table V of the best aluminum
T4

X surfaces. Overall ranking of all sSurfaces considered 18
R,

;: shown in Table VI. Because of the proximity of some of the
; performance curves to each other and curve crossovers the
.\

N rankings of some surfaces 18 subjective,
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TABLE II1: RANKING BY SURFACE TYPE
Surface Number
Surface Stainless Mildg Aluminum Copper
Ivpe Stee] Steel
Plain Plate - 8 8 8 8
Fin 6 6 6 6
4 4 4 4
7 7 7 7
5 S S S
1 1 1 1
2 2 3 3
3 3 2 2
Louvered 17 17 17 17
Plate - Fin 15 16 16 16
19 18 18 19
16 15 19 18
18 19 1S 15
20 20 20 20
22 21 22 21
21 22 21 22
14 14 14 14
13 13 13 13
10 10 10 10
12 12 12 12
11 Q9 9 11
9 1 11 9
Strip - Fin 23 25 25 25
Plate - F:in 25 23 23 23
24 24 24 24
wWavy - Fin 27 27 27 27
Plate - Fin 26 26 26 26
Pin - Fin 29 29 30 30
Plate - Fin 28 28 29 29
31 30 31 31
30 31 28 28
32 32 32 32
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TABLE IV:

RANKING OF BEST SURFACES

Surface Number

7

S | Steel  Mild Steel Al um] c

17 ¢.250 in) 27 ¢.413 in) 27 ¢.413 i 27 (.413 in>
8 (.250 in) 17 ¢.250 1n) 25 (.414 in 25 (.414 (n>
27 €(.413 in> 8 (.250 in) 17 (.250 in) 17 ¢.250 in)
23 (.250 in» 23 ¢.250 in 8 (.250 in) 8 ¢.250 in)
29 (.398 in> 29 (.398 in) 30 ¢.790 in) 30 ¢.780 in»

TABLE V: RANKING BY ALUMINUM “BASE" SURFACE
Surface Number

Stainless Stee] Milg Steel Alvum:inum Copper

17 ¢.250 in» 27 (.413 in) 27 €.413 1n) 27 (.413 1n)
8 (.250 in» 17 ¢.250 1n) 25 (.414 1n» 25 (.414 1n>
27 (.413 in) 8 ¢.250 i1n) 17 ¢.250 1n) 17 ¢.250 1n)
25 (.414 1n> 25 (.414 in) B8 (.250 1 8 (.250 1n»
30 ¢.750 1n) 30 ¢.790 in) 30 ¢.790 in» 30 ¢.790 1)

-

--.;’v,‘-y- AR A TR ! EER I O I PR TN -
e (ol e B A P o O S W e L S W P



TABLE VI:

Surface Number

OVERALL SURFACE RANKING

Ranking Stainless Mild Aluminum Copper
Number Steel Steel]

1 17 27 27 27
2 15 17 25 25
3 19 16 17 17
4 16 8 16 16
S 8 18 18 19
6 27 15 19 18
7 18 19 8 15
8 23 25 15 26
9 20 23 23 8
10 22 20 26 23
11 21 21 20 20
12 25 22 22 24
13 14 26 21 21
14 13 14 24 22
15 29 13 14 30
16 28 29 13 14
17 26 10 30 13
18 10 6 29 29
19 12 28 10 10
20 11 12 6 6
21 6 9 12 12
22 9 30 9 11
23 31 24 11 31
24 4 4 31 28
25 30 31 28 9
26 24 11 4 4
27 7 7 7 7
28 S S 5 S
29 32 32 32 32
30 1 1 1 i
31 2 2 3 3
32 3 3 2 2




Ty - .
[ XX X n‘.\',*', Gl

Ny
s

vI. CONCLUSIONS

Using basic heat transfer, friction, and geometric
relationships for heat exchanger surfaces, performance
parameters can be developed to relate heat transfer,
regquired pumping power and heat exchanger size. These
parameters can be used to determine the relative performance
of one surface type to another of the same or different
materials. The performance parameters need to be modified
for the desired c_omparlson based upon the characteristic
dimensions of the surface. Cases a through d use voliume anag
cases e through g wuse length as the characteristic
dimensions. Other 1tems to consider when comparing surfaces
are what is the desired result, 1.e. a reduction in total
volume or a reduction i1n length, and what parameters are to
remaln constant between the surfaces - - flow rate, pumplng

power, heat transfer, frontal area, etc.

Case c provides the best way to compare surfaces. By
keeplng the pumping power and heat transfer constant, case c
will indicate which surface will give the smallest heat
exchanger for a given flow rate to do the job. [t does not
indicate however, that one surface 13 better than another
for all applications. Different materials are better than
others depending upon the application. Because of different
plate spacings and fin thicknesses, surfaces may switch
relative positions between materials. Refering to Tables I1II]

and IV, In general, as thermal conductivity decreases,
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surfaces with smaller plate spacings become the better
surfaces. For stainiess steel surface numper 17, louvereg
plate - fin surface 174 (b) - 11.1, 18 the best while for
mild steel, aluminum, and copper, Surface number 27, wavy -
fin plate - fin surface 17.8 - 3/8W is the best of the

surfaces compared.
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