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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 13)
plate - finned surfaces for heat exchangers constructed from .
stainless steel, ml steel, aluminum, and copper. Three
additional comparison criteria were also investigated by
modifying the proposed parameters. When using stainless %A

steel, the louvered plate - finned surface 1/4 (b) - 11.1.
is the best, but when using mild steel, aluminum, or copper,
the wavy - fin plate - finned surface 17.8 - 3/8W is the
best of those consicerea.
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NOMENCLATURE

SYMOLDEFNIIO UNITS

a heat exchanger width ft

Ab  heat transfer area of base surface ft2

without enhancement; equals length
times heated perimeter

minimum free flow area ft2

Af frontal area of heat exchanger ft2

AF flow area without enhancement ft2

Ah total heat transfer area ft2

b plate spacing ft

Cp specific heat BTU/Ibm F

d pin diameter ft

Dn nominal diameter; defined by (ib) ft

f friction factor basea on total - -

area (Ah); defined by (4a)

fn nominal friction factor based on
base area (Ab): defined by (4b)

fs friction factor for a smooth - - -

surface; defined by (28)

go conversion factor (= 32.174) Ibm ft/lbf 92

Gc mass flux based on minimum free Ibm/hr ft2

flow area; defined by (2a)

Gn  nominal mass flux based on flow Ibm/hr ft2

area (AF); defined by (2b)

h heat transfer coefficient based on BTU/hr ft2 F
total area (Ah); defined by (5a)

hn nominal heat transfer coefficient BTU/hr ft2 F
based on base area (Ab); defined
by (5b)

Colburn j factor based on total - - -

area (Ah); defined by (7a)

%
a. ~ . -WL
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,n nominal Colourn j factor oasea on - - -

base area (A,): aefinea by (7b)

is Colburn j factor for smooth -

surface; defined by (26)

km thermal conductivity of material BTU/hr ft F

I fin length from root to center; ft
(= b/2)

L heat exchanger length ft

m fin parameter; defined by (10) 1/ft

Nu Nusselt number; defined by (6a) - - -

Nun nominal Nusselt number; defined - - -

by (6b)

NTU number of heat transfer units; - - -

defined by (23)

P pumping power hp

Pr Prandtl number ,-

q heat transfer rate BTU/hr

4rh hydraulic diameter; defined by ft
(1a)

Re Reynolds number based on minimum - - -

free flow area (Ac); aetfined by
(3a)

Ren nominal Reynolds number based on - - -

free flow area (AF); defined by
(3b)

T temperature F

V heat exchanger volume on one ft3

side

'

'

~N



7

MISCELLANEOUS

ratio of heat transfer area (Ah) ft2 /tt 3

to volume

Ap friction pressure drop ibf/ft 2

mass flow rate Ibm/hr

V fin efficiency; defined by (9) - - -

VC total surface efficiency; defined - - -

by (8)

V viscosity Ibm/hr ft

p density Ib/ft 3

heat exchanger effectiveness - - -

fin thickness 
ft

a case a parameter

b case b parameter - - -

c case c parameter 
.',

S case d parameter-

e case e parameter
e case f parameter-

f case f parameter

g case g parameter

es enhanced surface

s smooth surface

n mominal

'

%' Z' bZ ;' 'r~z ;r: -" "" " ' ": : """" "" "" " "" - ",""" ." . ... "
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I. INTRODUCTION

Plate - fin surfaces have been used for many years in

heat exchanger design. Various attempts have been made to

develope a universal comparison method to evaluate the

performance of enhanced surfaces. These comparison methods

provide ways for the designer to select the most beneficial

surface for a given application. Any comparison methoo

should be easy to apply and give accurate results. The most %

notable of these attempts have been by Bergles et al. L.1)

Webb (6), Webb et al. (7), LaHaye et al. [8], and Cox et al.

111.

LaHaye et al. C8) proposed a method using an effective

uninterrupted flow length to diameter ratio of the surface
p

to determine the relative performance of different heat

exchanger surfaces. This comparison method was modi fiea by

Soland et al. (2) and used to compare the plate - finnea

surfaces of Kays and London [3) using aluminum as the heat

exchanger material. From these proposed performance

parameters four cases could be investigated when the fiow

rate and inlet temperatures between the surfaces being

compared were held constant. The cases were:

a) Same shape and volume.

b) Same volume and pumping power. a

c) Same pumping power and number of transfer units.

d) Same volume and number of transfer units.

"p

4% 'J]O'k> J ." '.
-

. '/- ' ' ' - , 'V '.- a, -'-" ' '" .; 2 - - - - . -



Aluminum may not De the oest material to use for eat

exchanger construction in ail applications. Plate spacing,

fin thickness, and material thermal conductiv ity are three

of the parameters that determine fin efficiency and

subsequently the surface efficiency. These factors prevent

the "best" aluminum surface from being the "best" when a

different material is used. Here the proposed performance

parameters of Soland et al. [2) are used to investigate

which surafce is the "best" for four different materials - -

stainless steel, mild steel, aluminum, and copper. Their

performance parameters are also further modified to

investigate three additional cases:

e) Same shape, volume, and pressure drop.

f) Same frontal area and heat transfer.

g) Same frontal area and pumping power.

#%



14

II. PERFORMANCE PARAMETERS

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

plate - finned surfaces in terms of Colburn j factors, J,

and friction factors, f, as a function of Reynolds number

Re. The total heat transfer area of the surface, Ah, is the

reference area for j and f while the minimum free flow area,

Ac, is the reference for Re.

The proposed comparison method of Soland et al. [23

converts the magnitudes of j and f referenced to the surface '-

base plate area, Ab , to obtain new "nominal" values, Jn and

fn" These values will include the effect on the base plate

area of the fins. The new Jn includes the total heat

transfer area but is based on the plate area; hence in > j

Since i Is proportional to the local beat transfer

coefficient, h, this impl ies that hn > h. Similarly the new

friction factor includes the total friction effect but is

based on the plate area as though the fins were not present:

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

fins it becomes a function of fin material therma

conductivity. The fn- however, Is independent of fn

conductivity. The new "nominal" ReynoIas number, Ren , wIii

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

not present.

Table I shcws the proposed new defin it ions of the

various quantities compared with the aefinitions used by

Kays and London (3].
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Figure 1 shows a representative surface geometry ana a

sample calculation for the proposed hydraulic diameter, Dn.

and mass flux, Gn , of a smooth surface passage and the Kays

and London plain plate - fin surface 6.2. Note that Dn = 2b

for either a finned or unfinned parallel plate passage.

To convert the Kays and London data to the new basis,

the following ratios are obtained from the definitions of

Table I and Figure 1.

Ab 2aL 2
- "-u - (11)
Ah V Ab

where .i Ah/V

AF abL 1
- I - M - (12)
AC Ahrh Srh

Gn Ac-- -- rh (13)
G1. AF

--- aI - (14)Re 4rG c  2

fn AFAhGz b
-- a = (15)
t AcAbGn &'rh

Jn hnGc 110b

-UI- - (16)

J h Gn 2 rh

These ratios were used to convert Kays and London data

to obtain curves of the proposed fn and Jn as a function of

Re n. To solve for the proper fin efficiency, 1f , two

assumptions were required; selection of the heat exchanger

material and operating flul. The gas selected was air at
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400 F (cp = 0.2451 BTU/Itm F, A = 0.0624 IOi/ft hr, Pr =

0.683). Four different heat exchanger materials were

analysed; stainless steel (km = 10 BTU/hr ft F), mild steel

(km = 25 BTU/hr ft F), aluminum (km = 100 BTU/hr ft F), and

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] is shown in

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 is:

P t API f17)

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

(3b) results in:

3 fnRe

2n

go .pOr .,

P 3p AFL r19)
4ngo,

Rearranging equations (18) and (19) gives:

"11 L[
9 *nKn~( 20a

U --
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n, n P

on4 V

These two equations are the power performance parameters.

The heat transfer for any heat exchanger is given by:

q ot.Thin - Tc )kWCP 22s)

= Ahh&Tlm (22b)

MICPATr (22c)

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

which relates E to NTU. where:

Ahh
NTU a - (23)

This relationship between E and NTU is always monotonically

increasing. The log mean temperature difference, ATI, , is

defined by Figure 4 and is appl icable to alI single pass

flow arrangements except for cross flow heat exchangers. In

a cross flow exchanger AT must De corrected as describec

in reference [4].

Heat transfer performance parameters can be developed

from the definitions, (3b) and (7b) of Table I and equations

(22) and (23) resulting in the following:

p2p3

r
* - - (24b)

4mcP AT I fL

% V.

.%' " "" ' '"" "" " "" "' "", "" ". "' v . . "... . . '"v . ..... .". .v " .".. ....... .v."..- .. ".'."
, ,, % ' ',, . , , , ,.., .. . ' .,,, 2<, . . .. .. . .. .~: ; .. , . . . , ., ,., , . ,.' ..-.



"A~F ~ PUQ~v Y 'w 1 .,V~M -b -'VIW rW W 09 MU9 NO . .. W IM OW- UY- I M '- go VMNP

Pt" NT 11

4L

. In 1

4L 6T.

3nRen Pe/ A h
r h n

Z 4 T -
V  < 25b)

4/,tc ATIiV (25b)

r NTU

4 ./J V

Equations (24) and (25) are the heat transfer performance

parameters.

With the surface data in the form of Jn and fn as a

function of Ren I the performance parameters can be

constructed into performance curves and plotted. A different

curve will result for each surface.

Since Jn/Dn and fnRen 2 , [n3 have a common heat exchanger

dimension of length, they wi I I oe used to generate one set

of performance curves. Volume is the common dimension for

JnRen/Dn2 and fnRen 3/Dn 4 so they wil I De useo 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

fnRen 2/Dn3  Figure 6 shows the same two surfaces for the

other performance parameters, JnRen/Dn2 and fnRen 3/Dn 4 . In

both figures, Ren can be represented as shown.

J.- I J
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TABLE I: DEFINITIONS

Quantity Kavs & London [3) ProDosed

Ac L 4AFL 4V
hydraulic 4 rh (Is) AM A - 0 - (1b)

di ameter Ah  b  Ab

mass flux Gc  AC (2a) Gn  AF (2b)

G. 4rh Gn On
Reynolds Re = <3a) Re n  - (3b)

number M 1A

friction f Apf (4a) n Pf 4b)
factor L GP L G2

-- 4- -r h  &.49 o0 O n  2 .9 o

q/wo Ah ,A

heat transfer ha (5a) h n •A (5b)
coefficient &T AT

4 rh h hn OnNusselIt N u -= ( 6a) Nu n a 6

number U k k

2-3 2/3
Colburn i j hr (7a) j n (7b)

factor GC c P  Gn cP

Af
Surface ao j 1 - ( I - ) 8)

efficiency Ah

Fin tanh ml
efficiency Ml

Fin 2 h <10a) thin sheet
parameter j km ffins

4 -h (lob) circularkm pin fins

, ", " . .* ,-* - -~* . .p . . . - , . - , . , . - . . - -. . . - . .- . , . *. .-. .-, ... ..1. . . . . . -/ ., . . .
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a) Smooth Surface Passage

L a

" --
b

V abL
AF " b on ;- 4 - - 4 - 2b

Ab 2aL

b  aL

V abL G n  =A F  ab

b) Plain Plate - Fin Surface 6.2

a

T
b

AF =ab On 4-v 4 a-L 2b
Ab 2aL

Ah = 2aL

V abL Gn
AF  ab

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

Yr. er., ,
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HTU

Figure 3: Representative Plot of Heat Exchanger
Effectiveness5E , vs. Number of Transfer
Units. NTU.
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T Ts

To

L

AT1 a Ts - Ti &TO T~ -T

ATr aTo-i

AT1 - AT0  ATr
AT,. ATI AT1

AT0  AT, - ATr

Figure 4: Typical Axial Temperature Distritution for a
Condensor and the Definition of Log Mean
Temperature Difference, AT1 ,

-VpN Ms.
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ill. COMPARISON METHO'

Consider a neat exchanger with the control i ing neat

transfer resistance on one side, such as the gas flow sice

of a condensor or evaporator. This allows the comparison to

be conducted on only one side of a plate - finnea heat

exchanger. The plate resistance separating the two sides of

the heat exchanger wilI De considered negl igile, and the

heat exchanger inlet temperatures, Thin and Tc in will

remain constant for all cases considered.

Using the two sets of performance parameters (equations

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

cases can be consioered. The first four cases were developed

by Soland et a] . 121 ano uses the performance parameters in

the form of equations (21) and (25). These cases will e

briefly presentea tor completeness of discussion. The last

three cases use the performance parameters in the form of

equations (20) and (24).

The two surfaces representea in Figure 7 for the

performance parameters of equations (21) and (25) will e

used to demonstrate the use ot these curves to determine

heat exchanger relative performance for the first four

cases. These comparisons will be made for the same flow rate

and inlet temperatures. This impl)ies that any comparscn

which results in the same value for NTU/V will also have the

same q/V.

ON.wt.- iX \V .
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Refering to Figure -. point o on surface I represents a

reference heat exchanger with the following specifications:

Po' NTUo, qo, Lo. AF.o. Vo. This point may lie anywhere on

the surface I performance curve. Points a, b, C, and a on

surface 2, represent the four different performance

comparisons of Solana et al. [2J.

The two surfaces shown in Figure 8 for the performance

parameters of equations (20) and (24) will be used to

demonstrate their use to determine heat exchanger

performance for the last three cases.

Point o in Figure 8 represents the same reference heat

exchanger as the previous four cases. For these performance

parameters the specifications at point o will be: AP O , PC).

NTU0 qo AF.o' Lo. This point may lie anywhere on the

surface I performance curve. Points e. f. ana g on surface 2

represent the last three performance comparisons.

] ' ' . * * J ~ p
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d

0'0

Jn Re 3

n

Figure 7: Representative Performance Curves tor Two
Surfaces Showing Points Used for Cases a, , c.
and d.
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Case a:.

Same heat exchanger shape, volume, flow rate, ana inlet

temperatures.
L. 4 L 0 0  • 0

AF,a = AF,o at ,0

Ve - V0

This case represents a comparison of points o and a of

Figure 7 by equations (2b) and (3b). The ratios of the

ordinate values, equation (25c), and the abscissa values,

equation (21), provide the relative changes of heat transfer

and pumping power between the two heat exchangers. The

necessary ratios are:

Rena n

-U

Pen. o On, o

NTU (4 Ren/D&.)a n n n a
- - -N4TUo ( jRen/O/)0

Figure 9a shows the magnitude of the increase in pumping

power and heat transfer when using surface 2 instead of

surface 1 in the same shape and volume heat exchanger.

NN

Il
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CaseD:

Same heat exchanger volume, pumping power, flow rate.

and inlet temperatures.

4 b a V 0 b wo

Pb U PO &Ti,b ' ATi"°

A vertical line on the performance plot of Figure 7 has

a fixed value of power per unit volume, equation (21), ana

is 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 AFo On,b
Reno AFb Dn,0

HTUb (JnRen'Dn)b

NTIJ0  J~'~NT0 e nRen/On o

The magnitude of the increase in heat transfer for the

same pumping power when using surface 2 instead of surface I

is represented in Figure 9b. Note that Ren,t < Ren, o since

surface 2 has greater friction than surface 1. If the plate

spacing for both surfaces is the same (Dn,b = Dn,o), then

the frontal area for surface 2 will be greater than for

surface I, AF, b > AF,O. Requiring the same volume means that

the length will decrease, Lb < Lo.

Ir I, .- R

,I~
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Case c:

Same heat exchanger pumping power, heat transfer, flow

rate, and inlet temperatures.

NTUC a tTUo ATiC -ATi,

Dividing equation (25c) Dy equation (21) will result in

an equation for a straight line with a unity slope. A line

having a slope of I in Figure 7 from point o on surface I to

intersect surface 2 at point c will provide a comparison of

required heat exchanger size for the same pumping power ana

heat transfer rate. Since each axis is inversly proportional

to volume, the ratio of either the ordinates or abscissas at

points o ana c will result in the required heat exchanger

volume. The ratios are:

Ren,c AF,o On,c

Ren, o  AF,. Uno

,"VC (fnRe,04)o (1 nRen/O )

Figure 9c shows the relative reduction in heat exchanger

volume when using surface 2 with respect to surface i. As

long as surface 2 lies above surface I on the performance

curves, surface 2 will result in a smaller heat exchanger

volume.
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Case a

Same heat exchanger volume, heat transfer, fiow rate,

and inlet temperatures.

Vd a VO d a wo

NTUd - NTU o  &Ti,d .ATi. o

A horizontal line on Figure 7 has a constant value of

heat transfer per unit volume; equations (25b) and (25c).

When both heat exchangers have the same overall heat

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:

Rend AF,o Dnd

Ren,o AF,d 0 n,o

Pd (fnRe3,' 4 )
d n -nnd

Figure 90 shows representative results for this

comparison. Note that Rendc > Peno. When the plate spacing

for surface 1 and surface 2 are the same (Dn a = Dno) tne

frontal area for surface 2 will be greater than surface 1,

AF .d > AFo. The same heat exchanger volume implies that the

length wii] decrease, Ld < Lo . Since Ren,d is the smallest

of these four cases, the frontal area for surface 2 will be

the largest for case d, AF,d > AF,c > AF. b > AF,a.
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Same heat exchanger shape, volume, pressure Crop, ara

inlet temperatures.

AF.e a AF- o AT i  0 Ti po

Ve a Vo

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 ratio of nominal Reynolds 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 (240)

and the temperature definitions from Figure 4. a ratio of

the temperature rise for surface 2, Tr.e to the inlet

temperatue, AT i , can be determinea. Th;s temperature ratio

will be a family of curves determinea Dy the selectea

temperature rise ratio of surface 1. Knowledge of both the

temperature rise ratio and flow rate ratio enables a

comparison of the heat transfer rates between the two

surfaces by use of equation (22c). A family of curves for

the heat transfer ratio will also result due to the

temperature rise ratio of surface I. The following ratios

are applicable:
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Ron, 0 Dn,o Pe
o Renone Po

NTU in/on)e

NTUo (j /D n)o
&Tr,e &Tr,o NTUe/NTU °

- =- I-1- a 0
ATi ATi

qe e &Tr,e ATi

qo Wo AT1  &Tr,o

Typical results of this comparison are illustrated in

Figure 10. A vertical movement on the performance curve

between two surfaces results in the upper surface having a

smaller nominal Reynolds number, Rene < Reno. If the plate

spacing for both surfaces are equal, Dn,e = Dn,o, and since

the frontal areas are the same, surface 2 will have a

smaller mass flow rate,e4 < uo. Pumping power is proportional

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

results in a lower pumping power for surface 2, Pe < Po-

The number of heat transfer units for surface 2 is

greater than for surface I. NTU e > NTU o . However, this aoes

not mean surface 2 will have a greater heat transfer rate

than surface 1. Refering to Figure 3, the NTU ratio is seen

to be proportional to the surface effectiveness ratio within

a constant. Thus, surface 2 is a more effective surface than

surface 1. From equations (22a) and (22c) the temperature

rise to inlet temperature ratio.ATr,.ATi , is the surface

effectiveness. Surface 1 effectiveness will increase as the

temperature ratio increases. Since effectiveness approaches
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unity exponentially, the change in the temperature rise for

surface 2 becomes less. The combination of reducea flow rate

and the interrelationships between NTU, effectiveness, ana

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

The above discussion was based on equal plate spacings.

If the plate spacing for surface 2 is greater than surface

1, Dn, e > Dn,o , then the hydraulic diameter ratio will be

less than unity and the flow rate and pumping power ratios

will be smaller. The temperature ratios will not change

since they are a function of the NTU ratio. The heat

transfer ratio will be less due to the smaller flow rate

ratio. If the plate spacing for surface 2 is less than

surface 1. Dn,e < Dn.o' then the flow rate and pumping power

ratios may be greater than unity. This would increase the

heat transfer ratio without any change in the temperature

ratios.

Note from Figure 10 however, tnat there is some

combination of parameters that wj!I proviae an improved nest

transfer for a lower pumping power.

p4

V;
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Case f:

Same heat exchanger frontal area, heat transfer rate,

flow rate, and inlet temperatures.

F,f w * F,o wf - 0

qu o qo ATjf w &Tjo

Using the Reynolds number ratio obtained from equations

(2b) and (2c) results in a comparison of points o and f in

Figure 8. Since the heat transfer rate and flow rate are the

same, the temperature rise across the heat exchanger remains

constant and the temperature difference of the outlet is

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). is

determined from the product of the abscissa values and the

length ratio. The required ratios are:

Ren,f D n.f
- W

Ren, o  On~ o

LO (Jn/Dn )o

2
L o  (FnJn/n f L

- a Z/ DfPO (fnRe/D )o LO

Results of the ratios obtained are shown in Figure 11.

If the plate spacings of the two surfaces are equal, Dn.f =

Dn, then the nominal Reynolds numbers are equal, Ren,f =
'I.,f

Ren,o. Surface 2 is above surface I on the performance curve

plot because it has greater heat transfer enhancement ano
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friction. For the same heat transfer rate, the greater heat

transfer enhanced surface will require less length. Lf < LO.

for the same frontal area - - a smaller heat exchanger. Due

to the higher friction of surface 2. it will require more

pumping power, Pf > P.. The magnitude of the increase in

pumping power is reduced by the decreased length.

The above discussion was based on equal plate spacings.

If the plate spacing for surface 2 is greater than surface

1, Dn, f > Dn,o. then the nominal Reynolds number of surface

2 is 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 1ength ratio will be greater

than unity. This would occur when the ordinate value of

surface 2 becomes less than surface I. This would require

surface 2 pumping power to be greater. If the plate spacings

are such that surface 2 is less than surface 1. Dn, f < Dn, o .

then the Reynolds number of surface 2 is less than surface

1, Renf < Reno. and point f will move to a point such as

f" in Figure 8. In this situation the length ratio wi ,

remain less than unity but the pumping power ratio wi

become less than unity. This is because the abscissa value

for surface 2 is less than surface I.

The results of Figure 11 indicate that for some

combination of surface parameters a heat exchanger can oe

found to provide a shorter length with less pumping power

for the same heat transfer, frontal area, and flow rate.
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P 0
- - - - - - - - - - - -

Ren, o

1.0

Lf

LO

Ren, o

Figure II: Typical Performance Comparison Results for Case
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Same heat exchanger frontal area, pumping power, flow

rate, and inlet temperatures.

AF,9 AF,o wo

P9  PO AT 1 9  a Ti °

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

ratio of equations (2D) and (3b), in Figure 8 are indicative

of this case. Since pumping power and flow rate are

constant, the inverse ratio of the abscissa values wilI

prov ie the heat exchanger length ratio by equation (20a).

The NTU ratio is obtained from the product of the ordinate

ratio and the length ratio from equation (24c). As presented

for case e, a ratio of the temperature rise for surface 2 to

the inlet temperature, &Tr,g/ATl, can be determined from

equations (24c) and (24a) and Figure 4. This temperature

rise ratio will result in a family of curves determined by

the selected temperature rise r3tio of surface I. Knowledge

of the temperature ratios prov.dles a comparison of the heat

transfer rates. A family of curves again resuit due to the

temperature ratios. The ratios are:
Ren9 Dn 9

- M

Ren o D MIo

L9 (f nRe' / 0 3 )

NTU 9  Jn'Dn) 9 L9
N T Uo (in/COn 1 Lo

ATrig ITr, NTU 9 /NTU°-ul9 1- (1 )T

AT I  AT i

e orv .r 'te - '.d
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9 Tr, 9 AT I

qo AT I ATro

Results of this comparison are shown in Figure 12.

Assuming equal plate spacings, Dn,g = Dn, o , the Reynolds

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, Lg <

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

NTU ratio and surface effectiveness are related as presented

for case e, surface 2 will be more effective than surface 1.

The heat transfer ratio will only be 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 I.

Dn,g > Dn.o, then the Reynolds number of surface 2 is

greater than surface 1, Ren,g > Ren.o. This will cause point

g to move further to the right in Figure 8 and the anove

discussion is still applicable. If surface 2 plate spacing

is less than surface I, Dn.g < On,o, then the Reynolas

number ratio will be less than unity, Reng < Ren,o . ana

point g may be located at g in Figure 8. In this situation.

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

Lo g and the NTU ratio will increase and may exceed unity.

This would cause a greater temperature ratio for surface 2

for any selected temperature ratio of surface I, and

subsequently an even greater heat transfer ratio.

% %
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An improvea neat transfer for a shorter iength neat

exchanger' at the same pumping power ano fronta, area is

possi le at some comnination of surface parameters as

indicated oy Figure 12.

Z5v Z0
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IV. COMPARISON OF PLATE - FINNED SURFACES

The Kays ana London plate - finned surfaces of reference

(33 that were consiaered are Ilisted in Tatle II by surface

type, plate spacing, and surface designations. Only the

surfaces considered by Solana et al. [2) were analysed. Due

to the large number of surfaces considered, all the figures

on the following pages will use the numbering scheme listed

In the right hand column of Table II.

Soland showed that any surface performance curve which

is above the performance curve for another surface is a

better surface. A better surface is defined as one which

provides the same heat transfer rate for the same pumping

power, mass flow rate, and inlet temperatures - case c.

The conclusion was that the wavy - fin plate - fin surface

17.8 - 3/8 W was the best surface for an aluminum heat

exchanger.

Refering to equations (8). (9), ana (10) of Table 1, ;f

two heat exchangers were constructea of the same surface our

different materials, then the surface with higher therma

conductivity would result in a smaller neat exchanger. This

would primarily be due to a better fin efficiency ano

subsequently a better overall surface efficiency. From

equation (16), a greater overall efficiency causes a larger

nominal Colburn j factor, Jn,2 > Jn,l" Notice that the

nominal friction factor of equation (15) does not change.

These two items cause the performance curve for the higher
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conauctivity material to lie above the other ana result in a

smaller heat excnanger. If the two neat excnangers were

constructed from alfrerent materials ana aifferent surfaces,

fin efficiency may not improve due to higher thermal

conductivity. In this situation, plate spacing, fin

thickness, and conductivity play a role.

Performance curves for each surface listed in Table II

were plotted for four different materials - - stainless

steel, mild steel, aiuminum, and copper. The surfaces were

ranked by surface type for each material. To provide 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, ana

copper respectively. Only the best surface type constructea

from aluminum is shown tor each of tne four materials.

"p
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TABLE II: KAYS AND LONDON PLATE -FIN SURFACES

General Plate Spacing Surface Surface
Surface Type (b. inches) Desionation Number

Plain Plate - Fin .470 5.3 1
.405 6.2 2

.823 9.03 3

.250 11.1 4

.480 11.11(a) 5

.330 14.77 6

.418 15.08 7
*.250 19.86 8

Louvered Plate -. 250 3.8-6.06 9
Fin .250 3/8(a)-6.06 10

.250 1/2-6.06 11

.250 1/2(a)-6.06 12

.250 3/8-8.7 13

.250 3/8(a)-8.7 14

.250 3/16-11.1 15
*.250 1/4-11.1 16

.250 1/4(b)-11.1 17

.250 3/8-11.1 18

.250 3/8(b)-11.1 19

.250 1/2-11.1 20

.250 3/4-11.1 21

.250 3/4(b)-11.1 22

Strip -Fin Plate .250 1/4t)-11.1 23
-Fin .485 3/32-12.22 24

.414 1/8-15.2 25

Wavy - Fin Plate .413 11.44-3/8 W 26
-Fin .413 17.8-3/8 W 27

Pin - Fin Plate .240 AP-1 28
-Fin .398 AP-2 29

.750 PF-3 30

.502 PF-4(F) 31

.510 PF-9(F) 32
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To perform a comparison of cases e, f, ana g. a

reference surface was selected. This surface is a smooth

surface with no enhancements and a plate spacing of 0.25

inches (Dn = 0.5 inches). Comparison of many surfaces to a

single common smooth plate nominal hydraulic diameter

permits a relative comparison between surfaces having

different nominal diameters.

The performance curve ordinate, Jn/Dn, for a smooth

surface was determined utilizing the turbulent flow in tuoes

Colburn correlation for forced convection from reference

[41:

j = 0.023 Re- 2  (26)

For a smooth surface h = hn. G = Gn. Re = Ren* Then:

0.023 Re 0 .
- R (27)On  Dn 0

n2

The performance curve aoscissa, f nRe 2 D3, for a Smoothnn n ,o sot

surface was calculated by the inear approximation from

reference C43:

f = 0.0791 Ro- (28)

For a smooth surface f = fn,

f Re" 1.75s Ren 0.0791 Re "  (29)

Solving equation (28) for Re n and substituting into

equation (27) leads to:

is 0.0172 (f Re 2 / J3 ) - 1 1 4  (30)
Os n n

n 0



54

Equation (30) provides the performance curve for a

smooth surface for cases e, f, and g. Figure 17 shows the

performance curves used for these comparisons. Shown are the

best surface of each surface type determined by case c ana

the smooth surface for aluminum heat exchanger material. In

the following figures, the subscript "es" will denote the

enhanced scface and the subscript s" will denote the

smooth surface.

Results for case e, same shape, volume, and pressure

drop, are shown in Figures 18 through 23 inclusive. Figure

18 shows the NTU ratio as a function of Ren,s . The flow rate

ratio, which is equivalent to the pumping power ratio, is

shown in Figure 19. Note that in Figure 19, a higher ratio

is the smaller pumping power for the enhanced surface. Since

a family of curves are generated for the heat transfer ano

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 generatea oy the selectea smooth

surface temperature rise ratio are shown in Figures 22 ano

23 for heat transfer and temperature rise ratios. These

figures show the results for one surface only, namely the

plain plate - finned 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 respectively

for the same surface.

N%

* ., ~
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For case f. same frontal area. f!ow rate. -na heat

transfer, Figures 26 and 27 show the results. Figure 26 is

the pumping power ratio and Figure 27 is the length ratio as

a function of the smooth surface nominal Reynolds number,

Re n s- A lower ratio is 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 is shown in Figure 28 and the

length ratio in Figure 29. Like case e. heat transfer ratio

vs. Rens is Figure 30 and temperature rise ratio vs. Ren. s

is Figure 31 for an inlet 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 in

Figures 32 and 33 for heat transfer and temperature rise

ratios. These figures snow the results for one surface only,

namely the plain plate - finned surface 6.2. Figures 34 ana

35 show a family of curves for the heat transfer ana

temperature rise ratios respectively, vs. the smooth surface

temperature rise ratio for the same single surface. .r

Figure 29 a higher ratio gives oetter results ano in Figures

28, 30, and 31 a lower ratio is preferaole.

&L.



END.~ax' ~ ~ XWVWV~rVW~w~ x~vw~uq ~N~! ~'J W ~*~~r R ~- - WW, ,. ww, wvrwww- . -vjv%

56r

0

c: c

C) 3 c a

L.

4- L
4) 4)~

alJ 00 C) p

(NI0

Iq. Iy4
U .1 r

g~jq~Of



57

00

Y1-0

LO.

00
(v 0

Ca,

z-

.j,

L.

C14 Clq q"

snais4nl-



W~lg~r-JM W"W wy W v v w wvU wu "y ww ~JV~~W -~- W- W, -L W- a~ " W- -ON V"

58

[A0

.c C
(U -C.

E

LO 0

- CL

E

00
'-4)*L L ~

C14~ O '-

(SciI O SdS



59

0

L

4)

0 -L

zE E

- .-. 44A

-a4 -X



vwv'd w vwvwviw VWV ,VWVU~UW ' iU.v-F'P ~ - Wt

60

001

LO
00

zo

L;4

0 -0z L

Q),

m A 2 m a

N9 -

IV/ IC



61

ILtI
0 0

0

0 4)
u

4m)

00

v- - L

:sbl :s;9



. a a ix~ Nl wrrw w1s~xW~ N -wn -~nsr.a .. - -s u~pr~ "N n . 'n tmm..'m.-xa"t ' - a inn.

62

U~4)

kAL

10 N

c LI

(U C

0 0 -

C:

0

VC) 4)

I C

00

C) 0

IF



63

D 4,

LO

p. n

Q) >

1 --4

Ln Ln M

Sb/ 
ocab



64

4) :

L9.

E.

0 0
E6

(U

I- 2>

0o W

oV .. J -A11

- .'It. %



65

c

0

* 0

0c-JE

/r
c

5'n

s d/ a



66

Pb Z

()

p ad

4L,
L

N V-4

se s



67

U-)

LnL

S;BnIN s nI



68

CL

0

cc

"C

dq CD 00 ID



Wflfl ~ ~ ~ ~ ~ ~ M PLSP' fl f f sr sTS sa f f f fw RAM rP ' S K n fl nnfl Wiw UW'ip a

69

IA

c L

(U.

C\4
c'
L-

H im soMH I H o M H H ! IM,!1!111 il

N -n rn 4

U' e 0 'V

s-I -



W77 "7 U--f -. -r "%A

70

II

c

4. c

MR~ E
ME- 0

-D

c~j 0
MR0.z Y- E

- MR

RO IJ~

IV/ i-



71

0

4ms

p. L

0

(U 4

z( 0

EV
-~ I-

.j.

00E
c -



72

-4

JA LE0
44

.4b I

a:

-4)

NE

m u

00

Zc
CC

-F4

EC

.00.

T, rl

t -

* ~L -

IV/ IV



73

Vo

0

IA

LO

• coil-
L

c

WI I- L .

'-C)

00

- '" ('01

-

0)

r r ' * /***** * 5 -

uc

NN



74

, U,
\ 0

..

00 0

-c

,4-

a 00
Gfu.

on E L.

"WIN,

(am

IV sa I

*4p fM .L. .- 1



75

V. COMPARISON RESULTS

Table III shows the ranKing of the surfaces Dasec on

case c by heat exchanger material ana surface type in oraer

of decreasing performance within each surface type. Ranking

of the best surface for each material, with the surface

plate spacing in parentheses, is shown in Table IV. Using

aluminum as the "base" surface material, the rankings within

each material is shown in Table V of the best aluminum

surfaces. Overall ranking of all surfaces considered is

shown in Table VI. Because of the proximity of some of the

performance curves to each other and curve crossovers the

rankings of some surfaces is subjective.

% =

ASN ' * r '4.e ..- '
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TABLE III: RANKING BY SURFACE TYPE

Surface Number
Surface Stainless Mild Aluminum Copper
Type Steel Steel

Plain Plate - 8 8 8 8
Fin 6 6 6 6

4 4 4 4
7 7 7 7
5 5 5 5
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 15 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 9 9 11
9 11 11 9

Strip - Fin 23 25 25 25
Plate -Fin 25 23 23 23

24 24 24 24

Wavy - 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

7 - ~ 7& J* I~
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TABLE IV: RANKING OF BEST SURFACES

Surface Number
Stainless Steel Mild Steel Aluminum Copper

17 (.250 in) 27 (.413 in) 27 (.413 in) 27 (.413 in)
8 (.250 in) 17 (.250 in) 25 (.414 in) 25 (.414 in)

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 (.750 In) 30 (.750 in)

TABLE V: RANKING BY ALUMINUM "BASE" SURFACE

Surface Number
Stainless Steel Mild Steel Aiuminum Copper

17 (.250 in) 27 (.413 in) 27 (.413 in) 27 (.413 in)
8 (.250 in) 17 (.250 in) 25 (.414 in) 25 (.414 in)
27 (.413 in) 8 (.250 in) 17 (.250 in) 17 (.250 in)
25 (.414 in) 25 (.414 in) 8 (.250 in) 8 (.250 in)
30 (.750 in) 30 (.750 in) 30 (.750 in) 30 (.750 in)



II

TABLE VI: OVERALL SURFACE RANKING

Surface Number
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
5 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 5 5 5 5
29 32 32 32 32
30 1 1 1 1
31 2 2 3 3
32 3 3 2 2

'I, . . , , .- - . . . . . .. , , ,. . . . , .. :.... , .- i., .. .. . . :, . . . . .- ,., ..
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VI.C

Using basic heat transfer, friction, and geometric

relationships for heat exchanger surfaces, performance

parameters can be developed to relate heat transfer,

required 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 comparison based upon the characteristic

dimensions of the surface. Cases a through d use volume and

cases e through g use length as the characteristic

dimensions. Other items to consider when comparing surfaces

are what is the desired result, i.e. a reduction In total

volume or a reduction in length, and what parameters are to

remain constant between the surfaces flow rate, pumping

power, heat transfer, frontal area, etc.

Case c provides the best way to compare surfaces. By

keeping the pumping power and heat transfer constant, case c

will indicate which surface will give the smallest heat

exchanger for a given f ow rate to do the job. It does not

indicate however, that one surface is 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 III

and IV, In general, as thermal conductivity decreases,
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surfaces with smaller plate spacings become the better

surfaces. For stainless steel surface numoer 17, louvered

plate - fin surface 1/4 (b) - 11.1, is 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.

.1*
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