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v ADVANMCE RESTRICTED REPORT

AN INVESTIGATION OF AIRCRAFT HEATTRS -

IV - MEASURED AND PREDICTED PERFORMAKCE OF
LONGITUDINALLY FINNED TUBES

By R. C. Martinelli, E. B. Weinberg,
E. H. Morrin, and L. M, X. Boelter

INTRODUCTTOR

Two double tube, cylindrical, lonrgiltudinally finned
l.eat exchanger= in vhich Lot exhuust grses pass throupn
the annular srace snd ventilating sir masse= through the
center tube heve been tested to determine hent transfer
and pressure dron performantr.

One of the exchangere (R7 in. long) was nrovided
vith eight longitudinal fins 52 inches in width* (fig. 1).
The fing on the other tube were 6 inches wide, vlaced end
to end, svaced 1/1€ inch (fig. 2).

The testsg vere conducted in order

1. To est9blicsh 2 m~thod of predicting tre merform-
nce of longitudinally finnedé double tuhe hent exci-angrrs

2. Tn conp .re the performanc2 of tha two finned tubes
vith reference to the effect of fin width*

3. To compare the performance of the flnpned tvbeg wilth
the straight ~2nd dimpled tubes discussed ir referenc- 1

4, o determine the mressure drom across the finned
tubes under lsothermal and nor-isothermel conditicns

TX-ERIKENTAL EQUIPMEIVT

The natural gas teest strnnd-descerihed. in reference 1
was utilized in all the finnesd tube tests.

*Throughout this remart tnes term "width" refers to the fin
dimension in the direction of fluid flow. The fin lensth
r>fers to the dimersion mn~rrendicular to the buhe wall,
and fin thickness refers to the remmrining dimensior,



s SYMBOLS

w e

A heat transfer area, ft°

As heat transfer area on gas side, ft2

Au unfinned area of tube, ft3

Ay, unfinned area of tube on air side, £t2

A“g unfinned area of tube on gas side, ft3

A, surface area of outer tube of annulua; ft3

B experimental constant, ©F

c experimental constant, °F/ft

ep heat capacity at constant presesure, Btu/ld °F

cpa heat capacity of eir at corstant pressure, Btu/1lb OF
cpg heat capaclty of gas at conetant pressure, Btu/1ld °F
D diameter, ft

Dy hydraulic dliameter, £t

Da hydraulic diameter of finned tube on air side, ft

Dg hydraulic diameter of gas annulus, ft

Dy lnpner diameter of air tube, ft

D, outer dimmeter of air tube, ft

E experimerntal constant, OF

@1,0; enissivities of inner and outer surfaces of annulus,
respectively

f unit thermal convective conductance, Btu/hr £t2 OF
(fA), effective conductance of finmed tube, Btu/hr OF
(fA) o, effective conductance on air side, Btu/hr OF

(fh),, effective conductance on gas side, Btu/hr OF

~



(£A)f3png effective conductance for Finfed tube, Btu/hr OF

(£4)

o

fca

foe

5))

~5

effective conductance for unfinned smooth
emooth == % . o o : .
tube, Btu/hr °F

unit thermal convective conductance along tube,
Btu/hr f£t3 oF

unit thermal convective conductance along tube, on
alr side, Btu/hr ft2? op

unlt thermal convective conductance along tube, on
gad side, Btu/br £t2 OF:

unit thermal conductance based on hydraulic dlameter,
Btu/hr f£¢2 OF

unit thermal conductance along fin, Btu/hr ft2 °F

unit thermal conductance along fin on air side,
Btu/hr £t° °F

unit thermal conductance along fin on gas side,
Btu/hr ft2 °F

unit thermal conductance based eon vidth of fins,
Btu/hr f£t2 OF

equivalent unit thermal conductance for radiatinn,
Btu/hr ft2 OF

experimental constant, °F/ft

shape modulus, the factor in the radiation eauaiion
vhich allovs for the geometrical position of the
radiating surfaces

emigsivity modulws, the factor in the radiation equa-
tion which allews for the non-Planckian character
of the radiation gurfaces

gravitational force per unit mass, 1b/(1lb sec3/ft)

welght rate of flov per unit ares, 1b/hr f£t°

velght rate of flow per unit area for atr, 1lb/hr f£t?

velght rate of flow per unit area for gas, 1b/hr ft2




thermal conductivity of fin material, Btu/hr £t3 (°F/rt)
. B

thermal conductivity of air,.Btu/hr £t3 (OF/ft)

width of fin in direction of fluld flow, ft

length of fin measured perpendicular to tube surface,
ft

length of fin measured perpendlcular to tube surface
on alr glde, ft )

length of fin measured perpendicular to tube surface
on gas s8ide, ft

dis+ance.between pressure taps, It

_nunber of fins measured along circumference of tube

perimeter of fin in appendix 3, ft

pressure et entrance to heat cxchanger, l'b/ft3
pressure at exit from heat exchanger, 1b/ft2
rate of heat transfer, Btu/hr

predicted rate of heat transfer, Btu/hr
measured rate of heat transfer, Btu/hr

rate of heat trarnsfer for unfinned tube, Btu/hr
thickness of fin, ft

average intensifier tube wall femperature, oF
average tempersture of outer wall of annulus, °F
absolute temperature, °R

absolute mixed mean tempersature of air entering heat-—
ing eection, %4

abeolute mixed mean temperature of air lseving heating
section, °k

arlthmetlic average absolute temperature of alr in
heater, OR .



(TA)

(Ua),

(Ua),

H = X =

“

AP

APr
AP

AN

5

arithmetic avarage absolute temperature of gas in
heater, OR

average absolute temperature of intensifiler tube
wvall, °R .

average absolute temperature of outer wall of anau-
lus, °R . -

over-all unit conductance, Btu/hr £t2 °F
over—all conductance for any tube, Btu/hr OF

ovar—all conductance for finned tube defined by
éguation (28), Btu/hr °F

over—all conductance for unfinned tube defined by
equation (26), Btv/hr OF

fluid rate, 1b/hr

alr rate, 1b/hr

exhaust gas rate, 1lb/hr

defined in appendix B

length of finned portion of tube, ft

wvelght density of ailr at any temperature and pres—
sure, 1b/ft°

wolght density of alr at entrance to heating section,
1b/ft3

pressure drop across plpe, 1lb/ft=

lsothermal pressure drop across plpe, at temperature
T, 1b/ft3

lsothermal pressure drop due to frictlon at tempera—
ture T,, 1b/ft3

pressure drop per foot, 1lb/ft?/ft

logarithmic mean temperature difference, °F

isothermal friction factor




B, Viscosity of air, 1b sec/ft?

T mixed-mean temperature of fluid at x = o (appendix
' B), °F |
T mixed-mean temperature nf alr at entrance to heating
el section, OF
Taa mixed-mean temperature of air leaving heating sectinnm,
(JF
Tay mixed-mean temperature of air at any point x, OF
T nixed-mean tempsesrature. of gas at entrance to heating
el section, °F .
Tga mix?d—mean temperature of gas leaving heating section,
IIl .
Tg mixed-mean temperature nf gas at any point x, °F
x
T + T
T = __H_._J:____EE. oy
a 2
+
_ &1 Tea o
e 2 '
T, Wixed-mean tewperature nf fluid at any pnint x, oF
Ha Cp &
Pr = ———~=8._ x 2600, Prandtl modulus for alr
ka
@ Dgp
R = ~me—mmm—— , Reynolds modulus for air (pine)
3600 By &
Re = -3 1 ___, Reynolds modulus for air (flat plate)

ANALYSIS OF TH:Z MECEANISH CF HEAT TRANSFER IN A
LOFGITUDINALLY FINNED DOUBRLE TUBE FEAT EXCEANGER

In appendix B of tals revort the following equation
1s derived for the rate of heat transfer to a fluild from
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a length dx of a longitudinally finned tube (neglecting
the heat transfer from the ends of the fins):

dq =[n 2ekfy tanh ,[E-;:-E L + fc(-er - ﬁa) ] (tp - 'rx)dx (1)
where

dq rate of heat transfer from length of tube 4dx, Btu/hr
n . number of fins in length @4x

8 thickness of fin, ft
k thermal conduectivity of fin materiasl, Btu/kr ft’(%i—l)
fp unit thermal conductance along fin, Btu/hr £t° OF

L length of fin, measured from base autward, ft

T unit thermal conductance along tute surfacse,
Btu/hr £t2 °F

D dismeter of finned tute, ft

tp temperature of tube wall at roilnt x, °F

Tx mixed-mean temvecrature of gas at point x, °F
x length of finned tudbe, ft

For purposes of analysis equation (1) may be equated

dq = (t, = T.)d(fa), (2)

where the product (fA), may be called the "effective con-
ductance™ of the finned tubde.

Thus, equating (1) and (2), and integrating® tha
effeoctive conductance of the finned tvbe becomrs:

*In the i1desl system the bracketed expression in equation
(1) is postulated as constant with x. In the actual sys-
tem this is only anproximately true, since for narrow fing
fp Wwill bde shovn to be inversely proportional to the 1/5
power of the fin width (measured parallel to the dirsctien
of flow) in the turbulent flow region.



(fa), = !_n 28kfp tanh /k L + £,(nD — ns)] (3)

The first term in the brackets represents the effective
conductance of the fine proper, and the second term the
conductance of the pipe surface not covered by fins.

It should be noted that, 1f either n or 8 becomes
gsero, equation (3) ylelds the conductance cf a smooth un-—
finned pivpe, that 1s, £, (wDx).

If either fp or .k becomes zero, the conductance
becomes f_.(mD — ns)x, that is, the fins act as insula—
tores and reduce the effective heaet transfer arsa of the
tube.

Thus in some sxceptionel cases poorly designed fins
may actually reduce the effectivenees of {the tube. Under
normal conditione, however, the heat transfer from the
fine willl more than offset the reduction 1n the heat
transfer from the tube proper drought about dy the addi-
tion of the fins.

The expresslon for the effectlive conductance of the
fins proper- (the firet term in the bracketed expression
of equation (3)) merits further analysis. If the hyper-—
bolic tangent term 1is expanded in a power series (refer—
ence 2, p. $3),

f--l [ 2f \ i/ 2 ’2f /e
tanh /—= L \2 ¥ L -4 !__E\ o N
ks kg / 3 \ks /
2 gfr\s/a
+ — _—— L + . .
15 kg } (4)
the term
2fp 1
LY i
(£4)., . = [n V2skf tanh - LJ: (5)
becomes:

af 2f
() gy, = £y (2nLx) [1 - %(.}:’-)L‘ + 125 F) Y .](5)
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2fp } . r
If the term ~-==~—— 18 small (0.1 or less), it is appar-
ks )
ent that the thermal conductivity of the fin material X
‘and the fin thickhess s are immaterial in-determining
the thermal performance of the fin,

for many fins utilized in practice, the term ~->w-=

is of the order of magnitude of 0.30 to 0.40, BEven for
these magnitudes, hovever, inspection of equation- (6)
reveals that the fin thickness and conductivity are of
emall importance.
2 £y L%
If, on the other hand, the magnitude of --E;---

1s about 4.0 or greater, the hyperbolic tangent of
—EI L approaches unity arcd the effective fin conduct-
8

ance becomes

(£8) o,y = B Rekiy x (7)

In this case the thermal conductivity of the fin material
and the fin thickness are of direct immortance, dut the
magnitude of the fin length (measured perpendicular to the
tudbe surfacs) bezomes irmaterial,

For interme=diate magnitudes of —=i3" all tke vari-
8

ables involved are effective.

Equation (3) cannot be applied directly to thLe ex-
perimental heat exchangera. Inspection of figure 1 and
figure 2 reveals that the fing did not extend the vhole
distance along the central tube, but that 2% inches at

each end of the tube were unfinned. Ths conductance of
the unfinned area may be added to that of the finned por-
tien of the tube, and as a first approximation, for sinm-
pliclity, the unit conductance at the ends is mssumed equal
to thart along the finned vortion of the tuba, Thue the
total effective conductance for the experimental heat ex-
changer becones:

- of - '
(fl)e = [;nfE;kfF tanhﬁ/::! L+ £, (nD - na{lx + £, A, (g)

kg
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. . It should be noted that in equation (8) neither the
f mnor the A 1in the product (fA)_, can be evaluated,

but the preduet (fA),, that 1s, the effective conduct-’
ance of the tube depends on fyp, f,, the fin arrangement,

the fin elze And material, and so forth. If the vroduct
(fA), 18 assumed constant with lengtk, it may be demon-

atrated readily (reference 3, p. XIV-3) that the thermal
output of the finned haat axchanger bacomes:

A
q_a = -'-_———-———E-I-E ________ (9)
. E—_ --;-_-]
LA, (A),,

where

Atlm log mean temperature difference bestwean exhaust
gases and ventilating air, °F

The effective conductance on the air side 1s:

- efp
(£4),, =[n A2skfg, tanh]/-igg Ly + £,,(nDy - na)] x

[ S
* foa Bua i (10)

The effective ccnductance on the gar sglde 1g*

- - 2(fg, + £.)
F T
(fA)eg = E_n »/ZEk(ng + fr) tenh ‘/-—-—_E-; ----- Lg
+ (£, + £.)(nD, - ns)] x4 Ay (fop + £) (11)
The unit conductances fr' fFa' fca' ng. and fcg mus?

be evalusted dbefore the tharmal outrut of the heater can
be predicted. The phenemenon of heat transfer From the
*Additlion of tke equivanlent radiation conductance to the
unit convective conductance on tke gas 3id=~ 1s only an an-
proximation, but dofs not introduce a very largs error. )
(Sce reference 1.)
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fins requires some elucidation before a method ef analyels
oan be established.

If a single fin 15 attached to a flat nurfnca, the
fin acts ad a flat plate ss far as 1td fluid-dynamic and
thermal performance is concerned. It 1s well known (ref-

-erence h; vol. I, p. 50) that a laminar btoundary layer
bullds up on -such a nlate, the thickness of which increases

as- the fluid nroceeds dovn the platd avay from the lemding
edge. The thicknees of the boundmry layer, the frictional

‘drag, and the unit tlermsal conductance for this laninar

eondition arns all funetions of the square raot of .the.

‘Reynolds modulus for the rlate (raferencn 4, vol. I, -p, 50
-and- vol II p. 623) .

At a- certain point along the plate the boundary layer
hecomes turbulent, and from this voint on (fig. 3) the
thickness of %he boundarv layer, tha drag, and the unit
thermal conductance are all functiones of the 1/5. nower
(reference 4, val. TII, p. 361 and reference 5, p. 174) of
the Reynolds mecdulus for +the mnlate. In most longitudinally

"finned alr.- heat exchangers the latter type of flow o¢ccurs
-over the greatest portion of the fin unless the fins* are

extremely narrow (reference 6, p. 489). (Only the turbu-
lent condition will De: considered in the remaindar of the
analysis.) )

Thus, for a single f1in alsng which a turbulent boundary
layer has- been established, the unit theormal conductance
will be a function of the 1/5 power of the fin width (meas~
ured in the direction of fluid flow). When, however, osov-
erael fins are placed close to each other inside of a closed
tube, the simple pilcture presented atove cannot exigt. At
the leading edge of a long fin ‘the boundary layer will
build up, dut, aftsr the fluild haec passed a short distance
down ‘the fin, the other fins and ths tuhe walls will begin
to' influence the flow, The hnundary laver will '‘not con-
tinue to buxlld up, but will resch a constant thickness
which will dépend, not on the vlate vidth (measured in the

‘direction of fluid flow), but on the hydrauliec diameter of

the finned tuve (reference 7, p. 142 and reference &, p.

LL7).

*The criterion for the tvna of flow existinr ‘ovar the rlate
is the Reynolds modulus for the plate (reference 4, vol.
II, p. 366). 1If. Rey > 50,000, the flow is considered tur-
bulent: if B, % 50 000 the flow'is laminar.
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The gsame type of phenomenon also takes place in un-
finned tubes vith no hydrodynamie calming section. (See
reference 7, P. 142.) The entering section of such a
tube can be regarded as a flat plate, since the velocilty
and temperaturs distributlions in the fluid stream are
affected only by the state of the tube wall immediately
in contact with the fluld and are unaffected by the con-
ditions at -the center of the air gtream. When the fluid
has traversed a certain length of tube, hewever, stendy
state temmerature and veloclty dlstributions are estad-
l1ished which are independent of tube length, for low ratcs
of heat transfer, but depend on the tube diameter. Thus
t+he unit conductance of a wide flin enclosed in a tube will
not depend primarily on the width of the fin, but on the
hydraulic radius of the tube. It willl be shown that the
unit convective conductance for thig case varies inversely
with the 1/5 pover of the hydrsulic diameter.

If, hovever, the enclosed flns are narrov enough, the
thickness of the boundary layer built up about each fin
will not bascome sufficlently great to interfere with the
flow along the tudbe and along the other fings. These nar-
rov fins may tken be considerrd as 1solat~d flat plates,

A sketch showing the three phenomena discussed above
~1s shovn in figure 3.

The terms "wide" and "narrow® fins have been used in
the above discussion with no exact definition, The term
."wide fin" 1s used in the sense of A fin along vhich the
boundary layer does not bulld up completely, but is lim-
ited in its grovth by the lnterference from other fins or
adjacent tube valls. The term "narrov fin" is used in
the sense of a fin along vhich the turbulent bdoundary
layer is completely establishad, Thus the "width" of the
fin depends on the presence And proximity of other solid
boundaries. An aprroximate criterion of fin vidth may de
determined by equating the unit thermal conductancas based
on fin vidth and on Lydraulic diameter. The wvidth of fin
which makes thsse conductances equal will be the criterion
for fin width.

It will be shown that the equation for the unit con-
ductance along a fin based on fin width 1is

_ 4 0, ase g°
£, = 9.36 x 1007 T ;.5.:553 ' (12)
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The unit conductance based on hydraulic diameter 1is:

0, 800
f£p = 5.56 x 207% r°:2°6 8o . (13)
_ S . :

B

B L L LS LI

Equating these two conductances yleslds

I 13.4 (1k)
Pg
Thus, 1f a fin ig wider tham 13.U times the hydraulie

diameter of the finned tudbe, 4t is a wide fin and the unit
conductances for prediction of performance should be dbased
on hydraulic diameter. If, on the other hand, the wvidth
of the fin 1is less than 13.4 times the hydraulic diameter
of the finned tube, 1t 18 & narrow fin and its unit con-
ductance should be taged onr fin width. The equationsg for

unit convective conductances referred to in this discus-
sion are presented helow:

(a) Urit conductance for A tuhe basad on the hydraulic

0,800
fp = 5.56 x 10~* p- 896 9-37533 (15)
Dg

vwhere

G vweight rate of flov per unit area, 1b/hr f£t3
T adsolute temperature of ths gases, °R

DE hydraulic diameter nf tube, ft
(L X 22955:599!l99§1_5595:>

vetted perimeter

(v) Upnit_copductence_of s_flat_plate_based_op_the
vidth of the plate_(measured in_the direction

- S e e e wa o v et e TS WS G G T P A S e e T = e e S S R S S D S gn D T R R T

of _£lo¥)

In reference 2 the equation for the unit conduct-
ance along a flat plate is presented, based on
the aprproximation of Coldburn (reference 5) to
the analegy betveen heat and momsdntum transfer.
(see refarance &, p. ULU7, and references 10
and 11.) The equation 1is
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4 ' -1/8

—8/3 . )
— = 0.037 Pr ( el (16)
cp G 3600p, g
a

Bquation (16) reduces to

0.800

. M G
£, = 0,000160 (k,° %7 n "0*467 o 0.333)

a Pa 10 200 (17)

which for alr™ reduces to (referemce 1, p. 1l1)

4 0.08 GO-BOO
£, = 9.36 x 10 T°0'°°° (18)

i
where

G weight rate of flow per unit area, lb/hr ft2
T absolute temperanture of gas, °R

1 wildth of flat plate measured in the direction of
gas flow, Tt

(e) Calculation of £, (equivalent unit conductance

for radiation)

If the gaseous radiatlion and mbsorption (refer—
ence 12, p. 531) in the exhaust gas annulus
is neglected, the equivalent unit conductance
for radiation may be calculated from (refer—

erence 13, p. 61 4

N\
0.173 ¥, Fyg I( ~{In
£ = 100/ \1o0/ | (19)
(Tg = %)
where

L g

*The properties of alr were utilized for the exhaust gas

also,

in the absence of more precise data. 48 dlscussed

in reference 1, thils approximation will probadly not in-
troduce a large error.
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and as a first approximation

e . 1
- F [ = P, - = —— -, '(20)
. Ao+ ES i ) et
e; Av e,
Becapitulation

fFor the brediction of the Farformance of the finned
double tube, heat: exchangers the following egquations wlll
be utilized: s

.r

= (a) . . q: -= ________________ (21)_._. -

The effective conductances (fA)ea arnd (!‘A)eg are
given by equations (10) and (11), page 19,

’ . 0.-80
(b) £p = 5.56 x 107492 @_____ (22)

The unit conductancn -fD is utilized along the un-
finned portion of the tube.-and for fins whern

1

-- > 134
& 1 o 62 "0
(c) fl = 9.36 X 10" 'To' 2 ;3-:-53 (23)

The unit conductance f; 4is utilized for the fins

whenever —- < 13.4

Dy
0.173 ¥, T ) T NG ]
AT L(loo Eoo :

(a) £y = memm e ———— (21)
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SANPLE .CALCULATION

Bun F-11 (52-in. fins) - - .

From figure 1

Wettod perimeter (includings fins) ~ on alr side,
Wetted perimeter (1nc1ﬁéing £irs) ~ on grs slde.
Qross-secfional_aréé-of flow -~ on air sidm . . .
Cross—scctional area of flov - on pas slde ., .
Hydraulic diameter - on.air slde, Dy. . v o . &
Hydrsulic dimmeter - on gas side, Dg. e . 4 e
Width of .firs parallel to flov - on air side, la
Width of fins parallel to flov - on gas side, 1,
Length of fin;éd portion of tutre, x . . . . . .
Area cf unfinned ends - air side 4, .. . . . . .
Arean of urnfirned ends - gas side Aug' e e e e e
Length of fins pcervpendicular to

tube - on alr side, La c e s s e e v s e v
Lenegth of fins verpendicular to

tube - on gas sglde, Lg e e s 4 s s e e e »
Thickness -0f fing, Be o« o o » o o o s =+ o o o @

Inslde diameter of ventilating alr tube, Dy . .
Outeide diameter of ventllating alr tube, D,. .

Thermal conductivity of fin material (iror)., . 2%

1.33 <t

1.66 ft

'0.01526 ft

0.02876 Tt

0.0460 ft
0.0688 ft
4.33 £t
k.33 £
4,32 £t
0.1¢ ft

0.22 ft
0.0537 £t

0.0208 £t
0.00521 ft
0.1491 ft

0.167 £t
Btu



Prén-datas =i v . o v
Rate ofueir-flon, Wa &+ = o s o o
Rate of gas flow, Hg- . e 5'}.; .
Air temperature entering, Tall. s
hir temperature (nixed mean) leaving,
Gas temperature entering, Tgr « « o

Gas temperature leaving, Tga* = » '

17?

L

e + s+ « » 199 1b/hr

e« o« « » o 181 1b/hr

.+ 2 s . 98 OF

P e . PR
H . .

Téa » » 663 OF-
. « o o .1496 °F

e .0 ? 1] » 848 or
temperature 4differ-

552).°
= 710 °F

(a) _ i
(a) Calculation of the 1l6g hean’
ence '
-~ (1496 ~ 98) ~ (848 -~
AYy =
1496 - 98\
in: ! e ceatommipo—et ]

848 — 562 /

- -

-

(b) Celculation of f£,, (unit conductance at the
tube surface; air- side) - SR : o

0.80
Ga.

T .+ T
cplie B L BB 4. 460 = 786°R
2
HB.
B % ———— = 13,000 1b/hr £t2
0.0152%
D, = 0.0460 f%
.. ' =4 o, 0808
fou = 5.56 X 107 " T, N

= 5.66 x 10~° (785)°°898 x

. : . Bt
foq = 14.6 b
. hr £t2 OF.

R omrmemem———
D 0,80
a

(13,000)°*®°

o.
(0.048)° "7°

(¢). Caloulation of fp, . (the unit thermal conductance

.along the fine on the air side)-

For the 52—inch fins, lg = 4.33

foet, The hydraulic
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diameter of the finned tube on the air slde 1s 0.0460
foot. The ratio T S A

”E.
L . .

_ ‘177 4.33° .
- A S — = = 94,1
D; ‘ 0.046 - - - .- I

Thus the caleulation of "£3.- 'éhould’be 'based pn the . .-

hydraulile.radius. .

--Tla- 7485.03. __.' . -I';-_‘.:-.. —--_.:.- -

= 12,000 "1b/hr ££° -

=]
P,
1

,
"

I=
]
1

= 0.0460 £t
ov E-

- b 0 .£8
5.56 x 10- " € a
M2 T ‘B .+ 0.8

L]
]
]

14.5 Btu/hr £§2 OF

Hy
ac)
]

(d) Calculation of’ f
(Unit thermal conﬁuctance at the tube surface on the gas

side)
T + T

T, = TEi—vw—Ei +.-460 = 1832° R
g v 2 S e, . )
i
Gg.= —E— = 6340 1b/hr £13
0.0286" ' ° e
D, = 0.0688 ft
.G'O-BOO
. -4 0.89
__f.. = 5.56 .10 T & &
. -Cg € ... p 0800
. . s
. +f =.9.2 Btu/hr ft?
‘eg -

ance along the fins on the gas: side)

(e) Calculation of ng (the unit thermal conduct—

"“THe ‘f1n Wwidth.lg r= 4,33 feet.  The hydraulic diam-
eter of the exhaust gas anulus .Dg = 0.0688 feet. Thus

-,

v . v
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1
B = 63.0. The unit conduotance fy ~ should be based on

(4
hydraulic.diameter.

P, = 1632° R
G, = 6,340
0.0688 £t

L=
n

0,80
B . G
5.56 X 10=% p-0¢8°%8 , & ___.
& € p 0r80
. . . . . . g. .
9.2 Btu/hr f£t3 °F : . '

]
=,
L}

i

(£) Calculation of f, (equivalent unit conductance

for radiation) .

Tn order to evaluate the equivalent unit conductance
for radiation, the temperature of the outer surfasce of the
innar tube must be calculated, This calculation must be
one of trial and error. The rate of heat transfer from the
gas to the outer vall of the tube is glven by:

0, = (£4)., (T, - %) (25)

vhere

. 2(fq r
(fA),, = Ln v@sk(ng + frn) tenh R — Lg

+ (feq N :,5'(nn° - ns)]x +_(fcg_+ fr)AuF (26)

-

All magnitudes in equation (25) and in eauation
(26) are known except’ q,, t,, and ‘f_. The measured

rate of heat transfer qp 1s utilized for qgz. 4 mag-
nitude of f, = 6 may be assumed as a reasonable value
and ¢t calculated from equations (25) mnd (26). This
procedure ylelds:

'(fA)eg = 56.8 Btu/hr °F

=T
P . .8 (f‘A) .
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21300
66.8

tp = 1172 - = 797° ¥

Exverimental data for the finned tubes. indicated
that the average temperature along the outer surface of
the exhaust gas annulus (t,) was 1756° F less than the

arlthmetic average exhaust gas temperature
Thue

ty = Tg — 175 = 1172 — 175 = 997° F

The emissivity of oxidized steel is approximately
(reference 13, p. 46) equal to Q.79

1 1
Fg = - = — = 0,695
1 Ag 1 '> 1. 3.93 ( 1 N\
0

+ -1
.79 5.87 \0.79 /

?L = 1,00
Then . )
0.173 % 0.695 [(997 + 460\ _ (797 + 4s§) ]
. . 100 / 100 . Btu
fr = =6.4
ar £4° OF

(1172 -~ 797) -

Thie magnitudé of f,. 1s practically equal to the

value assumed (6.0). Thus the calculation need not be
repeated. .

(g) Galculatidn of the effective conductance of the
finned tube on the alr side

From equation (10)

/ / 2fpg |
(fAleg = [n- skfp 12 tanh~/ — Lg + fPa("Di - na)]x + fpa g

Substituting the-magnitudea which have been obtalnsd

n/ 26xfp, x = 8/ 2 x 0.00521 x 23 x 14,5 (4.33)

= 64.6 Btu/hr °F
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21'],.a 1[2 X:14.5 : : )
________________ . = 0, ionl
- L, = 33"% 5760531 (o 05;]) 0,835 (dimensionless

£foa(mD - ne)x = Lh.5(3.1% x 0.1491 ~ & x 0,00521) k4,33

26.9 Btu/nr °F

Toa Aua = (14.5)(0.19) = 2.7 Btu/ar °F
(f")ea

64.6 .tanh 0.835 + 26.9 + 2.7

(uh.2). + §26 9) + (2.7) .= 73.8 Btu/nr °F

+ ., Thus 1t is noted that on the air side "tHe fins con-
tribute 60 nercent of the eff.rctive conductance, .-and the
unfinned port*on L0 vercent.. (This calculation 1nd1cateq
. the ‘effect -of the fins per se. The indirect effeots of

the fins which also tend to increasms heater outnut are dis-
cussed om T. 23.)

(h) Galculation of .the effective conductance of the-
finned .tube on the gas side. . .

.In exactly the sama manner as was shown for thP air.
slde, . .

1 v2 e k(fp, + £3)% = 67.0 Btu/hr °F ° B

'E(ng + £.) . —. .: - | -
mmmmmpoeme- Lg = 0.335 (dimensionless)

(£, '+ £, )(ﬂD ='ns)x = 32L9 Btu/hr °r

VA 3. l Btu/hr Gr

(f f Teg!lug

({A?es

67 0 "tank (0, 335) + 32, 9 * 3 ””

'u .

(21.6)+=(32.,) +-(3.h) =.57,9
. . . T . 1_._:'.. . :
On_thﬂ gag side, ‘therafore, oving to .the shorter -fins,
the contridbution of thé ‘fing "to the efféctive conductance
is only 37.4 percent; wherads tha unflnnnd Dofﬁiun of tube
contributes 62.6 percgmt. - - . . " ) -

1 P

(1) Galculag;on of 'qa. .'" ::::.,; T o

- - x e

I "‘;71r VI A S L= 8723000 Btu/hr
(fA) \f.L> "5'7,"§ ":,'.‘-t-;) S R
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The measured rate of heat ttanafar is

W }al)._

a-%p (Tas -
(199) (0.241) (552 - 98) L
71,800 ‘9tu/br

|

I .
Vo -~ e .

(1159

Ratio of %ﬁ = 1,055

DISCUSSIOF OF RESUTLTS . . 0

Inspection of table I reveals that the average of the
ratio of Predicted magnitvdes.of/heat dutnut to the meas-
ured magnitudés for the exchanger with the H2-inch fins 18
1,00,* with an average -deviation of £ uercent vhen the
unit conductancea along the fins ars calculate¢ on.the
basig of the hydraulic diameter of the finned tube. A com-
plete calculation in which the unit conductances alonp the
fin are based on the fin vidth (measured :arallel to the
direction of gas flov) is Also showrn in tadle I, and indi-
cates an underestimation of the predicted_putnut.of-lo ner-
cent. Thus the results.for the 52-irch fins verify the
conclusion reached in an earlier narapgrapnh, that 1s, since
the 52~-inch fins are greater than 13,4 times the hydraulic
diameter of the finned tubs,.calculation of unit condugtances
along the ‘fin sHould be bascd on hydraulic diameter.

Inspection of table II reveals tlat the averags of
the ratio of predicted magnitudes of heat outnut to meas~-
ured rrgnitudes for tke exchangere with the 6-inch fins 1is
1.00,* with an average deviation of £%- percent, vhen the

*During the runs with the finned tubps, A lrak developed 1in
the exhaust line betwveen the heater and the venturi meter.
This leak, unfortunately, vas not discover~d until the runs
were completed. The venturi, therefore, indicated a greater
rate of exhaust gas flow than wAs actually vassing through
the heating sectlon. In order to estimmte what the gas flow
through the heater vas, the heat lgss from the henting sec-
tion to the ambient air was pstimated (10,000 Btu/hr), add=d4
to the heat gained b¥ thu alr,' and the wveipht rate of gas
necessary to vield this quantity of. heat.calculated, These
are the values of Wg tabulated in $ta2bles I and II. This

procedure is Justified, .since calculation skows that an error
as large as 5000 Btu/hr in the heat.loss from 'tke heating
saction to the ambdlent alr changes the.rredicted heater out-
put only +3 percent. The accuracy .of the prediction shown

in taebles I and II is 1n some measure fortuitous, therefore,
but is nevertheless accurate to about-+5 mercent. ~~ -
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unit conductances along the fins are calculated on the
basis of fin vidth (measured parallel to tke.directlon
of ailr .flaw)e: & . tabulatied of 'a ccmplete aalculgtion in
vhich -the :unit: :conductgnces “along the fina i's baged on,
the hydraulic diameter of the finned tube also fs. shown
in table II. The latter calculation indlicates a A8light
underegtdmat o (3 percedt) of ‘the heqt outpht of the ...
exchangen, .’his plighs difference’ in “the predicteq peqﬁ-
nitudes tends to verify the concluplon thet f6r the B-inch
fins {whickh hre slightly narrower than 13,4 times the
hydraulie—@éameter'nf‘the-fthned tube) the fin width
should be,w'tidized in“celcu1&$in& ths unit ccnducxanca. ‘
along! the—fincw--"'"'"‘“*‘ T T T ; +

The difference in t+hs two methods of prediction for
the 6-inch fins ;a sp”" small, however, that a serles of
tests on a much shorter fin (say, 3 in.) should. pe per-
formed.in.order further. to test the proposed method,. .
These tests-are -being planned and will be reported in~ B
later section.

It is immortant, of cpurse, to determine the effect
of the fins on the.heat .outvut-of the- exehanger. The ef-
fect of longitudinal- f#ns on thelrutn of heat transfer is
fourfold: o LT
(1) The fins increase the effective conductance of .

. ‘the- tube as ‘shovw by .edquation (3). o
(2) Next, the finas increase the unit tharmal con-
ductenne .along .tha tuhe surface jby ﬂécreasing

_ the croee—sectional arsa. of, the tubs -and thus ’

““fnereasing @ for a given welpght rate of '
flow,

as vell as decreeee tthe croee-eectional area
of the-tube; thuw d2creaalnes the hydraulic
diameter of-the tubé And. Turther 1ncreasing
the unft thearmal conductances.
L. | B R -
(4) Lastly, tﬁe‘fini"decre&ee thé'log msan tempera~-
ture difference for,.a ,51%94 .temperature 4if-
+ .f5rdnée at " Ehe en%rﬁnce fo the heat-exchangery
oWimg § thq grea{{er nate iaf hqet ransfer.: : -

The total effectliveness of he fine, .»hhch,conslders
all four of tX¢ above ‘pPolnts, 'mdy be obtained by dividing
the thermal output of the finned hnratan by the thermak¥
output of the smooth unfirned tube, for the same rates of
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gas and air flow, and for a fixed temperature- difference
between gas and air temperatures at the entrance to the
exchanger . .

' It has been shown in appendix B that the thermal ont—
put of a parallel flow heat exchanger may be calculated
from the equation: _

. 1 _<1+"“ cPa) cp)

1l -
a, = Vg °Pa(Tsl ~ Tg1) M (27)
a Pa

L ‘ Wg cpg

Equation (27) accounts for all of the four effects of
the fine discussed. The product (UA) for the finned tube
1s calculated from;

(UA)g = -t ' o (28)
D B

wheTe (fi)ea and (fA)eg are given by equatione (10)
and (11).
" Equation (27) may be utilised directly for the smooth

unf inned tubve, also. if the product (UA). 1s calculated
from:

(UA), = — : (29)
- +
+ frlhg " fca Ag

(fog

Equation (29) was utilized in reference 1.

By means of equations (27), (28), and (29), the ther-—
mal output of the finned ahd unflinned heat exchangers was
caleculated for the followlng conditions:

_Average air temperature . . . . ., . . 230° ¥

Average gas temperature . . . . . . . 13000 TF
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Difference between gas and alr tempera-
ture at entrance to heating section L Q®
bt . . [] [ a . . [} [] [} L) [ ] L] 1 O F'
(tgl - Tay) . - ~.‘5
Equivalent unit conductance .for radia- . '
tlom (£.).". + « + « 4 4« « « « . . T Btu/nr ££5.°F

The resulting curves are shovn in figure 4 for several
gas velght rates, together with several experimental points
for a gas rate of 230 pounds ver hour. The effectiveness
of the finned tubes at any air weight rate may be odbtained
readily from figure 4 by dividing the magnltudes of the
thermal output of the finned tubes by that of the smooth,
unfinned tube at equal magnitudes .off gas welght rato,*
Analytically the total effectivémess of the finned tube
may be calculgted readily from equations (27), (28), and

_<1 + 2P )é‘_’flg_
1l - y cr, c
Effectiveness = -—--2---1___5__55_7_5__25 : (30)
-(1 + ¥a_cpg (UA)y
l - e wg cna Wa cpa

where (UA), is the over-all effective copductance for the
finned tube (equation (28)) and (UA),, is the over-all
conductance for the unfinned tube (equation (29)). Such

8 calculation of the effectiveness, for the finned tubes
tested, indicated a rangs of effectiveness from 1.6 to
1.9, the high values corrastvonding to the higher velght

. rates of gas flov. The improvement in total effectiveness
at hlgher gas rates 1s to be expected, since the rela-
tively short fins on the exhaust gas side become more
effective as the gas rate (and thus ng) is increased.

In the design of a finned tube heat exchhnger the
effective conductances on the two gsldes of the tube
should be made as naarly equal as possible, unless the
fins are being utilized to lower the temmerature of the
heat trangfer surface. In the latter case the sffective
conductance on the cool gas gide should be larger than
that on the hot gas_side. ' '

*Since the convectlive unit thermal conductances, devend

on the fluld welght rate per unit area, the better cri-
terlon for comparison of heat exchangers is @, the
fluid rate per unit ares, dut, in order to illuatraté the
total effect of the f£fins the gas welght rates are shown °
in fig. 4, ” 2
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" PRESSURE DROP

As was discussed in reference 1, the pressure drop
along a tube of uniform didmeter in vhich a compressibdle
fluid (gas) is belng heated. or.cooled will not be simply
the frictlional less occurring along the tube, bdut will
also include the effect . of fluld acceleration. ' It was
.shown in reference 1. (n. 22) that the non-isothermal
pressure loss 1s related to_the isothermal pressure loss
by the expression: '

1,18 Ga m
(p, ='P,) = APT1 (-———) ------------ ( a -1> (31)
so \ T1a0 (3600)a Y, &
where '
P1 - Pa non}isothermal'préssure lass, l'b/fta
AP isothermal pressure loss at temperature T .
iso 3. iso
1b/ft
Tg . arlthmetic average gas temverature in tube, °R
T, gag- temperature entering heater, °R
Tg ges temperature leaving heater, °R -
Y] density of gas entering heater, 1b/ft3
G velght rate of gags flov per unit area, 1b/hr ft3
g 32.2 ft/sec? '

Tﬁis ééuafion vas applled to the non-isothermal ores-
sure drop data obtained for the two finned tubes, The
calculated pres=ure dron APTi o wvag then corrected to

s .

78° F as outlined on page 23 of reference 1l.,. Thesse calcu-
latsd 1sothermal pressurs drows as shown in figures 5 and
6 check the measured lsothermal pressure drop danta very
clocgely (less tkan 10 percent discrebency). These-data
are further proof of the aptlicability of equation (21)

to the prediction of non-isothermal pressure drops in
gas—-air heat exchangers.* ’

— - D G . M M e e et e e . D M SRS G Fin R G G YT S M S S R e e v S S G S TS mmr A e R Dt T A S R T G S R Gy

*Actually equation (31) is only an approximation, gince 1t
i{s based on a linear increase in gas temverature with
length, The increase 1ls more nearly expsnential.
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in addition to changing the magnitude of the pressure
drop, equation (31) chenges the, slope of the AP /AR
agalnst: Wa, curve. as shown in figure 5. The slope of

the, non-1sothermal pressure drop curve 1is less -than the
1aothermal one. This is to be expected for lower ailr
rates, since the temperature rilse of the alr passing
through the heater is large, thus causing a larger pres-
gure drop owing td the greater exit valocity of the 'wArnd -
air. . Py

" The 1§othermh1 friction factor for the firned tubes
wag ‘calculated, utilizing the hydraulic radius of the .
finned tute s the significant dimension in the Reynolds
modulus and in the equation defining the friction factor.
Then d P .

B = —m—me—om—— ’ _ S ﬁ32)

and

-__'; EN e . BN
: (Pa 2 (2€00)3v g3

where Da= the hvdraulic diameter of the finned tube.

Sat{afactary correlation'betveen the 'isothermal
friction frctor for the finned R”~inch and 6-inch tubes
and the smooth tube dliscussed in reference 1l resulted.
The rPdlints for all three tubea fell within 15 nercent
of the recommended curve for "commercial! pipe (refer=
ence 3, p. XI-8) (fig. 7). Thus 1t avpears that, for
longitudinally finned tubed with wide fins, ths pres-
sure drop may be satisfactorily pr=dicted hy meang of
the normdl friction fadtor ddta. The increased pressure.
drop for the finned tube is due mainly to ita 1ncreased
wetted perimeter. -

When narrow fing are utilized, however, ths above
concluslons probably will mno longer epply, owing to the
increased pressure drop produced by-eddies, and.so forth,
on the downatream side of each narrow fin.*

. = D e S ) G S G S SR AYE S T SR Ge Gt e SE S G e i SR G Gy e S S SR Ge T MR e e SR =S M e e SR Snp G b

*The 6-in. fin is so close to being a wide fin that it
is considered as such in the -pregssure dreop discussion.
Actually the ratio of 1/Dg for the 6-inch fin 1s 10,9,
thus causiag 1t to fall in the narrow fin gspecification
as discussed on p, 12,
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CONCLUSIOXNS .
i. The effect of -longltudinal fins may be predicted

successfully (5 percent) by utilizing equation (&) to

calculate the effective conductance of the finned tube.

2
2. If the ratio _-E--—_ for a fin 18 of the order

8
of magnitude of 0.10, the thermsl conductivity of the fin
material and its thickness are unimmortant in establieh-

ing the fin performance. If the ratilo R 1s of

the order of magnltude of 4.0, fin length measured vperven-
dicularly to the tube surface becomes unimportant.

3. It appears, although it has not been conclusilvely
proved,* that 1if a longitudinal fin is wider (measured in
the direction of fluid flow) than about 12.4 times the
hydraullc diameter of the flnned tube, the unit conduct-
ances along the fin gurface should be based on tha hydrau-
lic diameter (equation (1X)). 1If the fin is narrower
than 13.4 times the hydraulic diameter, the unit conduct-
ance should be based on the fin width (equation (12)).

4, The 6-inch fins indicated a slight advantage (3
percent) over the 52-inch fins, Conclusion 3 predicts
that the use of still narrover fins would produce greater
improvement in heat~transfer nerformance, The almost
negligible improvement for the 6-inch fins, however, may
be due in part to the very small gap between fing (1/16
in.). A greater gap or staggering of the fins would ner-
haps improve the fin performance.

"H. For the same welght rates of flow, the finned tube
provided about 1.75 times the thermal outrut of the
smooth, unfinned tube. The improvement in output 1s, of
course, & functlon of thse fin design and this particular
increage of output by the use of fins apnlies only to the
unit teated.

6. BEquation (31) may be used to predict the non-
isothermal pressur2 droo across longltudinmlly finned
double tube heat exchsangers, 1f the lsothermal drop is

*Tegts are planned on narrow fins (3 in.) to test furthar
the applicabllity of the flat plate ~quation for narrow
fins.
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knovn. The 1sothermal nn&-non_iaothermal presgure drops
differ greatly becaune ofhthe large difference in veloc-
ity of the gaees entering and 1eaving the exohanger.,?
aee e r .l:‘f‘-l"

7. The ieothermal friction factor for the longiltu-
dinally finned tubes tested compared satisfactorily with
commercial pipe friction fatctor ‘data,

University of Oaliformtey .:'wo ©- T
o Berkeley, Califn. - : : P . .

APPENDIX ‘A~

- ) MIXING GHAMBER

In order to obtain an accurate mixed mean tampera-~
ture of the alr leaving thé heat exchanger (reference 1,
p. 18), a mixing chamber was designed .which produced a
vary uniform- temperature across the mixing chamber out-
let. This mixing chamber, composed of a sst of perforat-
ed bafflee, produced an excessive pressure drop ‘which,
‘Am ‘turn, reduced the alr blower capaclity. Tp remedy thie.
the original mixing chamber was nrogresaively astripped
of bafflee until a patlisfactory comoromise vas renched
betVeen the pressure drov.and the effectiveness of mix-
"ing. The final design 1s shovn in figure:-8. A similar
design was used by Colburn and Coghlan (reference 1),
The pressure drop across the unit is about 2 in. CCl1l at
'a weight ‘rate.of air of 400 1b/hr.'

‘The mixing chamher shovn in fig. 8 allowed the deter-
mination of the mixed mean fluid temnerature by means of
a single thermocouple.placed at the center of the gtream
with a meximum error-in the temmerature rise of the fluild
passing through the heater "of about 1 vercent for the
£inned tubes, .2 parcent “with the dimoled ‘tubes, and §
peroent wvith - the amooth unfinnaa tube,

As dieouuse¢ above, a more sreclse mixing chamber
vag avallable dut was not utilized becruse it introduced
.%oo0 great.a pressure drop. 4 taximum error of 5 percent
‘wae comsidered permissible- for- the tests. In reference 1
_ponnerning the gmooth and dimpled ‘tubes, 1t was.shown that
the. emission:of a mixing chamber introduced errors in the
temperature riee of the fluid as High as KO mercent,
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APPENDIX B

HEAT TRANSFER TO A TLUID FROM' & LONGITUDINALLY FINNED TUBE

- . - .
. . LA «

INTRODUCTION: '

LR

An analytical expression for the heat transfer from a
longitudinally finned tube 1s presented below: .

Case I
Heat Transfer Equatlons for lLongitudinally Finned Tubes
vhen the Tube Wall Temperature is Xnown

The following syatem id defined:

1. There is no heat flow in the fins-1in the direction
of fluid flow. o )

2. The heat transfer through the ends. of the fine into
- the alr stream 1s negligible. )

3.-The tube wall temperature is invariable with x and
the base of the fin 15 at the tube wall tempere—
ture. . .

' 4.-The.unit conductance fer heat transfer is the same
) over the fin a8 over the unfinned surface of the
tube wall, and constant with length and tempera—
ture,*
' 6, Radiant heat transfer 1s zero.**

*The unit convective ‘thermal conductance may not always bde
independent of length, but may vary inversely with a frac-—
tional power of the fin width 4in the @®rection of fluid flow.
However, the utiligation of an average magnitude of -thermel
conductance in the length x will not 1ntroduce eerious
errors.-

" *%UnTess this postulate is made, the equation derived below
cannot be integrated readily because of the manrder in which
radfant heat transfer vaeries with temperature,. However, at
the rates of fluid flow met 'in- -practice, the rddlant heat
transfer may be either negledteéd as ‘postulated here or in-
cluded ‘In the magnitude of the unit thermal conductance by
utllizing an equivalent thermal conductance for radistion.
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6. The thicknesg of a fin As emall compared to 1te
length.- - )

“In g length of tube dx the. change 1n enthalpy of the
air w111 be: .

-
(]

dq =W o, 4 R " e (B1) --

P
1
The heat* flor from‘the tube will te that from the -

fing- jlus that from tie .unfinned surface of the tube (ref—
erence 3, p. II-26) -

dq = nyf k aP aa (bp — Ty ) tan h f dP_Li...-- NI

dA

T N I "
: o7 #+ £(8; — Tx) (nD ~ ns)dx (B2)
but .
4P § 2dx
dA & sdx
dg = ln\/ZB tanb J —— L + f(ﬂD - ns)](tP - Tgldx (B2a)
Equating (Bl) and (B2a), and defining X as:
X = n+/2eKf taoh 2f L + £(nwD ~ ne)
gives: '_ -
arT. ) . '
X -=-Wx d.x . (BS)
(tp - Tx) cp . :
The integrated form is:
D S .
by ~ Tx = (tp = Ty)e Woey T ' (B4)

b

which may be substituted 1nto equation B2a and integrated
to yleld:




o L Ve er . ] . - wx x\
= T O [
qQq =W ey (tp = 7r,).\a “'f"i P, )-_ (B5)

-l'l "‘. : - '
This 18 the general equation for-the ‘heat flow from a
longitudinally finned tube of length x.

The term W op(tP — 71) =q is the maximum pos—
eible haat ‘exchange from tube to fluid since the fluid
cannot exceed the fube wall temperature..

Equation 45) may be expressed.

_9__=(.1_'_e

Amax

1 - —L—-—> (-——-—-1) (B5e)

This equation 1s plotted in fige. 10, 11, and 12.

When n = C, the squation represents the heat transfer
from en unfinned tube.

L xn:g >
T q.._ =We (t_p - T}).__.<1 ~e ' Cp x) (B6)

n='o R ° B

where -

Xn=° = fud

The effectivensss of the. fins is denoted by
X
- x
q. (1 -~ ¥ c:p )
=_-
- Yn=o . _ Tn=o,
RS

and is plotted 1n figs. 13 and 14.

(B7)

Similar. analyses were perf ormed for the case for

which the temperature at the base of the fin "t was

postulated to vary linearly and exponentially with length
X. . -

Expresslng the.temperature at the -base of the fin as
a linear function of the distance,
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el . EP=,CII+B-

yields v .
- - e ¥ e T
q = W cp, (3 -0 —-x—3.><1 - o W cp >+ c I] (38)
.

The constants B, and C are evaluated by plotting
the temperature distribution as a function of length, The
congstant ‘B 1s the walue of the intercemt and C 1s the
slope of the temperature~distance line,

If the temperature of the base 1's’an exponential
function of the d;gtanoe along the tube,

- ~Fx
tp =R o

o {235 - 1“)(""“ - V59 (29)

The constants B and F are evalunted from a semi-
logarlthmic plot of the temperature Alstridution.

vields

DISCUSSION

Eouation (35a) has been plotted in three different
forms, the ratio q/qmax Aand its equlvalent

------- against —EE— x, x, and n, ZEach plot exhih-
tP-Tl '-ch

its sufficlently different characteristics to wvarrant
gseparate consideration. ' The equation in generalized dimen-
sionless form has besn oresented in fig, 10, This plot

may be used to determine the manner in which variation in
fin material and dimensions, tube dimenslons, and rate of
gas flov affects the performance of the finned tube.

Fig. 11 1g a replot of fig. 10 showine afap.y
against x, with -31- as parameter., This plot enables
c
one to observe that two short. tubes. in narallel vill give
& higher heat flow than one tube of twice the length with
the same number of fins, but the temperature rise of the
air will be less. . .
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From fig, 11:  TFor & 3-ft tube qfay,, = 0.36
' For a 6~ft. tube q/qmai'= 0.69

) 4 20-percent increase in the rate of heat transfer
ig thus accomplished with two 3-ft tubes in parallel, as
compered with one 6—ft tube. The temperature rise, how-
ever, 1s 60 percent of the welue obtained by using one
6-ft ftube. .

A plot of q/qmaz against n (fig. 12) based on

fig. 10 allowse the observation that two tubes with half
the number of fins permit a higher heat transfer rates
than one tube with twice the number of fins for the same
length.

From fig. 12: 4t x = 4.75 f¢

4 fins aqfqp,, = 0.51
8 fins q/aqpgy = 0.64

A 60.6—percent increase 1ln the rate of heat transfer
is thus obtained with two tubes having four fins each.
Here, agaln, the temperature rise is 80.3 percent of the
value for one tube. ) : .

In ordér to plot the equations, average values of
data from laboratory tests were used.

The advéntage of a finned tube over a tube without
fins is obteined upon inspection of figs. 13 arnd 14,
plots of eyyation (BE?7). From fig. 13 a plot of ¢/qp=,

against: x  reveals that for & given length the effec—
‘tiveness ie increased as the number of fine increases.
This is particularly true for short lengtks, For long
lengths the effectiveness is changed little for large
*increases 1n the number of fins, .

"Fig. 14, a/q =o 8&alnst "n, 1indicates the manner
in which the effec%iveness decreases as the tube lncreaoses
in length with the same number of finms.

A careful inspectlon of the equations and figures
does not indicate any practical value of the optimum num—
ber of fins or length of tube. It should be emphssized,
however, that other, more important considerations govern
the selection of the number of fins and the lemngth of
tube, such as pressure drop, specified lengthe, tempera-—
ture rise, and quantity of fluid.
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-Gase 11
Tréhuger Eauations for Finned or Unfinngg Heat Exchangers
vhen-the Tube Wall Temperature Is not Knownand
the Heat Loss to th; Surroundings 1s EZaro .

Phe hea% ;bsofbed by the cool mir at any point x 1is
given by .

,dag =W, cp 4Ty = (UdA)(tex - Tax) (B310)

The heat given up.by_tﬁe hot gArses at any point x 1is

given by

a W ¢ 4T vdd) (7 - T Bll
a, =¥, P, P ( ) ( e ax) ( )

Equations (B10) and(B1l1) may b2 rewritten as

a T, U dA
------ B = e (B12)
(Tgx - Tax) Ya °p
and
a T, U aA
_;____;;___ E e e (B13)
- T
( £x ax) Ve °pp

Subtracting equation (Bl2) from (Bl3) pives the following
exprossion:

—U(;—-—l--- + -...?-.--) aA = EEIEE_:_IE‘EE (B1k4)

. When U and cp are constant along the heat exchanger,

equatlon (Blu)'may.be integrated along its length from
point 1 at entrance to point 2 at the exit end of the
exchanger, The result 1l

1n (IEE-:-IEE) = e aetoo 4 ......1_-..> (UA)

\Te1 = Taa



Thié”hqha@&aq_may be wiitten.as
.-.. e o T (——-l-—-r + -___JI_ (UA)‘
.o, T I SRRt

: -”V e
N PR g c'p n .
_83.7_.22 . . N B (315)

When both sides of eauation (B1l5) are subtracted from

unity and multiplied by -(Tgl —-Tal)' the result is

Ter ™ Tax = Tga 7 Taa

- . . / . L
ot - / - (;_}___ + -_-,__ ) (UA)
. c C.
_ V€ "Pe ¥e. Pp /

(B16)
/

When the heat loss to the surroundinps s zero, a4 = dg
and separate integrntion of ecuatinng (B10) and (B11)
yielés .

Substituting this last equation into equation (B1l6) and
rearranging terms

- (i_J;__ + ;_J;__ )(UA)
- - - C a ©
(Tga = Tai) = '——gé"T'L 1l -ce &P Pa
1 3 —Eh—g - -
L
& Pg
Multiplying bath sides of this eouation bdr W, e,  And
A
rearranging the exvonential term gives equation (27).
- . Wy ey UA
- (1 + __..___B> ______
; 1 -e £ a
q =¥ e (7 -7 N 2= & - | (z17)
a 8 P, gl al ¥ e
A "Dg
l + el
v e
7 "Pg N
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~r -HRguation-{B1l7):will:yleld .éxactly.  the -same results
as equation (9); in equation (B17) the log mean tempera~
taradifference: Hdd Yeen evaluated in. ‘terms -of “known:
quantities. thereby allowing an explicit solutién for” Qgr
-( ;. For, a: emoath unrinﬂed -tube '(U&)  1s givén by eguation
29 A

syt T T I TR . Cte e -
“.. - (HLI il }:rh--.ﬂ 1 : - “ono- oo rfB18)
st v amt A Attt
(fcg + fp)hg L, . .

while for .a longitudinally finned tuhe. (UA) 18 .given by
equation (28)a~ : oL '

. . . R
- . . . - " - ]

-

'1319)

) j(U#)e - - —r
1 + 1
(f-“-)ea (ﬂ.)es
where (fi)ea and (f-'.)eg are given by equations (10)

and (11).

The ratio of the rate of heat transfer from a longi-—
tudinally finned tube to that of a smooth unfinned tube
is obtalned by substituting equations (28) and (29) in
equation (27) to yileld equation (30),.

q la
Effectiveness = - (fina)
Gn=0 a(no fine)

_(l . wa cPa> (UA')O
W L)

1 - @ g ch a cpa
- =~ - - - (320)
_<1 + ¥a °pa\ (UA),
1 - o wg °Pg Wa cpe

It should be noted that equation (B7) 1s a special
case of the more general equation (B20). The former
equation evaluates the effectiveness of the fins based
on a conetant tube wall temperature,



v$8
2slumpabhe term, kx z) An. equation (B7) gorresponds to
-t i;t:”ﬁ& Pa) (UA) 1n equation (‘.Béo) and tha term
it 1
o vean nB Pg, _._,__._,-‘:._ . ) )
We °pa
(UA)

4t
wg Pg '.. AN

uﬁtganoixjf corresgonds.to <} +

The foregoing equations are applicable to parallel
- ;. fllow in doubdle..tube heat exchangers.. Similar equations
for contraflow of fluida are given in ‘reference 3

(p. XIV—4), =~ -

oy = .. - oA
.

L ..The guthors.gratefully qcknovkedse the .contributions
of Hessrs. M, Tribus, D, DuBein, M. 4, Miller, B, Hamaker,
and C. Buchter in the performance of the tests and the
preparation of the report, and of Messrs. H. Eaglee and
H. Poeland in the constructlon.of .the equipment.
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TARLE I. TABULATED RESULTS AND DATA (52" Fins). . E
Ratio

. f‘g‘-‘ Gjo:b :?_% Taa| Tez| T;m Tea| Yp feg | fea ! ng ! fra fy q
(—m e e | On| Cn|Cn | O] Cn | <« A ) (sw%) By o
hr ££° OF 2= é-) ay
hr hr
l. Unit Conductances Caloulated on Basis of Hydraulie Diameter .

N-2 | 19,300 | 8,300 | 101 |} 563 1579 | 900 | 795 11.7 | 19.9| 11.7} 19.9 | 8.3| 32,800 | 32,900 1,00 .
-3 | 23,000 | 8,850 | 106 |526 | 1547 | 876 | 730 12.2 | 22.8 12,2 22.8 7.7| 34,600 35,400 0.98
-5 | 22,600 | 8,050 | 112 |480 | 1460 | 809 ( 765 11.3 | 22,0 11.3| 22.0 | 7.5| 30,400 | 30,000 1.01
-7 | 29,400 | 6,750 | 124 |440 | 1621 | 774 | 695 9.9 | 27.1 9.9 27.1 | 7.5] 34,300 33,700 1.02
-8 | 23,100 | 7,100 | 118 | 490 | 1628 | 835 | 750 10,3 | 22.6| 10.3 | 22.6 | 8.2| 33,000 32,500 1.02
-9 | 19,700 | 6,860 | 110 |519 | 1620 | 863 | 810 10.0 | 20.2{ 10.0| 20.2 8.5| 32,000| 29,600 1.08

-10 | 14,300 | 6,400 99 | 876 1630 | 913 | 890 9.6 | 15.6) 9.6 | 15.6 8.3| 28,400 | 25,100 1.13

-11 13,000 | 6,350 98 | 552 1494 | 848 | 800 9.2 | 14.5 9.2 | 14.5 6.4 | 23,000 | 21,800 1,05

-12 19,400 | 6,600 | 106 |471 | 1492 | 780 | 700 9.6 | 19.6 9.6 { 19.6 6.5 | 25,900 | 25,800 1,00

=13 | 22,200 | 7,000 | 111 |[443 | 1490 | 758 | 675 10.0 | 21.,7| 10.0 | 21.7 | 6.3| 27,600 | 27,100 1.02

-14 29,200 | 6,600 | 130 | 404 | 1497 | 714 | 600 9.6 | 27.0{ 9.6 27.0 | 6.0| 27,900 | 29,400 0.95

=15 14,500 | 7,750 112 | 490 | 1299 ] 778 | 670 10.7 | 15.7| 10.7 | 15.7 4.,5| 20,400 | 20,800 0.98

=16 20,200 | 7,850 | 112 |[434 | 1302 { 735 | 590 10.8 | 20.0| 10,8 | 20.0 | 4.6| 23,200 24,000 0.97

~17 23,500 | 7,900 | 115 | 409 | 1301 | 713 | 575 10.8 | 22.5{ 10.8 | 22.5 4.7} 24,700 | 25,400 0,97

-18 30,500 | 6,800 | 121 | 347 | 1301 | 618 | 465 9.5 | 27.5| 9.5 27.5 4,2} 22,500 | 25,300 0.89

2. Unit Conductances Caloulated on Basis of Fin Width

N-2 | 19,300 | 8,300 | 101 |56% 1579 | 900 | 795 11.7 4 19.9] 8.8} 13.5 8.3| 29,500 | 32,900 0.91
-3 | 23;000 | 8,850 | 106 |526 1547 | 876 | 730 12.2 | 22.8 9,1 | 15.3 7.7 | 30,000 | 35,400 0.85
-5 | 22,600 | 8,050 | 112 {480 | 1460 | 809 | 765 11.3 | 22.0{ 8.5| 15.0 | 7.5| 27,400 | 30,000 0,91
-7 | 29,400 | 6,750 | 124 1440 | 1621 | 774 | 695 9.9 | 27.1| 7.4 18.4 | T7.5| 31.300 | 33,700 0.9%
-8 | 23,100 | 7,100 | 118 [480 | 1628 | 835 | 750 10,3 | 22,6 7.7 | 15.2 | 8.2} 30,100 | 32,500 0,92
-9 19,700 | 6,850 | 110 | 519 1620 | 863 | 810 10.0 | 20.2| 7.5 | 13.6 8.5 ] 28,700 | 29,800 0.97

-10 14,300 | 6,400 99 |5676 | 1830 | 913 | 890 9.6 | 15,6 7.2 | 10.6 | 8.3 25,200 | 25,100 1.00

-11 13,000 | 6,350 98 | 552 | 1494 | 848 | 800 9.2 | 14.5] 6,9 | 948 | 6.4| 20,300 | 21,800 0,93

=12 19,400 | 6,600 | 106 |4T1 1492 | 780 | 700 9.6 | 19.61 7.2 | 13.2 | 6.5 23,400 | 25,800 0.91

-13 22,200 | 7,000 111 | 443 1490 | 758 | 675 10.0 | 21.7 7.5 | 14.6 6.3 25,000 | 27,100 0.92

-14 29,200 | 6,600 | 130 | 404 | 1497 | 714 | 600 9.6 | 27.0| 7.2 | 18.2 | 6.0| 25,600 | 29,400 0.87

=15 14,500 | 7,750 | 112 | 490 | 1299 [ 778 | 670 10.7 { 15,7| 8.0 | 10.6 | 4.5| 18,100 | 20,800 0.86

=16 20,200 | 7,860 | 112 (434 | 1302 | 735 | 590 10.8 | 20,0 8.1 | 13,5 | 4.6 21,000 | 24,000 0.87

-17 23,500 | 7,900 | 115 | 409 1301 | 713 | 575 10.8 | 22,5 8.1 | 15.3 | 4.,7| 22,100 { 25,000 0.87

-18 30,500 | 6,800 | 121 | 347 | 1301 | 618 | 465 9.5 | 27.5 7.1 | 18.7 | 4.2| 20,500 | 25,300° 0.81



TABLE II. TABULATED RESULTS AND DATA (56" Fins).

G | atio

ﬁ:’: 1% ;".g Ta1| Taz|Tg1 Tga| Yp fcg fon B’igg fra | fr B::I B:,é R‘h

w) | o7)| cofem| en | en|on | < w5 ) | &
- T
1. Unit Conductances Caloulated on Baeis of Fin Width

Jd -1 19,000 | 8,450 89 | 538 | 1528 | 881 | 760 11.7 | 19.5 13.5 | 20.4 ]| 7.6 32,200I 31,600 1,02
-2 28,600 | 8,650 106 | 444 | 1542 | 819 | 650 11,8 27.00 13.6( 28,5} 7.2 } 37,2001 37,100 1.00
-3 20,400 | 8,800 98 | 523 | 1505 | 878 | 750 12.1 | 20.5 14.0( 21.5| 7.5 | 33,200| 32,100 1.03
-4 19,600 | 8,650 102 | 453 | 1310 | 770 | 630 11.8 | 19.6| 13.6 | 19.7 | 4.9 { 25,800] 25,600 1.0
-5 21,200 | 8,500 105 | 444 | 1323 | 760 | 625 11.6 | 20.8/ 13.3 | 21.8| 5.2 | 26,700{ 26,600 1.00
] 30,300 | 8,150 120 | 379 | 1328 | 699 | 525 11.2 | 27.5( 12,9 | 28.6 | 4.9 | 28,400 29,100 0,98
-7 18,800 | 8,300 104 | 579 | 1617 | 949 | 860 11.7 | 19.4 13.5 | 20.4 | 8.8 | 35,500| 32,100 1.11
-8 22,000 | 9,300 108 | 667 | 1623 | 956 | 825 12.8 | 22.¢ 14.8 { 23.01} 9.1 | 39,500} 37,400 1.08
-9 28,900 | 9,500 117 | 504 | 1616 | 904 | 730 12,9 | 27,3( 14.9 | 28.6 ) 8.5 | 43,800 41,500 1.08

-10 34,500 | 8,200 84 | 323 | 1325 | 678 | 510 11,2 | 30.2{ 12.9 | 31.0| 4,7 | 31,200| 30,600 1.02

-11 41,700 | 8,350 84 | 294 | 1317 | 652 | 420 11,2 | 34.5 12,9 | 36.0| 4.3 | 30,800} 32,400 - 0.95

-12 36,400 | 8.100 76 | 360 | 1516 | 725 | 525 11.2 | 31.5 12.9 | 32.8| 6.1 | 35,900 38,200 - 0.94

-13 40,000 | 8,200 73 | 335 | 1516 | 706 | 500 11.3 | 33.8; 13.0 | 35.3 | 5.9 | 36,800| 38,800 0.95

=14 35,500 | 9,000 T8¢ | 414 | 1611 ; 817 | 580 11.9 | 31.2] 13.7 | 32.5 ] 7.1 | 41,000 44,300 0.93

-15 39,300 | 8,900 74 | 389 | 1611 | 799 | 555 12.2 | 33.5{ 14.1 | 35.2 | 6.9 | 42,000| 45,800 0.92
2. Unit Conductances Caloulated on Basis of Hydraulic Diameter -

J <1 19,000 | 8,450 89 | 538 | 1528 | 881 | 760 11,71 19.5 11.7 | 19.6| 7.6 | 31,400| 31,600 . 0.99
-2 28,600 | 8,550 106 | 444 | 1542 | 819 | 650 11.8 | 27,0, 1.8 | 27.0 | 7.2 | 36.000| 37,100 - 0,97
-3 20,400 | 8,800 98 | 523 | 1505 | 878 | 750 12,1 | 20.5] 12,1 | 20.6 | 7.5 | 32,400 32,100 1,01
-4 19,600 | 8,650 102 | 453 | 1310 | 770 | 630 11.8 | 19.6| 11.8 | 19.6 | 4.9 | 26,200] 25,600 0.98
=5 21,200 { 8,500 106 | 444 | 1323 | 760 | 625 11,5 | 20.8] 11,5 | 20.8 | 6.2 | 26,000 | 26,600 : 0,98
-6 30,300 | 8,150 120 | 379 | 1328 | 699 { 525 11.2 | 27.5| 11.2 | 29.5 | 4.9 | 27,600 | 29,100 0.9¢
-7 18,800 { 8,300 104 | 579 | 1617 | 949 | 860 11.7 | 9.4 11.7 | 19.4 | 8.8 | 34,400 32,100 1.0?
-8 22,000 | 9,300 108 | 567 | 1623 | 956 | 825 12.8 { 22.0( 12.8 | 22.0 | 9.1 | 38,500 ] 37,400 .| 1.03
-9 28,900 | 9,500 117 | 504 | 1616 | 904 | 730 12,9 | 27.3| 12.9 | 27.3 | 8.5 | 40,200 | 41,800 0,87

«10 34,500 | 8,200 84 | 323 | 1325 678 | 510 11.2 | 36.2| 11.2 | 30.2 | 4.7 | 80,600 30,600 1.00
-11 41,700 | 8,350 84 | 294 | 1317 | 652 | 420 11.2 | 34.5| 11.2 | 34,5 | 4.3 | 29,800 32,400 0.92
=12 36,400 | 8,100 76 | 360 | 1516 | 725 | 525 11.2 | 31.6] 11.2 | 31.6 | 6.1 | 35,100 ] 38,200 0.92
-18% 40,000 | 8,200 73 | 335} 16516 | 706 | 500 11.3 | 33.8) 11.3 { 33.8 | 5.9 | 35,700 | 38,800 0.92
=14 35,500 | 9,000 78 | 414 | 1611 | 817 | 580 11,9 | 31.2y 1.9 |{31.2 | 7.x { 39,300 | 44,300 0.90
15 39,300 | 8,900 74 | 389 | 1611 | 799 | 555 12.2 | 33.5f 12,2 | 33.5 | 6.9 | 41,100 | 45,800 0.90

3v



TABLE IIT.-ISOTHERMAL PRESSURE DROP - AIR SIDE

43

Run

wa.
(1b/hr)

G

T

(lb/gr £t2) | (°F§

Measured
pressurezdrop*
(1bv/£t°/1t)

Reynolds
modulug#*

Friction
factor*

Finned Tube (s2-in. fins) (distance between pressure taps, 6.25 ft)

KIF-1
-2

-3

Finned Tube (6-in.

LI-1

-2

-3

-4

375

416

584

536

589

640

573
502
428

338

24,600
27,200
38,300
35,100
38,300

42,000

37,500
32,900
28,000

22,100

78

78

78

78

78

78

83

83

83

83

6.35

7.68
13.4
11.7
12,5

15.8

13.6
10.5
8.29

5.69

25,400
28,100
39,300
36,200
39,300

43,300

38,500
33,800
28,800

22,700

0.0296
.0294
_.0256
.0268
.0242

.0254

fins) (distance between pressure taps, 6.20 ft)

0.0270
.0270
.0294

.0323

*Corrected to 78° F. (See equation (33) of this report and equation (25)

of reference 1,)
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TABLE IV.-NON-ISOTHERMAL PRESSURE DROP - AIR‘SIDE

Measured non- Isothermal pressure
Run L Gy Ty | T3 | T, | isothermal drop calculated from
pressure drop non-isothermal pres-
1b o o o per gt sure cl:rop;I
(1o/ne){ \nr 252 J(°B) [(°R) |(°R) | (1v/24° /20) (1b/2¢" /2¢)

Tinned Tube (52-in. fins)(distance between pressure taps, 6.25 ft)

M-1 514 33,600 | 538 | 785 | 667 15.2 9.82
-2 378 24,800 | 542 | 798 | 670 10.3 6.92
-3 538 35,200 | 540 [ 757 | 649 15.9 10.7
-l 459 30,000 | 542 | 770 | 656 12.9 8,80
-5 393 25,700 | 546 | 824 | 695 10.5 6,58
-6 323 21,100 | 545 | 858 | 701 8.38 5,20
-7 599 39,200 | 550 | 763 | 656 20.4 13,8

Finned Tube (6-in. fins)(distance between pressure taps, 6.20 ft)

LL-1 586 38,300 | 549 | 780 | 664 23,6 15.9
-2 520 34,100 | 553 | 790 | 671 18,7 12.4
-3 331 21,700 | 546 | 872 | 709 10,0 6.26
A | osse ) o36,m00 | su6 |97 | en 0.5 13.5

*Corre;ted to 78% F. (See equation (31) and footnote on table III of this
report.

P,



NACA Figs.1,2

FINNED TUBE (52")
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