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CORR3EGATIOMS OF .EEAT-TRAFWER DATA Am OF FRICTION 

DATA FOR -TED P3AHE FINS 

STAGGERED IM SUCClBSNE ROW53 

By S . V. Manson 

The available heat-transfer and f r i c t i o n  data on plane f i n  sur- 
faces tha t  a r e  interrupted and staggered i n  successive rows i n  the 
fluid-flaw direct ion were separately correlated. The data presented 
were taken from f ive  reference reports and cover wide ranges of 
flow Reynolds number, passage hydraulic diameter, f i n  transverse 
spacing, f i n  length i n  the fluid-flow direction, f i n  thiokness, 
and various stagger arrangements of the f ins .  

7 A single heat-transfer correlation equation was obtained that 
sa t i s fac tor i ly  represents the heat-transfer data over the en t i re  
range of conditions investigated, The f r i c t i o n  data required sep- 
a ra te  correlation equations above and below the t rans i t ion  Reynolds 
number of 3500, based on the  fin-passage hydraulic diameter. The 
bulk of the f r i c t i o n  data available sa t i s fac tor i ly  correlated. 

rnR0DTJcT ION 

In f lu id  flow along a surface, high heat-transfer coefficients 
prevail  a t  the i n i t i a l  portions of the surface (entrance region) 
where the f l u i d  boundary layer is not yet fu l ly  developed. This 
f ac t  can be used t o  advantage for  finned heat-exchange surfaces by 
interrupting the  fins. Experiments with interrupted f i n s  have been 
performed by various investigators and experimental heat-transfer 
and f r i c t i o n  data f o r  such surfaces a re  reported i n  references 1 t o  56 

Interrupted plane f i n s  staggered i n  successive rows, as shown 
i n  references 1 t o  5, combine high heat-transfer coefficients with 
f r i c t i o n  factors  that, a re  lower than those obtained f o r  nowlane 
f i n s  (for  example, pin f i n s  or waved surfaces). Equations f o r  pre- 
dict ing the performance of interrupted plane f i n s  f o r  use i n  h a t -  
exchanger design would thus be desirable. 
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I n  reference 1, a good correlation based on the theoret ical  
predictions of Blasius is  presented fo r  the heat-transfer data 
reported therein; however, not a l l  the factors  pertinent t o  the 
heat- t ramfer  process were investigated. The f r i c t i o n  data  
reported were not sa t i s fac tor i ly  correlated on the basis predicted 
by Blasius and.no e f fo r t  was made t o  obtain a sat isfactory 
correlat ion.  

Because no attempt t o  correlate e i ther  the heat-transfer or 
the f r i c t i o n  data available from the various independent investi- 
gators has been previously reported, correlations of the data of 
references 1 t o  5 were made a t  the  NACA Lewis laboratory and a re  
presented herein. 

SYM3OT;S 

The following symbols are  used i n  t h i s  report: 

A cross-sectional area available f o r  f l u i d  flow, (sq f t )  

specif ic  heat of f lu id  a t  constant pressure, ( ~ t u / ( l b )  (?F) ) 

hydraulic diameter of f i n  passage, 4A/Pw, ( f t  except where 
spec i f  ied a s  in. ) 

functions 

f r i c t i o n  factor,  ( A ~ / ( P V ' / ~ ~ )  (42/dh) ) 

mss velocity (weight flow per uni t  cross-sectional area), 
(lb/(sec)(sq ft)) 

2 acceleration due t o  gravity, (32.2 f t / sec  ) 

heat-transfer coefficient,  ( ~ t u / ( s e c )  (sq f t )  (OF) ) 

thermal conductivity, ( ~ t u /  (sec) (f ' t)  (%) ) 

over-all length of flow passage, ( f t  ) 

pw wetted perimeter, ( f t )  

Pr Prandtl number, cpp/k 

AP s ta t ic  pressure drop, (lb/sq f t )  
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d s transverse wall-to-wall spacing between f ins  i n  same row, 
( in*) ,  (fig.  1) 

v f lu id  velocity, ( f t l sec)  

F thickness of f i n  metal, ( in , ) ,  ( f ig .  1) 

h length of fir;  i n  direction of f lu id  flow ( f t  except where 
specif led as in,  ) , (fig.  1 )  

P absolute f lu id  viscosity, (lb/(gec) ( f t )  ) 

P weight density, ( lblcu f t )  

0 transverse stagger spacing between f i n s  i n  successive rows, 
( in* ) ,  (fig0 1 )  

BB3lLTS AND DISCUSSION 

From consideration of the variables tha t  may be of importance 
i n  the heat-transfer and f r i c t i o n  processes occurring i n  staggered- 
f i n  phssages ( f ig ,  l), the following functional re lat ions were 
assumed: 

' The ranges of the indicated dimensionless groupings covered i n  ref-  
erences 1 t o  5 a re  shown i n  the table  of figure 1, The data of 
these references were exaslined i n  terns  of the indicated dimension- 
l e s s  groupings and correlation of the d a b  w a s  made on the  basis  of 
the groupings found t o  be important i n  the range of conditions 
covered by the experiments. 

Plots  of the.heat-transfer and f r i c t i o n  data of reference 1 
obtained f o r  the staggered-fin-passage arrangement over a f a i r l y  
wide range of values of Reynolds number Gdh/p a re  presented i n  
figure 2. In figure 2(a), the heat-transfer grouping ( h / c p ~ ) h .  2/3 

is plotted against Gdh/p; i n  f igure 2(b), the f r i c t ion  factor f 
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is plotted against Gdh/p, A single l i ne  is drawn i n  f igure 2(a) 
tha t  f i t s  the heat-transfer data well over t3e range of ~dh/ i i  
from 370 t o  9020, Althowh a t rans i t ion  from laminar t o  turbulent 
boundary layer very probably occurs i n  t h i s  range of CXldp, such 
t rans i t ion  produces no noticeable e f fec t  on heat transfer.  In f ig-  
ure 2(b), however, adequate representation of the f r i c t i o n  data 
requires the use of two separate l ines:  one l i n e  is  applicable 
f o r  values of Gdh/p l e s s  than about 3500 and the other l i n e  is 
applicable f o r  values of Gdh/w greater than about 3500. The 
necessity fox separate correlation l ines  fo r  the f r i c t i o n  data f o r  
value-s of ~ d ~ / p  above and below about 3500 probably r e su l t s  from 
a t rans i t ion  from laminar t o  turbulent boundary layer. 

Plots of the heat-transfer and f r i c t i o n  data of reference 2 
a re  presented i n  figure 3,  wherein a systematic var iat ion of the 
parameter A/dh is made t o  aacertain its ef fec t  on heat t ransfer  

and f r ic t ion .  In  figure 3(a),  (h/cpG)pr 'I3 is plotted againet 
Gdh/p f o r  values of v d h  of 0.90, 2.25, 4.50, and 9.0; i n  f ig-  
ure 3(b),  f is plotted against t?4dh/~ f o r  the same values of 
vdh.  A s  shown i n  figure 3(a) ,  the variation of A/dh does not 
a l t e r  the conclusion drawn from figure 2 (a )  t ha t  f o r  any one value 
of A/dh a single l i ne  represents the heat-transfer data oyer the 

en t i r e  range of ~ d ~ / p  investigated; figure 3 (b) a l so  confirms d 

the conclusion tha t  for  each value of h/dh the f 'riction data 
undergo a t rans i t ion  a t  a value of Gddp of about 3500, 

Figure 3 shows tha t  i n  the low range of h/dh values, both 

(h/c G)Pr 2/3 and f rapidly decrease with increase i n  h/dh. A t  
the %igh A/dh values, hauever, both ( ~ / C ~ G ) P ~ ~ / ~  and f a re  

re la t ive ly  lnssnsit ive t o  changes i n  h/dh. This insens i t iv i ty  a t  
tne high h/dh values i s  t o  be expected because as h/dh becomes 
larger  the boundary layer &pproaches f u l l  development before inter- 
ruption and the undeveloped portion of the boundary layer  contrib- 
utes a small share t o  the over-all heat- t rawfer  and f r i c t i o n  
processes. 

  or convenience of c o r r e h t  ion and presentation of .d.ata, A/dh 
can be assigned a c r i t i c a l  value, herein denoted as (A/dh)c, above 
which the variat ion i n  A/dh produces negligible e f fec t  on 

( ~ / C ~ D ) P ~ ~ / ~  and f . Below th ia  'assigned value of ( h/dh)c, the 



NACA TN 2237 

effect  of h/dh on ( ~ / C ~ G ) P ~ ~ / ~  and f m u s t  be accounted for.  

The value of fi/dh)o can be estimated from figure 3, but the 
actual  choice of (A/dhkc was nntde herein on the basis of corre- 
l a t ion  of a l l  the data currently available (references 1 t o  5) and 
w i l l  be subsequently discussed. 

0 
Cn 

The effects of 61s and a/s  cannot be examined independently 
of the other variables because systematic variations of 61s and 
01s a re  not reported i n  references 1 t o  5, The data of the re f -  
erence reports, however, cover the range of 01s and 61s of 
in te res t  i n  interrupted-fin exchangers, hence, a correlation of 
a l l  these data would reveal whether there a re  any important trends 
i n  the heat transfer and f r i c t ion  due t o  these variables over the 
range of in te res t ,  The ef fec ts  of 61s and Ole w i l l  be examined 
on t h i s  basis. 

The f i n a l  r e su l t s  of a detailed study of various bases f o r  
correlating a l l  the ava2lable data a re  presented i n  figures 4 and 5.  
The best  correlation of the data was obtained f o r  a value of 
( ~ v d ~ ) ~  equal t o  3 -5; hence, i n  figures 4 and 5, the var iat ion 

-of h/dh is expl ic i t ly  accounted for  when v d h  is l e s s  than or 
7 equal t o  3.5 and is taken t o  produce no additional e f f ec t  on heat 

t ransfer  and f'riction as  h/dh increases beyond 3.5. . 

~n figure 4, ( h / c p ~ ) ~ r  2/3 is plotted against nj(h/dh) (Gdh/P) 
f o r  X/dh l e s s  than or equal t o  3.5; f o r  h/dh greater than 3.5, 

the abscissa i n  figure 4 becomes 3 .  The data plotted 
are  those presented i n  references 1 t o  3 and 5; the heat-transfer 
data of reference 4 were i n  a f o m  tha t  could not be converted t o  

( h / c p ~ ) G I 3 .  A single l i ne  sa t i s fac tor i ly  correlates a l l  the data; 

a l l  but two of the points a re  within k20 percent of the  l i n e  and 
the bulk of the data is well within these limits. 

The data correlated i n  figure 4 cover a range of 6/s  om 
about 0.04 t o  0.25 (6 varies from O,CIC5 t o  0.10 in.) and 01s 
from about 0.18 t o  0.50. The good data correlation i n  f igure 4 
thus indicates tha t  61s and 01s a re  unimportant variables 
affecting heat t ransfer  i n  staggered f i n  passages over the ranges 
covered. The equation of the l i n e  through the data is 
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and becomes 

f o r  A/dh > 3.5 

I n  figure 5(a), which is f o r  values of mh/p up t o  3500, 

f is plotted against (h/dh) ( ~ d ~ / p ) ~ * ~ ~  fo r  h/dh l e s s  than or 

equal t o  3.5; f o r  h/dh greater than 3.5, the abscissa i n  f ig-  

ure ~ ( a )  becomes 3.5(0dh/p)0*67. The data plotted i n  f igure ~ ( a ) ,  
which is f o r  Gdh/~ lesa than or equal t o  3500; a re  those reported 
i n  references 1 t o  3 and 5; a l l  the data of reference 4 were 
obtained f o r  Gdh/p greater than 3500. 

I n  figure 5(a) ,  90 percent of the f r i c t i o n  data of refer-  
ences 2, 3, and 5 can be represented w i t h i n ~ l 5  percent by a single 
l ine;  the data fo r  the thick f i n s  of reference 5 l i e  s l igh t ly  above 
the data f o r  the much thinner f i n s  of the other references. The 
data of reference 1 f a l l  para l le l  t o  but much lower than the data 
of the other references. The discrepancy cannot 'be due t o  the 
exponents of h/dh and Gdh/p because the parallelism of a l l  the 
data on logarithmic coordinates shows t h a t  the exponents have been 
correctly detemined. The discrepancy is not due t o  the e f fec ts  
of 6/s or a/s because reference 3, which reports 6/s and 
u/s values that f a l l  within the range of the values of reference 1, 
agrees well with the remaining references. The reason f o r  the dis- 
crepancy is not def ini te ly known but it is interesting t o  note 
tha t  the discrepancy disappears i f  the h/dh values reported f o r  
f r i c t i o n  i n  reference 1 are  multiplied by a fac tor  of 2, The equa- 
t i on  f o r  the data of references 2, 3, and 5 given i n  figure 5 (a) for  
Reynolds numbers up t o  3500 is 
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Figure 5(b), which is presented f o r  Gddp greater than 3500, 

is a plot  of f against (h/dh) ( ~ d h / ~ )  '02* f o r  h/dh less thap 
or equal t o  3.5. For k/dh greater  than 3.5, the abscissa i n  f ig-  

ure 5(b) becomes 3 . 5 ( ~ d h j p ) ~ * ~ * .  The data plotted a re  taken from 
references 1 t o . 5 .  A s  indicated i n  t h i s  figure,  87 percent of the 
f r i c t i o n  data of references 2 t o  5 can be correlated within A20 per- 
cent by a single l ine.  The f r i c t i o n  data of reference 1 f a l l  con- 
siderably lower than the data of the remaining references, as was 
a l so  shown i n  figure 5(a). No reason f o r  t h i s  discrepancy is known; 
however, it is of in te res t  t o  note tha t  the discrepancy disappears 
i f  the h/d9 values reported f o r  f r i c t i o n  i n  reference 1 a re  mul- 
t i p l i ed  by . 

2 The f r i c t i o n  data correlated i n  figure 5 cover a range of CT/S 
from about 0.18 t o  0.50. Examination of the correlations indicates 
tha t  any effect  of O / s  on f t h a t  may be present is hidden by 
the sca t te r  of the data; hence, i n  the range indicated, 01s is an 
unimportant variable affecting f r i c t i o n  i n  staggered plane f i n  
passages. 

The data of references 2 t o  5 tha t  s a t i s f ac to r i ly  correlated 
i n  figure 5 cover a wide enough range of 61s (from about 0.07 
t o  0.25) t o  indicate tha t  the e f fec t  of 61s on f over t h i s  
range is of the same order of magnitude a s  the data sca t te r .  A 
sat isfactory approximation of the f r i c t i o n  factor  is thus obtain- 
able without expl ic i t  accounting f o r  f i n  thickness although there 
appears t o  be a s l igh t  trend of increasing f with 6/s, 

The equation of the l i n e  throwh the bulk of the data of ref-  
erences 2 t o  5 fo r  Reynolds numbers greater than 3500 is 
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and 

A t  the t rans i t ion  value, ~ d h / p  equal t o  3500, the equations 
for  the l ines  of figure 5.give f r i c t i o n  factors  tha t  a re  i n  the 
r a t i o  (0,38/11.8) ( ~ S O O ) ~ ' ~ ~ ,  which is equal t o  1.08. 

SUMMARY OF R E S I ~ T S  

A study of the experimental data available from f ive  refer-  
ence reports on the heat-transfer coefficients and f r i c t ion  factors  of 
f lu ids  flowing past interrupted plane f i n s  staggered i n  successive 
rows i n  the direct ion of f lu id  flow showed tha t  

1. The principal parameters governing the heat-transfer coef- 
f i c i e n t  and the  f r i c t i o n  fac tor  a re  the Reynolds number based on 
fin-passage hydraulic diameter and the r a t i o  of f i n  l e w t h  t o  f in -  
passage hydraulic diameter, The f r i c t i o n  factor  moderately increased 
f o r  large increases i n  the r a t i o  of f i n  thickness t o  f i n  transverse 
spacing but a good estimate of the f r i c t i o n  factor  was obtained 
without considering f i n  thickness. Any ef fec ts  tha t  were produced 
by the stagger arrangement of successive rows were not detectable 
within the sca t te r  cf the available data. 

2. The heat-transfer coefficient and the f r i c t ion  fac tor  
became insensitive t o  the r a t i o  of f i n  length t o  fin-passage 
hydraulic diameter f o r  values of the r a t i o  above 3.5. 

3. Correlation equaticns were obtained f o r  the heat-transfer 
data and fo r  the f r i c t i c n  data. A single eque-t;ion represented the 
available heat-transfer data over the en t i re  range of conditions 
investigated. The f r i c t i o n  data required separate correlation 
equations below and above the t rans i t ion  Reynolds number of 3500, 

Lewis Flight Propulsion Laboratory, 
National Advisory Committee f o r  P.eromutics, 

Cleveland, Ohio, August 13, 1950. 
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Figure 1. - Schematic diagram of interrupted plane f i n s  staggered i n  successive 
rDws and ranges of f i n  parameters of reference reports.  
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(a) Variation of heat-transfer grouping with 
Reynolds number. 

-qiZ 

.200 

0100 

080 

e060 

040 

020 
100 200 400 600 1000 2000 4000 6000 10,000 

Reynolds number, ~ d h / p  

(b) Variation of friction factor with Reynolds 
number. 

Figure 2. - Variation of heat-transfer and friction 
parameters with Reynolds number for essentially constant 
h/dh. (Data are taken from reference 1. ) 
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(a ) Variat ion of heat-transf e r  grouping with ~ e ~ n o l d s  number. 

(b )  Variat ion of f r i c t i o n  f a c t o r  with Reynolds number. 

Figure 3. - Variat ion of hea t - t ransfer  and f r i c t i o n  parameters with 
Reynolds number f o r  various values of h/dh and f o r  6/s of 0,248 . 
and ~ / s  of 0.50. (Data a r e  taken from reference 2 r  ) 
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1/( A/dh ) ( ~ d ~ / *  ) for A/dh 83 e 5 

4 3 * 5 ( ~ d ~ / p )  for h/dh >305 

Figure 4. - Variation of heat-transfer grouping with 
for values of A/dh less than or equal to 3-5 or with -t/3,5(~dh/pr 
for values of A/dh greater than 3.5, 
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42 3 . 5 ( ~ d ~ / ~ ) ~ ' ~ ~  for h/dh >3.5 e 
0 
4 
& 
E (a) Friction factor for Reynolds number less than or equal to 3500. 

(b) Friction factor for Reynolds number greater than 3500. 

Figure 5. - Variation of f+iction factor with pertinent dimensionless para- 
meters above and below transition Reynolds number of 3500. 




