
Int..I. Heal Mass Transfer. Vol. 33, No. 6, pp. 1223-1232. 1990 001%9310/90 $3.00+0.00 
Printed in Great Britain :~ 1990 Pergamon Press pie 

Free convective/radiative heat transfer from pin- 
fin arrays with a vertical base plate (general 
representation of heat transfer performance) 

TOSHIO A I H A R A  and SHIGENAO M A R U Y A M A  
Institute of Fluid Science, Tohoku University, Katahira-2, Sendal 980, Japan 

and 

SHINICHI KOBAYAKAWA 
Nippon Card Clothing, Shibazaki 2-13-1, Chofu 182, Japan 

(Received 7 March 1989 and in final form 14 September 1989) 

Abstract--An experiment was carded out on free convective and radiative heat transfer from dense pin- 
fin arrays with a vertical isothermal base plate. Data analyses are made in consideration of the temperature 
distribution in the pin-fins, and of the radiative heat transfer. The free convective heat transfer character- 
istics of the pin-fin arrays are correlated fairly well with the Nusselt number and Rayleigh number, based 
on the horizontal spacing of the vertical pin arrays as a characteristic length. The generalized characteristics 
are similar to those of rectangular fin arrays. An experimental formula for the average heat transfer 

coefficient is derived. 

I .  INTRODUCTION 

IT IS NATURAL to expect that a heat dissipator or heat 
sink with pin-fins has excellent performance because 
the heat transfer coefficient of  a slender pin is much 
greater than that of a flat plate. However, only a few 
research works have reported on the free convective 
heat transfer of  pin-fin dissipators; for example, a 
performance comparison between plate-fin-type and 
pin-fin-type dissipators by Aihara and Hatada [1], the 
authors' experiment [2] using a pin-fin of  1.23 mm 
diameter with a 100x 100 mm 2 base plate, and 
Sparrow and Vemuri's experimental studies [3, 4] 
using arrays of  comparatively large pin-fins (diam. 
3.18-6.35 mm) arranged with a density of  0.31-1.33 
pins cm-  2. 

Generally speaking, the free convection of pins 
located in the upper part of multiple pin arrays is 
affected by the buoyant plumes from pins in the lower 
part ; free convection from adjacent pins also interacts 
strongly [5]. Accordingly, it is very difficult to estimate 
the heat transfer characteristics of multiple pin-fin 
arrays from the heat transfer data on a single wire or 
a single pin array. 

From the above-mentioned viewpoint and for the 
purpose of  the development of high performance heat 
sinks for cooling electronic equipment, an exper- 
imental study has been carried out using 59 types of 
pin-fin dissipators with slender pins of  a density one 
order higher than that used by Sparrow and Vemuri 
[3, 4]. The effects of  temperature, pin diameter, pin 
length, length of  pin array and pin spacings on the 
natural cooling performance are examined. The exper- 
imental data are analyzed considering the temperature 
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distribution in pin-fins and radiative heat transfer. 
An experimental formula including all relevant par- 
ameters is derived. 

2. EXPERIMENTAL APPARATUS A N D  
M E A S U R E M E N T  M E T H O D  

Figure 1 shows the construction details of the test 
heat dissipator and Table 1 lists the main dimensions 

Fro. 1. Cut-away view of a test pin-fin dissipator. 
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NOMENCLATURE 

A heat transfer area 
a width ofbase plate, see Fig. 1. 
b vertical height of  base plate, see Fig. 1 
d pin diameter 
g gravitational acceleration 
H effective length of  a pin array, defined by 

equation (14) 
h average convective heat transfer 

coefficient 
hpt total heat transfer coefficient of  pin array, 

defined by equation (19) 
l pin length, see Fig. 1 
N population density of  pins, (total number 

of pins)/ab = (ShSv)- t 
Nup., average Nusselt number of  pin array, 

defined by equation (20) 
heat transfer rate 

{), total rate of  heat transfer on one side of  
the model dissipator 

Pr Prandtl number 
Ra* Rayleigh number, based on Sh, defined by 

equation (13) 
Sh horizontal spacing between vertical pin 

arrays, see Fig. 1 
Sv vertical pin spacing, see Fig. 1 
T absolute temperature. 

Greek symbols 
coefficient of  volumetric thermal 
expansion 
hemispherical total emissivity 

e, apparent emissivity of  test dissipator, 
equation (15) 

2 thermal conductivity of  air 
2p thermal conductivity of  pin material 
v kinematic viscosity of air 
o Stefan-Boltzmann constant 
q~ dimensionless average temperature of  

pins, (~p -  Ta)/(Tb- 7",). 

Subscripts 
a ambient condition 
b base plate or fluid physical properties at 

Tb 
f fluid physical properties evaluated at the 

film temperature Tf 
p pin 

single vertical flat plate. 

Superscript 
- average value. 

Table 1. Main dimensions of test pin-fin dissipators (unit of dimensions, mm ; N, pin number cm- 2) 

d a b I Sv Sh H N 

Single array 2.00 6 108 70 3.5 oo 100.0 ] 
5.0 97.0 

4.00 6 108 70 7.0 oo 102.0 1.08--4.48 
10.0 104.0 
16.0 100.0 

1.23 100 50 32 2.11 5.73 45.5 1 

45 4.26-4.29 2.14 44.1 
60 3.37 43.8 

4.62 43.9 
6.99 44.0 
9.43 43.9 

lO0 32 2.09 9.11 95.3 1 

45 4.25-4.27 2.12 94.7 
60 2.79 92.6 

4.59 92.8 
7.25 92.8 
9.23 93.0 

10.43 93.0 

200 32 4.24-4.25 4.69 194.6 1 
45 6.35 194.1 
60 8.05 194.1 1.86-4.89 

10.36 194.1 
13.70 194.1 

Multiple arrays 

2.42-9.90 

2.25-10.58 
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measured. In general, rear heat loss from the base 
plate is a cause of  major errors in experiments of this 
kind. Accordingly, the present test dissipators had a 
symmetrical geometry about a common base (3) ; this 
special construction minimized the heat leakage from 
the base plate. A nichrome heater (2), insulated by 
porcelain tubes, was inserted in the center of the cop- 
per base plate (3). The copper pins (5) were soft- 
soldered to the base plate in a staggered arrangement. 
All exposed surfaces of the test dissipators were coated 
with black epoxy-resin paint, of which the hemi- 
spherical total emissivity e was 0.9 [6]. Heat flux 
meters (4), made of  silicone-rubber, were attached to 
all edge surfaces of the base plate for measuring heat 
leakages from these surfaces [6, 7]. In order to obtain 
an isothermal condition in the base plate, the pitches 
of the nichrome heaters (2) were varied so as to be 
small at the lower part of the base plate and large at 
the upper part. The current leads (I) of the heater 
were drawn out through the heat flux meter (4) on the 
upper edge of the base plate. 

This test dissipator was suspended by threads at the 
center of a wooden convection chamber of  0.9 x 0.9 x 
1.6 m 3, to allow the base plate to be vertically ori- 
ented; the convection chamber was placed within a 
sheath chamber of  2.7 x 2.7 x 1.8 m 3. Air temperature, 
T~, in the convection chamber was measured by a 
copper constantan thermocouple of 0.1 mm diameter 
located at the same height as the base plate. The 
temperature at six representative points on the base 
plate and 22 representative points on the multiple pin 
array (I 5 points for a single pin array) was measured 
by 0.1 mm diameter copper constantan thermo- 
couples. 

The net heat transfer rate, Q~, from one side of the 
test heat dissipator was determined by the following 
equation : 

~,, = (~, . -  a,,,)t2 (1) 

where Q~, is the electric input power and ~,, is the 
heat loss through the heat flux meters (4) on the edge 
surfaces of  the base plate. Since the heat losses 
through the current leads (1) and thermocouple leads 
were less than 1%, these losses were ignored. 

The experiment was carried out in the steady state, 
over the range of  the difference of the base plate and 
ambient temperatures, (Tb-- Ta), from 20 to 85 K. The 
vertical temperature distribution of the base plate was 
within + 4 %  of  (Tb-- T,) for the case o fb  = 200 ram, 
and within ___ 1% for b = 50 mm. In order to observe 
the convection flow around the test dissipator, flow 
visualization and velocity measurements were also 
carried out by fine zinc stearate particles suspended 
in air [8]. 

3. R E S U L T S  A N D  D I S C U S S I O N  

3. !. Velocity distribution around the test heat dissipator 
Figures 2(a) and 3(a) show a typical flow pattern 

and the velocity distribution in a vertical cross-section 

30 mm from the base plate, respectively. Figures 2(b) 
and 3(b) show a typical flow pattern and the velocity 
distribution in a vertical cross-section passing through 
the center of the dissipator. The flow towards the heat 
dissipator was stable, but the leaving flow showed a 
large fluctuation because of the disturbances induced 
while passing through the pin arrays. Thus, the vel- 
ocity distributions of the leaving flow in the figures 
are based on plots of their maximum values. Since the 
pin array is more open to the surroundings than a 
plate-fin array, the pressure difference between its 
interior and the ambient is small; hence, fresh air 
inflow from the open side gaps of the pin-fin dissipator 
was lower than might otherwise be expected. Accord- 
ingly, it may be supposed that the influence of the 
base plate width, a, is not so large. 

3.2. Average heat transfer coefficient of single pin arra~, 
A preliminary heat transfer experiment was carried 

out using single pin arrays, to determine the optimum 
vertical pin spacing, S,, of  the test multiple pin arrays. 

In the present paper, the average convective heat 
transfer coefficient, hp, of the pin arrays is defined as 

h,. = Q. ,>/A~( / ' ,  - 7:~) (2 )  

where Ap is the surface area of the pin arrays, 
abNnd(l+d/4); Tp is the average pin temperature; 
and Qp is the convective heat transfer rate from the 
pin arrays as given by 

O. = Q , -Q~- ,2 , .  ~3) 

Here, the rate of convective heat transfer from the 
base plate, Qb, is obtained from the following equa- 
tion : 

Qb = Ahhb(T~- T~) (4) 

where Ab is the effective heat transfer area of the base 
plate a b -  Nnd"/4, and hb is the average heat transfer 
coefficient. However, no value Ofhb for any of the pin- 
fin dissipators has yet been obtained; hence, the value 
of the average heat transfer coefficient for a vertical 
isothermal flat plate, given by equation (11), is utilized 
as an approximate substitute for hb in the present 
section. 

The radiative heat transfer rate from the single pin 
array and its base plate, Q ,  can be represented 
approximately by the following equation, within a few 
percent error for e = 0.9 : 

Q, ~ 8cr(7~- T~)[ab{l +Nndl+d/4} 

-ezrdlFpp(abN- 1)] (5) 

where 

Fpp = (2/7r)[sin- ' (d/S,) + x/((S,/d): - 1) - (S,/d)]. 
(6) 

Typical average heat transfer coefficients, hp, 
obtained from the above equations, are plotted in Fig. 
4 in dimensionless form against the Grashof number, 
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FIG. 2. Streamlines of a typical convection flow around a test pin-fin dissipator (a = 100, b = 100. t = 60, 
Sv = 4.26, Sh = 6.20 mm, Tb-- T, = 20.3 K). 

I 
I , - 5rnm 

~ I l-,,-I 5 

~, ~=.-4 cm S - j  

¢. 
(a )  (h i  

FIG. 3. Typical velocity d ist r ibut ions a round a test p in- f in 
dissipator (a = 100, b = 100, l = 60, Sv = 4.26, S, = 6.20 

mm, Tb-- 7~4 = 20.3 K). 

Gr. ,  defined as 

Gr. = g,B(iPp- Z~)H 3/v:-" (71) 

where H is the effective length of a pin array, defined 
by equation (14). Marsters [9] performed an exper- 
iment on heat transfer from a single array ofuni lbrmly 
heated cylinders. Some of his data. which were ob- 
tained under nearly the same experimental conditions 
as the present one, are also plotted in Fig. 4, after 
reducing with the temperature of  a cylinder at the 
mid-height. It should be noted that both the present 
and Marsters'  data correlate well with the dimension- 
less parameters based on the effective array length. H, 
in spite of the differences in the pin diameter, pin 
length, and thermal condition, and that the gradient 
of the data on the log-log plot is 1 '4. These data can 
be well correlated by the following formula, as sho~vn 
by the solid lines in the figure : 

hpH/2f = [0.311+0.4541n(S, d)]Gr~ 4. (8) 

By comparison with the heat transfer coefficient for 
vertical rough surfaces [10], this empirical formula 
may be considered applicable to S, d =  1-4 and 
Gr~ = 106--10 s. 

From equations (2), (8) and (14). the vertical pin 
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spacing which gives the maximum heat transfer rate 
per space occupied by a single pin array, (2p/dHl, 
is obtained as S~ = 1.72 mm for d =  1.23 mm and 
H =  100 mm. However, the expected pin spacing 
which gives the maximum heat transfer rate per 
amount of pin material is SJd  >i 10 [9, 11]. From 
these examinations and feasibility of manufacturing, 
the pin spacing selected for the present multiple pin 
arrays is S~ = 4.3 and 2.1 mm (see Table 1). 

3.3. Heat transfer performances of heat dissipator with 
multiple pin-fin arrays 

3.3. I. Total heat transfer coefficient. Figure 5 shows 
a relation typical of each rate of heat transfer revealed 
by the present experiment. The radiative heat transfer 

9 0  . . . .  ~z. 

~.-: I00 mm . d, Oz 
8 0  ,e= 60  i 

7 0  S/== 7 . 2 5  ///' ?, 
Sv = 4.26  # / 
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/ /  

lo~ /2".c( / O.,/2 l 
i /  

o  o.I 
0 2 0  4 0  6 0  8 0  I 0 0  

T b - T  a CK] 

FIG. 5. Typical relation of each heat transfer component of 
a test heat dissipator with multiple pin-fin arrays. 

component of the total heat transfer was 19--48% 
throughout the whole experiment; these values were 
rather large compared with those of a plate-fin dis- 
sipator [7]. 

Incidentally, Sparrow and Vemuri [3] tried to cor- 
relate their experimental data on the total heat trans- 
fer coefficient h~ = ~ t / A b ( T b - -  T~) with the following 
Nusselt and Rayleigh numbers : 

(Nu)s v = h~b/).f = Qt/a(Tb -- T,);.f (9) 

3 "~ Rab = Prr[g[](Tb- Td)b /v?]. (10) 

Figure 6 is a trial plot of the present experimental 
data in terms of Sparrow and Vemuri's dimensionless 
parameters; in the figure, the similarity solution [12] 
of the average heat transfer coefficient, h~, for a single 
vertical flat plate which is expressed approximately by 
the following equation, is also drawn by the solid line 

Nu~(= h~b/2r) = 0.515Ra~;'. (11) 

Denoting the total fin effectiveness as E,, the Nusselt 
numbers (Nu)s_v and Nu~ are related by (.Vu)s_v = 
E, Nu~. 

Thus, the (Nu)s_v data are scattered over a wide 
range according to the pin spacings and pin lengths ; 
the values of (Nu)s_v increase with the base height, b. 
Consequently, for the case of  a pin-fin dissipator with 
a large density, N, and a large convective component, 
as in the present study, it is difficult to obtain a general 
representation of its heat transfer characteristics in 
terms of the parameters defined by equations (9) and 
(10). Thereupon, the present data analysis is carried 
out by examining a specific convective component of 
the pin arrays. 

3.3.2. Determination of the acerage heat transfer 
coefficient for multiple pin arrays. The average con- 
vective heat transfer coefficient, hp, is determined as 
follows. 

(i) For the average heat transfer coefficient of the 
base plate, hb, the following heat transfer equation 
for the base plate of  a vertical plate-fin dissipator 
is adopted approximately, because that for a pin-fin 
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FIG. 6. Plot of the present experimental data on total heat transfer coefficient in terms of Sparrow and 
Vemuri's parameters [3]. 

dissipator has not yet been obtained. This may result 
in a slight overestimation of the heat transfer rate 
from the base plate, Oh, compared to the true value 

hbSh/~b = (Ra*/70)[l--exp {-(57/Ra*)2/~}] (12) 

Ra~ = Prb[g~(Tb -- T=)S~/v~]Sh/H. (13) 

The applicable range of the above equation is 
Ra*  < 103. A more precise formula applicable for 
Ra'~ = 20 -  oo is given in the original work [6]. Thus, 
H in equation (13) is the effective length of a vertical 
array of pins; it is given by the following equation 
when the pin number, N~, in each pin array is equal: 

H =  (N~- I )S~+d.  (14) 

When the pin numbers are not equal in odd and even 
lines, N~ is taken as the average of both values. 

(ii) To the authors' knowledge, no method has pro- 
duced a successful general representation of the radi- 
ative heat transfer from a radiator with multiple pin- 
fin arrays and a base plate. Hence, in the present 
report, the rate of  radiative heat transfer, 6 ,  is esti- 
mated by the authors' numerical method [13] for radi- 
ant heat transfer from arbitrary three-dimensional 
black bodies; thus, the estimation is based on the 
assumption of  a black surface, though the real emiss- 
ivity, e, of  the surface of the test dissipator was 0.9. 
This assumption gives an error within a few percent, 
owing to the Hohlraum effect between the pin arrays 
and the base plate, as predicted from the analyses 
of  two-dimensional semi-infinite~ pin arrays [14] and 
three-dimensional plate-fin arrays [15]. 

Now we introduce the apparent emissivity, e, [i 5], 
of  the imaginary surface of  area ab + 21(a + b), cover- 
ing the pin-fin dissipator. The radiative heat transfer 
from the dissipator is then expressed as: 

0., = e , ~ ( J ~ - -  T~)[ab+ 21(a+b)]. (15) 

The average temperature, ~p, of  the pins in this equa- 
tion is predicted with an effective temperature differ- 
ence, (~p-T=)=, derived in procedure (iii). Figure 7 

[ ° 0  

~ 0 0  
I ,oo 

F ...... I ?o o 
i e ~ , . , , 

0.03 0.1 0.5 
d s,, 

FxG. 7. Apparent emissivity e, of heat dissipators with 
multiple pin-fin arrays. 

shows a plot of  the apparent emissivity, ~=, obtained 
by the above-mentioned method, against the pro- 
jected area ratio of  pin to base, d2/SvSh, and the total 
pin number ab/ShSv(= abN). In the present exper- 
imental range of d2/SvSh = 0.03-1, ab/ShSv = 120- 
1060, and lid = 26-50, the effect of  lid on ~= is very 
small (within an error of  2%) ; hence, t= can be shown 
to correlate by the following approximate equation: 

ga = (d2/ShSv)" (shs" 'ah,. (16) 

(iii) Since the test dissipators had a high density of 
pins, it was difficult to soft-solder thermocouples onto 
all the pins, with the exception of the pin-tips and 
the outside pins. Accordingly, from the viewpoint of  
practical fin design, the effective temperature dif- 
ference between the pins and the ambient fluid, 
(Tp-T,)c,  which is obtained through the following 
procedure, is utilized as an approximate substitute for 
the average temperature difference, (?p-Ta) .  Thus, 
the average heat transfer coefficient, hp, is determined 
from equation (2). 

Denoting the total heat transfer coefficient of  the 
pin arrays as hpt, the effective temperature difference, 
( T p -  7"=)=, can be obtained as a solution of a one- 
dimensional thermal conduction problem as follows : 

q~ = (Tp-- T=)J(Tb-- 7"=) = tanh (Ml) /Ml (17) 
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where 

M = 2x/(hpt/(Apd)). (18) 
However, it would be more practical to suppose the 
rate of radiative heat transfer from the base plate to 
be very small compared with the total heat transfer 
rate from the test dissipator because of the low value 
of AJAp = 0.01-0.1 and the shielding effect of the 
large number of  pins. Therefore, the total heat transfer 
coefficient, hpt, based on the effective temperature 
difference, ( / ' p -  T,), can be expressed approximately 
as follows : 

hpt = ( ~ , -  O.b)/[Ap(Tb -- T=)~]. (19) 
Thus, ( T p -  T=)= or ~ is determined by solving equa- 
tions (17) and (19) simultaneously; ff for the test 
dissipator was between 0.82 and 1.00. 

As mentioned above, the coefficient of convective 
heat transfer, hb, for the base plate, the rate of  radi- 
ative heat transfer, ~ ,  and the effective temperature 
difference, ( ~ p -  T,), are obtained; then, substituting 
these values into equations (2)-(4), the average con- 
vective heat transfer coefficient for the multiple pin 
arrays, hp, can be determined. 

3.3.3. General representation of  average heat transfer 
coefficient, hp. The empirical formula (8) of  heat trans- 
fer from a single pin array and the thermal boundary 
layer surrounding the array [11] closely resemble those 
for a vertical flat plate [5]. The fresh air inflow from 
the open side gap of the pin-fin dissipator was rather 
small, as shown in Figs. 2 and 3. Accordingly, the heat 
transfer behavior of  the pin-fin dissipator is expected 
to be similar to that of  a plate-fin dissipator [7]. There- 
upon, the measured heat transfer coefficient, hp, for 
the multiple pin arrays is rendered in terms of the 
following dimensionless parameters which are similar 

to those for the plate-fin arrays; the results are shown 
in Fig. 8 

Nup., = hpSh/~, b (20)  

~ Ra* = Prb[g~(J'p-- T.)S~/vZb]Sh/H. (21) 

Here, the thermophysical properties in these dimen- 
sionless parameters are evaluated at the base tem- 
perature, Tb, for simplicity, on the basis of  the result 
of  the authors' numerical analysis [16] regarding free 
convection in vertical ducts. 

It is seen by examining Fig. 8 that the measured 
average Nusselt numbers, Nup,,, fall on or near the 
respective curves for each pin spacing, Sv, though 
small deviations remain depending on the pin length, 
l. In the figure, Aihara's empirical formula [7] for 
rectangular plate-fin arrays is also plotted for ref- 
erence as dashed curves corresponding to the Sh/l 
values of the test pin-fin dissipators. 

If  we assume that the rate of convective heat trans- 
fer from the real pin array with effective length, H, is 
produced with an imaginary rectangular plate-fin of  
thickness d and length H, circumscribing the cor- 
responding pin array and taking H ~ NvSv, then the 
apparent heat transfer coefficient, ha, for this rec- 
tangular plate can be obtained as follows: 

h, = (nd/ZSv)hp. (22) 

By applying this relation, a correlation of (rcd/2Sv) 
x Nup., vs ~ Ra~ is obtained as shown in Fig. 9, where 
the present empirical formula (8) for a single pin 
array is also plotted in rearranged form as follows : 

(nd/2SONup., = 0.534(d/&)[l 

+ 1.461n (S,/d)](c~ Ra~) ~ .  (23) 

By introducing the new parameters (nd/2&)NUp., 

I0 
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, , , .,,i, I , , ,,,, _~ .5"u" [mm] 
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® • 45 I 
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s ~SS ~ ~ j s , , ~  S~l~ 
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. . . . . . . . . . .  

I I0 
' . . . . .  • ' * I i l a l l  
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H 

FIG. 8. Average convective heat transfer coefficient for multiple pin arrays rendered in terms of dimen- 
sionless parameters, equations (20) and ( 2 1 ) .  
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FIG. 9. General representation of average convective heat transfer coefficient hp for multiple pin arrays. 

and ~ Ra*, the heat transfer from the multiple pin 
arrays begins to show very similar characteristics to 
that from rectangular plate-fin arrays. With an 
increase in the modified Rayleigh number, ~ Ra*, the 
modified Nusselt number of  the multiple pin arrays 
asymptotically approaches equation (23) for a single 
pin array. Thus, all the measured values in the present 
experiment can be well correlated by the following 
empirical formula within a deviation of 4-10%, 
regardless of  the values of pin spacings, Sh and Sv, 
effective length of pin array, H, pin diameter, d, pin 
length, l, or temperature difference, (Tb-- 7",) : 

/ ' -  120'~-] U2 1 - m'4 
-expk Ra--- ) l (2,) 

The applicable range of this equation is ~ Ra~ = 0.3- 
600, Sv/d = 1.7-3.5, and I/H = 0.16-1.37. 

Although it is difficult to determine the relative 
merits and demerits of  pin-fin dissipators and rec- 
tangular plate-fin dissipators exactly without a 
detailed examination such as in refs. [I 7, 18], they may 
be roughly described as follows. Namely, as can be 
seen from Fig. 9, the plate-fin arrays are more compact 
than the pin-fin arrays for ~ Ra* = 5-100, owing to 
the chimney effect; however, for ~ Ra* < 3, the pin- 
fin arrays with greater exposure to the ambient are 
superior to the plate-fin arrays owing to the effect of  
fresh air inflow. These tendencies are generally as 
expected from comparisons of  free convection 
characteristics between plate-fin arrays and rec- 
tangular ducts [7] and between finite and infinite par- 
allel plates [19, 20]. If  the pin diameter is equal to the 
thickness of  plate-fin, the heat transfer rate per unit 
material consumption from the pin arrays is four 
times that of  the plate-fin arrays. 

4. C O N C L U S I O N S  

An experimental study was carried out on free con- 
vective heat transfer from 59 types of  pin-fin dissi- 
pators, with a vertical base plate, a density of  1.08- 
10.58 pins cm -2, and a surface emissivity of  0.9 in air. 
The results obtained are as follows. 

(1) According to a flow visualization experiment 
and a velocity measurement of  the flow field, the fresh 
air inflow from the open side gaps of  the pin-fin heat 
dissipators was comparatively small; accordingly, the 
influence of the base plate width is not expected to be 
so significant. 

(2) The average convective heat transfer coefficient, 
hp, for a single pin array is well correlated by the 
Nusselt number, Nu,, and Grashof number, Gr,, 
based on the effective length of the pin array, H. The 
relation of Null vs GrH is similar to that for a single 
vertical fiat plate. Thus, a general representation of 
the present and Marsters' data on hp, an empirical 
formula (8) for the ratio of  vertical pin spacing to 
diameter Sv/d ffi I -4  and GrH ffi 106-10 s was derived. 

(3) Numerical analysis was carried out on radiative 
heat transfer from a heat dissipator with multiple pin- 
fin arrays. A general expression (16) of the apparent 
emissivity for the pin-fin dissipator was presented. 

(4) The average convective heat transfer coefficient 
of  the multiple pin arrays, which is obtained by sub- 
tracting the convective heat transfer rate of  the base 
plate and the radiative heat transfer rate of  the heat 
dissipator from the total heat transfer rate, can be well 
correlated with the dimensionless parameters, based 
on the effective array length, H, and the horizontal 
pin spacing, Sh. The correlation is similar to that for 
rectangular fin arrays. 

(5) By introducing the modified Nusselt and 
Rayleigh numbers proposed here, an empirical for- 
mula (24) was derived for a general representation of 
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the average heat transfer coefficient for multiple pin 
arrays, regardless of  the values of pin spacings, Sh and 
Sv, effective array length, H, pin diameter, pin length, 
pin material, or  temperature. 
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TRANSFERT THERMIQUE PAR CONVECTION NATURELLE ET RAYONNEMENT 
POUR UN ARRANGEMENT D'AIGUILLES SUR UNE BASE PLANE VERTICALE 

(PRESENTATION GENERALE DES PERFORMANCES THERMIQUES) 

R~sum~--On conduit une exl~rience sur le transfert tbermique par convection libre et rayonnement pour 
un arrangement dense d'aiguilles sur un plan vertical isotberme. Des analyses des r~ultats tiennent compte 
de la distribution de temp&atur¢ dans les aiguilles et du rayonnement thermique. Les caract('.'ristiques du 
transfert par convection naturelle des aiguilles sont unifi&~s ~ l'aide des hombres de Nusselt et de Reynolds 
bas~s sur l'espacement horizontal des nappes verticales d'aiguilles, consid~r~ comme iongueur carac- 
t~ristique. Les caract&istiques g ~ ra l i s (~  sont semblables i cellos des arrangements d'ailettes rectangu- 

laires. On d&ive une formule exp~rimentale pour le coefficient moyen de transfert thermique. 

WXRMEOBERTRAGUNG DURCH FREIE KONVEKTION UND STRAHLUNG AN 
NADELRIPPENANORDNUNGEN MIT VERTIKALER GRUNDPLATTE 

Zusmmnenfmmmg~Der W~rmefibergang durch freie Konvektion und Strahlung von einer dicht besetzten 
Nadelrippenanordnung mit vertikaler isothermer Grundplatte wird experimentell untersucht. Die Tem- 
peraturverteilung in den Nadelrippen und der Strahlungsw~meaustauscb wird analysiert. Der W~me- 
~bergang durch freie Konvektion an den Nadelrippenanordnungen kann recht gut mit Hilfe der Nusselt- 
Zahl und der Rayleigh-Zabl korreliert werden, kennzeichnende Abmessung 1st dabei der waagerechte 
Abstand zwlschen zwei Nadelrippen. Die veraUgemeinerte Beziehung ist ~mlich derjenigen bei Rechteck- 
rippen-Anordnungen. Es wird eine empirische Beziehung ffir den mittleren W~rmefibergangs- 

koeffizienten angegeben. 
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CBOBO~HOKOHBEKTHBHbI01/PA,~HAUHOHHbI0/ TEH.qOFIEPEHOC OT FTIAKOBKH 
HFO~IbqATblX PEI~EP C BEPTHKAJIbHO~ OFIOPHOI~I ILqACTHHO~ 

AmMnrmms--l'Ipo~tem~ xcnep~eSTM no cno6o~mosox~rmnxoMy x pa~ma~omloMy Ten~onepe- 
xocy OT n~OTHO# y n u o s ~  a r o ~ T M x  ~ ¢ ~ a ~ , n o A  ~ o ~ p ~ e c l o R  onop.olt n ~ n m o R .  
rlony~em~.~e nature asa.m~spy~rcs ¢ y~exoM pacnpeaeaex~ xeMnepaxyp n xroabqa1~x pe6pax, a 
TalgXe pg/I/dal~Otntoro TelX/iooepeHoca. B3~IMOCBJt3IJ Mewd~J xapagTepxcmga~m cno6oanogonsegnm- 
xoro TCnJIOtlCpCHoca O1" ymtgoBci HrOJI~qaTMX p e e p  JIocTaTOqHO xopomo ycraHasJmnaerca qMcaaM~ 
HycceabTa x P3aen c ~ ' n o . m , . ~ M  s gaqecrne xapaxTepxoro pa3Mepa roptt3owra~.oro 3a3opa 
Me'gay tuTupa~m. O6o6meuMe xaparrepscTuga 8 ~latmoM cayqae cxoam~ c noTty,temu, nmt aTta npa- 
Moyroa~xMx ope6pemn~x ynaxosoi. B,-,neaena ~gcnepm~ewra.~xaa 4~opMyaa ~ cpeanero IO~XI~x- 

IDICHTa TeI~IOIICp¢~HOCa. 


