
Pergamon 

Inf. J. Hem Mua Trunsfer. Vol. 37, Suppl. I. pp. 83-96. 1994 
Copyright G 1994 Elsewer Science Ltd 

Prmtcd in Great Britam. All rights reserved 
0017-9310/94$6.00+0.00 

001%9310(93)EOO7GS 

Mechanism of heat transfer enhancement due to 
self-sustained oscillation for an in-line fin array 
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Department of Mechanical Engineering, Kyoto University, Kyoto 606-01, Japan 

Abstract-Numerical analysis of the instantaneous flow and thermal fields was carried out for an in-line 
type of fin array for the second laminar flow regime characterized by self-sustained flow oscillation. Flow 
instability occurring in the wake of a fin leads to the production of the series of counter-rotating vortices. 
They accelerate recovery of the wake and are thus effective in enhancing the heat transfer of the downstream 
fin. Such vortices hit the leading edge of the downstream fin one after another and induce two particular 
types of elementary fluid motions near the fin surface, which are effective again in the enhancement of the 
fin heat transfer. Such fluid motions are also found to produce the dissimilarity between the momentum 

transfer and heat transfer. 

1. INTRODUCTION 

THERE are several types of fin arrays being used in 
compact heat exchangers. Each type of fin array is 
characterized by several geometric parameters. They 
affect both the flow and heat transfer performance of 
heat exchangers. The fashion of the effects varies with 
the range of Reynolds number. Therefore, for opti- 
mum design of high-performance heat exchangers, a 
good knowledge has to be established of what are the 
combined effects of every fin geometric parameter 
over a wide range of Reynolds number. Although 
many experimental and numerical studies have been 
extensively done for fin arrays [l-l 11, the present 
knowledge of the effects of fin geometric parameters 
is not satisfactory, especially for the middle Reynolds 
number range in which flow inside heat exchangers 
becomes unsteady. This is because the heat transfer 
mechanism has not yet been clarified for that flow 
regime. 

Logarithmic plots of j-factor against Reynolds 
number reported by London and Shah [1 l] for prac- 
tical fin arrays of different geometry exhibit linearity 
in the low Reynolds number range but they show 
upward deviation from such linear relationship 
beyond a certain value of Reynolds number. This 
indicates the occurrence of heat transfer enhancement 
due to the generation of flow instability [l2]. Yagi and 
Mochizuki [l3] observed the flow pattern inside fin 
arrays for unsteady flow regime through their flow 
visualization experiments. Joshi and Webb [ 141 tried 
to present a criterion for the inception of flow insta- 
bility. However, the proposed criterion does not cor- 
relate well with their experimental data. Xi and Suzuki 
[l5] also did flow visualization experiments and 
reported that the wake length between two successive 
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in-line fins is one of the factors affecting the flow 
instability. This unsteady flow is the self-sustained 
Bow oscillation of free shear layer [12]. Hagiwara et 
al. did more extensive flow visualization experiments 
for fin arrays and found that the cross-stream fin 
pitch is also an important factor affecting the flow 
instability [ 161. Xi et al. did heat transfer experiments 
for two-dimensional enlarged models of offset fin 
arrays [ 171 and showed that fin thickness is an impor- 
tant fin geometric parameter affecting the flow insta- 
bility. They reported that the streamwise distribution 
of local heat transfer coefficient can be altered by the 
inception of flow instability. They also did experi- 
ments for a fin array in which the first fin is about 
three times thicker than other downstream fins. They 
clearly showed with this fin array that the desta- 
bilization of the wake of the first fin causes the 
enhancement of heat transfer from the downstream 
fins. Hiramatsu et al. [ 181 performed two-dimensional, 
unsteady flow numerical computation for the fin 
arrays to be used in the automobile intercooler, and 
have drawn an interesting conclusion for an optimum 
value of the ratio between the fin offset length and fin 
wake length. Oscillatory flow and thermal fields have 
been studied for thick colinear plates located in the 
mid-plane of a channel by Majumdar et al. 1191; and 
Schlichting-Tollmien type spatial instability was con- 
cluded to occur in the space between two successive 
plates. In spite of these extensive efforts, however. 
there are still many problems to be studied. For 
instance, the mechanism of the heat transfer enhance- 
ment to be caused by the flow instability has not fully 
been studied. 

The present study was initiated to unveil the mech- 
anism of heat transfer for fin arrays under the unstable 
how regime. As the first step, attention was paid to 
the second laminar flow regime or to the Reynolds 
number range just above its critical value for the onset 
of self-sustained flow oscillation [12]. In the wake of 
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NOMENCLATURE 

c-1 skin friction, (2~,/pUi) Sr Stanton number, (Nu,,/PrRe,,) 

c, specific heat at constant pressure T fluid temperature 
H channel height T,, inlet fluid temperature 
h enthalpy Th bulk mean fluid temperature 

i over-all j-factor, TU fin surface temperature 

(l/3&.’ ‘c<‘= , s;,z” ,,:‘+ “‘.St d.r) t fin thickness 

L offset length of fin u. u streamwise velocity 

L wake length u, inlet flow velocity 

Nu,, instantaneous local Nusselt number, If, 1’ cross-stream velocity 

(%H:‘&T, - T,)) .Y strcamwise coordinate 

N& time-mean local Nusselt number, ?‘ cross-stream coordinate. 

(quHl4T, - TJ) 
ANu, difference between Nu,, and Nu, Greek symbols 
P pressure n temperature fluctuation 
PY Prandtl number (= 0.72) I, thermal conductivity 

L/h instantaneous wall heat flux 11 viscosity 

(I* time-mean wall heat flux I’ density 

RCJ, channel Reynolds number, (2pHCJ,/I.o t time 

Re, fin thickness Reynolds number, (PUJ//L) o angular frequency of flow fluctuation. 

a single flat plate, linear instability is observed over a (1 
wide range of streamwise positions at such Reynolds ;t(“‘)+&p”2)+;t,(Qvl) 

numbers [20]. In that condition, three-dimensionality 
/ _-.\ _I _..\ 

of flow is not serious and flow fluctuation keeps high 
periodicity. Therefore, studying in such Reynolds 
number range has two-fold benefits. On the one hand, 
two-dimensional unsteady numerical computation 
may approximate very well the actual flow and ther- 

mal fields inside a fin array. On the other hand, 
detailed analysis of instantaneous structures of flow 
and thermal fields is easier because of the highly per- 
iodic nature of the flow. The results to be obtained 
for this flow regime may yet give some clues to the 
understanding of the heat transfer mechanism at 
higher Reynolds numbers. For simplicity, a three-row 
in-line fin array is treated in the present study. This 

may be regarded to be an element of various types of 
practical fin arrays. 

2. NUMERICAL SCHEMES AND PROCEDURES 

In the present study, a two-dimensional numerical 
computation is carried out for unsteady flow and ther- 
mal fields around a three-row in-line tin array with 
an assumption of constant properties of fluid (air). 
Detailed analysis is particularly made for the cal- 
culated flow and thermal fields around the second fin 
in the array. The analysis given from a statistical view- 
point is reported in ref. [21]. Emphasis will thus be 
given in this report to the instantaneous structures of 
flow and thermal fields. 

The governing equations of the flow and thermal 
fields are as follows : 

where I/ and V are the components of instantaneous 
velocity along the streamwise and lateral coordinates. 
.Y and J’, respectively, h is the fluid enthalpy and P the 

pressure. p. p, i. and c’, are. respectively. the density, 
the viscosity, the thermal conductivity and the specific 

heat at constant pressure of fluid. Finite difference 
equivalents of equations (I ))(3) of fully implicit forms 
were solved numerically along a time axis using a 
two-level multigrid method. Outlines of the numerical 
schemes and procedures adopted in the present study 
will be described below (see ref. [22] for more detail). 

The fin geometry treated in the present study is 
illustrated in Fig. 1, together with the geometric par- 
ameters and the coordinate system to bc used below. 
Three fins of the same offset length L and thickness t 
are arranged in tandem. Wake length I>,, was set equal 
to the fin offset length L. For optimization of tin array 
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FIG. 1. Geometry of in-line fin arrays. 

geometry [18], it should be important to change the 
value of L,, but the present arrangement is sufficient 
for studying the heat transfer mechanism. The origin 
of the coordinate system is located at the middle of 
the front face of the first fin. Thus, .Y is measured 

downstream from the leading edge of the first fin and 

~1 is equivalent to the distance from the fin surface plus 
half the fin thickness. The upstream boundary of the 
computational domain was located at s = -2L and 
the downstream end of the computational domain 
was located at .X = 13L. A grid system of basic level 

was arranged to cover the whole computational 

domain. In this grid system, grid points of total num- 
ber of 380 x 130 were allocated nonuniformly in the 
computational domain. They were arranged finely 

near the fin surface in the ,V direction and near both 
the leading and trailing edges of each fin in the x 
direction, In the region around each fin, another grid 
system of finer level was further introduced. It was 
produced by decomposing one grid cell of basic level 
into four finer grid cells following Abdel-Rahman et 
al. [23]. In these regions, iterative computation was 
made within every time step by alternately visiting 

both grid systems and performing relaxation of the 
solution. 

In finite-differencing the governing equations, a 

central finite-differencing scheme was used for the 
diffusion terms. For the convection terms, the third- 
order upwind scheme (QUICK [24]) was applied to 
the finite difference equations to be relaxed in the basic 

level grid system, but the second-order upwind scheme 
was applied to the counterparts to be solved in the 

finer level grid system. Except for this point, the prin- 
ciple of the multigrid method used in the present study 
was the same as that fully explained in ref. [23]. The 
mixed usage of two upwind schemes of different order 

in the multigrid approach was effective in suppressing 
an overshoot of the solutions, and yet reducing the 
magnitude of numerical viscosity [22]. Modification 
of finite-difference equations necessary for the cells 
adjoining the fin surface was carried out following ref. 

1101. 
The finite-difference equations of fully implicit form 

were solved step by step along the time axis. In one 
time step, one cycle of iterative procedure was 
repeated five times to effectively relax the solution. 

Within the one cycle, both of the basic and finer level 
grid systems were visited alternately and the relaxation 
of solution was made every time in each grid system. 
The introduction of this iterative procedure was to 
reduce the inconsistency possibly existing between the 
updated velocity field and the separately calculated 
pressure field. For the evaluation of pressure, the 
SIMPLE algorithm by Patankar and Spalding [25] 

was employed. In each relaxation, the alternating 

direction implicit (ADI) method used by Suzuki et al. 
[26] was combined. The magnitude of time step was 

determined in such a way that the Courant number 
for the smallest grid cell evaluated with the cross- 

sectional average velocity was equal to unity. 
At the inlet to the computational domain. steady 

flow and thermal fields were assumed to have uniform 

streamwise velocity and temperature profiles, and 
cross-stream velocity was regarded to be zero over the 

whole cross-section. The boundary condition at the 

downstream end of the computational domain was 
given by assuming that both the velocity and ther- 
mal fields obey the boundary layer approximation 
[27]. At the solid boundary, the no-slip condition was 
used for the velocity components. The channel wall 

was treated to be thermally insulated and the fin sur- 
fact was assumed to be heated at a constant tem- 

perature. 
The computation was started with an artificial 

initial condition for flow and thermal fields. The same 

profiles as the inlet ones were used at every streamwise 
position as the initial conditions for both velocity 

and temperature, except at the streamwise positions 
on both sides of each fin. At such exceptional 

positions, modification was given to the profile of 
streamwise velocity in such a way as to satisfy the 
overall fluid mass continuity. With this initial profile, 

the flow and thermal fields showed transient behavior 
for a while after the start of the computation. For 

instance, the Strouhal number of the flow fluctuation 
varied as the computation proceeded. However, after 
30 cycles of flow fluctuation, it reached an asymptotic 

value. Analysis of the time changes of the solved quan- 
tities was made for a number of cycles of the flow 

fluctuation after such a stage of the computation was 
attained. The computed results of the flow and ther- 
mal fields obtained at that stage are little affected by 
what pattern of spatial distributions was used as the 

initial condition [26]. 
In ref. [21] the computation was reported for several 

cases of different channel width to fin thickness ratio, 

H/t, at several different Reynolds numbers. However, 
in this article, attention is paid mainly to the results 
obtained for the case of t/L = 0.126, H/L = 1.2 and 

at the fin thickness Reynolds number Re, = 180, and 
detailed analysis will be given on the time change 
of the instantaneous flow and thermal fields. At this 
Reynolds number, flow changes with an elapse of time 
in a highly periodic manner [21] but enhancement of 
heat transfer still occurs for the second fin due to the 
flow unsteadiness, as will be confirmed shortly. In 
such a case, two-dimensionality is estimated to be a 
good approximation of the actual flow, at least around 
the second fin [16, 211. These give a better basis for 
detailed analysis. 

3. RESULTS AND DISCUSSIONS 

First, over-all heat transfer characteristics of the 
presently studied in-line fin arrays are briefly 
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FIG. 2. Over-all j-factor of the fin arrays. 

described. Figure 2 shows the plots of over-allj-factor 
for the fin array against the channel Reynolds number, 
Re, [21]. In the figure are included the values obtained 
for the two types of fin arrays having different fin 

thickness, t/L = 0.03 14 and 0.126. It is obvious that, 
in the Reynolds number range of Re,, > 2000, the,)- 
factor for the thicker fin array takes a slightly higher 
value than the linearly extrapolated values from the 
low Reynolds number range or than the value 
obtained for the thinner fin array. This upward devi- 

ation of,j-factor is related to the enhancement of heat 
transfer of the second and third tins due to the flow 
instability. 

For instance, Fig. 3 shows the streamwise dis- 

tribution of local time-mean Nusselt number, ~VU,,, 
calculated at two different levels of Reynolds number 
for the two types of three-row in-line fin arrays of 

different fin thickness, f/L = 0.0314 and 0.126 [21]. At 
the lower Reynolds number Re, = 860, Nu,, takes the 
same distribution for both fin arrays of different fin 

(a) ReH = SF0 

200 r--7-- ,’ --T----r- -1’----, 

FIG. 3. Streamwise distributions of time-mean local Nussclt 
number. 

thickness. Fin thickness Reynolds numbers. Rr,. arc I I 
and 45, respectively, for both tin arrays. Thcsc values 
are much lower than the critical Reynolds number fog 
the inception of spatial inflow stability [15]. At the 
higher Reynolds number Rv,, = 3430, the value ol 
:“v&, becomes larger for the thicker fin array than 

for the thinner fin array. The fin thickness Reynolds 
number is still 4.5 for the thinner fin array hut it 
becomes 180 for the thicker fin array. which is higher 
than the critical value for the onset of the spatial Row 

instability [l5]. Thus. heat transfer cnhanccmcnt is 
achieved for the thicker fin array, especially on the 
second and third fins, and it is the background for the 
upward shift of the value of the,j-factor. 

Figure 4 presents the frequency spectrum of Ruc- 
tuating components of cross-stream velocity obtained 
in the wake of the first fin in the thicker fin array at 
Re,, = 3430. or at the fin thickness Reynolds numbct 

Rc, = 180. Flow fluctuation is highly periodic. as is 
shown in the figure. and it is the self-sustained flow 

oscillation caused by the spatial flow instability. In 

the following discussions. OJ is used as the anguh 

frequency of the predominant mode of flow fuc- 
tuation. All the results to be discussed in the f~)llowin~ 

wcrc obtained at Re, = I80 unless othcrwisc stated. 
Figure 5 illustrates the spatial distributions of UP 

and 1-O. Their distributions only around the second fin 
are illustrated in the figure as an cxamplc and the 
plotted forms of their values correspond, rcspcctively. 
to the skin friction coefficient. C’,, and the Stanton 
number. 9. Non-m-o vnlucs of HI and <+l in the wake 

of the tirst fin result in the l‘astcr recovery of the wake 
[21]. This leads to better heat transfer of the second 
fin. as will be discussed later. Non-zero values of r/r’ 
and ~0 arc also observable near the second fin surface. 
Their values arc smaller in this region than in the wake 
of the first fin but the piotted value of I+) is still of the 

same order of magnitude as tho Stanton number St. 
Therefore, better mixing suggested by the non-zero 
value of ~0 near the fin surface also contributes sig- 
nificantly to the heat transfer enhancement on the 
second tin. The following section is devoted to the 

study of how the non-zero values of w and f~(J arc 
produced. For this purpose, analysis will be made of 

the instantaneous flow and thermal field structures. 

FIG 4. Frequency spectrum of cross-stream fluctuating vci- 
ocity. 
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FIG. 5. Spatial distributions of UC and 1.0 around the second fins in array 
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FIG. 6. Instantaneous maps of vorticity contours (shaded parts : positive vorticity). 



xx K. S;LlZLIKI <‘I cd 

Attention will only be given to the region around the 
second fin but the discussion to be developed can 
equally be applied to the region around the third fin. 

Figure 6 shows the time change of the instantaneous 

maps of vorticity contours. Each frame of the hgurc 
was sampled at every one-eighth period of flow fluc- 

tuation. Figures 7 and 8 show the time variation 01 
instantaneous maps of fluctuating velocity vector 

around the second fin. In Figs. 6 and 7. the shaded 
parts in the figures correspond to the regions where the 
vorticity takes a positive value (anti-clockwise fluid 

motion is induced around it). Thus, the intcrfacc 
between the shaded part and the unshaded part in the 
tigurcs corresponds to the position of zero vorticity. 
In Fig. 8. the shaded parts correspond to the regions 

where fluid is hotter than the local time-mean fluid 
temperature or where the instantaneous fluctuating 
component of temperature 0 is positive. 

Figure 6 reveals how the spatial flow instability 
develops along the .l--axis in the wake of the first fin. 
In the steady flow case, the zero-vorticity intcrfacc 
should lit in the plane !,:‘I!_ = 0. i.c. the gcomctrical 

(4 01 r = (3/4) 7r (11) OJ T = (7/4) T 

FIG. 7. Instantaneous maps of fluctuating velocity vector (shaded parts : positive vorticity) 
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FIG. 8. Instantaneous maps of fluctuating velocity vector (shaded parts: positive temperature flu~t~at~on~. 

center plane. However, it is observed in the figure that directions appear alternately at a streamwise pitch. Out- 
the zero vorticity interface loses its flatness in the near ward fluid motion transports the hotter fluid with 
wake and becomes wavy. Thus, the value of vorticity lower momentum in the wake toward its outside, and 
is no longer zero in the center plane and it varies inward fluid motion feeds the cooler fluid with higher 
alternately from a positive value to a negative one in momentum into the wake from its outside. This is 
a wavy fashion along the x-axis. This type of distortion confirmed in Figs. 8 and 9. In Fig. 8, hot (0 > 0) regions 
proceeds toward the downstream, and the wave are observed to be displaced outward, and cold (0 < 0) 
amplitude or the crest-to-trough difference of the J- fluid penetrates into the central region of the wake, 
position increases as it flows downstream. As shown due to the outward and inward fluid motions, respec- 
in Fig. 7, this distortion is.accompanied by the for- tively. Time traces of u and u sampled at the point 
mation of a series of counter-rotating fluid motions. where x/L = 1.5 and J~/L = 0.05 are illustrated in Fig. 
Therefore, cross-stream fluid motions of opposite 9. In the figure, it is confirmed that u is negative when 
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FG. 9. Time traces of U, 2: and 0 at a point in the wake. 

1% > 0 and II is positive when L’ < 0. Thus, these fluid 
motions explain why UC and c7Q have non-zero values. 
They accelerate the recovery from the velocity defect 
and temperature excess in the wake or in the 
approaching flow to the second fin. Faster recovery 
from the velocity defect and temperature excess leads 

to a higher effective Reynolds number of the 

approaching flow to the second fin and a larger tem- 
perature difference between the second fin and the 
flow approaching [16]. Therefore, heat transfer 
deterioration, called ‘wake effect’ [S] is mitigated and, 
as a result, heat transfer enhancement is achieved. 

This is one of the two important mechanisms for the 
heat transfer enhancement occurring on the second 
tin due to flow instability. 

Figures IO and I I present the streamwise dis- 
tributions of the instantaneous local Nusselt number 
and of the instantaneous local skin friction coefficient. 

Each frame was sampled at the same instant when the 
frame with the same alphabetical specification of other 
figures was constructed. The time-mean Nusselt num- 
ber, NuH. illustrated in Fig. 3, is replotted in Fig. 10 
as the dotted lines. In contrast to the smooth dis- 
tribution of the time-mean Nusselt number, Nu,. the 
instantaneous Nusselt number distribution has a wavy 
shape for the second and third fins. Figure 12 illus- 
trates the time change of the streamwise distribution 
of the difference, ANu,, between the time-mean and 
instantaneous local Nusselt numbers, Nun and NM,. 
Figure 12 demonstrates more clearly the wavy shape 
of the distribution of instantaneous local Nusselt 

number. Since the augmentation of the time-mean 
Nussclt number results from the enhancement of 

10 I I I , I I I , 
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Ftc. IO. Streamwise distributions of instantaneous local 
Nusselt number (half cycle). 

I I I J 
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I I I, I 

(" ' n ' ' ' f (c) ,,=(1/2)r 

FIN. I I. Streamwise distributions of instantaneous skin frlc- 
tion coefficient (half cycle). 
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instantaneous heat transfer, it is worth giving a dis- 
cussion on how the peak of the instantaneous local 
Nusselt number is produced. The peak position of 
instantaneous local Nusselt number is indicated by an 
arrow in each frame of Figs. 10 and 11 and other 
figures to appear in the following. On the second fin, 
it is clearly observed in Fig. 11 that the instantaneous 
local skin friction takes a minimum at the peak pos- 
ition of the instantaneous local Nusselt number. It 
suggests that the enhancement of instantaneous local 
heat transfer is associated with the instantaneous dis- 
similarity between the momentum and heat transfer 

processes. 
Figure 13 shows the spatial distribution of the con- 

tours of an instantaneous product between the lateral 
fluctuating velocity component and temperature fluc- 
tuation, ~8, which is the instantaneous fractional con- 
tribution to a statistical quantity ut?. The value of 
CO, if multiplied by PC,, represents the magnitude of 
transport of heat due to flow fluctuation. The plotted 
results were sampled at the instant corresponding to 
each frame of Fig. 6 or of other figures showing the 

instantaneous results at every one-eighth period of 
ffow fluctuation. The shaded parts indicate the region 
where the product vtI is positive or the instantaneous 
fractional contribution to z is positive. As seen in 
this figure, although the position and shape of each 
shaded part vary from one frame to another, the 
shaded parts cover a much larger area than the un- 
shaded parts at any instant. Thus, flow fluctuation 
enhances the mixing of fluid and produces a positive 
value of v8 effectively. Figure 14 presents the time 
traces of the instantaneous values of v and ~6 moni- 
tored at X/L = 2.07 and J~/L = 0.13. The instan- 
taneous product z&I is plotted in the form similar to 
the definition of the Stanton number, St. The instan- 
taneous value of the wall heat transfer coefficient at 
x/L = 2.07 is also included in the figure in the form 
of the Stanton number. It is observed in the figure 
that the positive value of v@ is produced twice in one 
cycle of flow oscillation, i.e. first when P < 0, and 
second when v > 0. It is obvious that the Stanton 
number fluctuates to the same degree as ~0. Therefore, 
the fluctuation of v0 can significantly contribute to 

-40 I I I 1 1 1 ’ ’ ’ 
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401 I f 1 1 ’ I ’ I ’ f 
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FIG. 12. Time change of ANu,, distributions. 



K. Srl/~ RI cd/i// 

(I>) ii’7- = (1/4)7r (1‘) WT = (r)/d)jr 

(g) LL?T = (:</‘))T 

(d) UT = (3/4)7I (II) WT = (‘i/,1)X 

2.0 2.5 
X/I, 

3.0 

FIG. 13. Instantaneous contour maps of PO. 

the fluctuation of the wall heat transfer. The second 
mechanism of heat transfer enhancement is related to 
how this is produced, and is discussed below. 

Figure I5 shows the magnified view of the spatial 

distribution of the instantaneous fluctuating velocity 
vector near the upper surface of the second fin, which 
was sampled at the same instant as that of each frame 
of Fig. 6 or other figures illustrating the instantaneous 
results. The shaded parts in this figure have the same 
meaning as those in Fig. 8. In all frames of the figure, 
rotating fluid motion is observed to exist. For 
instance, a vortex (to be called ‘vortex A’ from now 
on) is located at the position of .x/L = 2.1 and 
I,/,!_ = 0.15 in frame (e), as easily identified by an 
Intense clockwise fluid motion existing there. It moves 
downstream along the second fin up-facing surface 
with an elapse of time, while keeping the intense clock- 
wise fluid motion around it. By this motion, fluid is 

entrained from its downstream side into the near-wall 
region below it. An important point is that the fluid 
being entrained is lower in temperature than the local 
time-mean fluid temperature. This is confirmed by the 
existence of a deep gulf of unshaded part under vortex 
A. This leads to the increase of the y-derivative of 

fluid temperature near the wall. and therefore, the 
increase of wall heat transfer. This is confirmed by the 
fact that the peak position of the local instantaneous 
Nusselt number, indicated by an arrow, is located at 
a position just below vortex A. In frame (f), an intense 
upflow from the near-wall region to the outside is 
observed to appear just upstream of vortex A. The 
upflow is effective at pumping out the hot fluid, which 
is the footprint of the heating from the fin surface. It 
prevents the excess heating of the wall and is thus 
effective at enhancing the wall heat transfer as well as 
the downflow. This is confirmed by the fact that both 
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the downflow and upflow regions, pointed out above, 
are in the shaded part of Fig. 13. The downflow 

motion entraining the cold fluid from its downstream 
side is effective because a considerable amount of the 
hot fluid has already been pumped out by the action 
of the upflow. 

To see the discussed point from a different view- 
point, the quadrant analysis, which is popularly used 

in the analysis of turbulent flow signals [28,29], was 
applied to the fluctuating components of velocity and 
temperature. They were sampled at every time step, 
i.e. at a constant interval of (l/184) of the period of 
flow fluctuation. First, Fig. 16 shows the time series 
of the monitored values of u and u replotted in the 
form of Lissajous’s diagram. Monitoring of the quan- 
tities was made at a position of x/L = 2.07 and 

y/L = 0.08. In this figure, each set of monitored values 
of u and v is represented by one point. Thus, the 

number of the points plotted in one quadrant is pro- 

portional to the time fraction within which the fluid 
motion specific to that quadrant appears. Therefore, 
Fig. 16 indicates that the fluid motion corresponding 
to the first and third quadrants appears more often 
than the counterparts corresponding to the second 
and fourth quadrants. The one corresponding to the 

first quadrant and another corresponding to the third 
quadrant are, respectively, the upflow directed down- 
stream and the downflow directed upstream, men- 
tioned above. 

Table 1 shows the results of the quadrant analysis. 

In this quadrant analysis, judgement of the sign of 

temperature fluctuation was also taken into account 
following Kawaguchi et al. [28]. Therefore, eight 
quadrants were introduced in the present study. The 
fractional contributions from each quadrant to - uv 

and vB are listed in the table. Positivity or negativity 
of the listed value corresponds to whether the specific 
fluid motion contributes positively or negatively to 
-uv and 3. It is clearly observed that not only the 

time fractions but also the fractional contributions to 
v0 from the first and third quadrants are much larger 
than the counterparts from the second and the fourth 
quadrants. Thus, the upflow and downilow occurring, 
respectively, on the upstream side and the down- 

stream side of vortex A are concluded to be respon- 
sible for the enhancement of time-mean heat transfer. 

One more interesting point to be noted here is that 

the upflow and downflow responsible for heat transfer 

enhancement cause the suppression of momentum 
transfer. The downflow is directed upstream or it has 

a negative streamwise fluctuating velocity so that the 
fluid velocity in the near wall region beneath vortex 
A is reduced spontaneously. Thus, the instantaneous 
skin friction and, therefore, the momentum transfer 
in the near-wall region is reduced at that instant. The 

upflow, however, is directed downstream and pumps 
out the fluid of excess momentum from the near-wall 
region to the outside. Thus, momentum transfer from 
the core flow toward the fin surface is again countered. 

Therefore, both upllow and downflow cause the sup- 
pression of momentum transfer despite the fact that 
the enhancement of heat transfer is generated by such 

- 
Table I. Fractional contributions to -iiG and uH from each quadrant of the U--V plane 

Quadrant 
Signs 

of u and t’ 
Sign 
of8 

Number of data 
n 

I u>o 
u>o 

2 u<o 
u>o 

3 u<o 
u<o 

4 U>O 
D<O 

U>O 519 
e-co 137 
6>0 236 
o<o 0.0 
o>o 223 
8<0 369 
o>o 0.0 
o<o 316 

-0.701 0.438 
-0.009 -0.003 _ 

0.155 0.146 
0.0 0.0 

- 0.257 -0.05 _ 

-0.211 0.306 
0.0 0.0 
0.024 0.161 
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flows. This means that the dissimilarity between the 
momentum transfer and heat transfer is gcneratcd by 

the actions of the upflow and downflow. This explains 
why the instantaneous skin friction coefficient takes a 
minimum at the peak position of Nu,,, as obscrvcd in 
Fig. I I. 

The downflow and upfow under discussion are 
equivalent to the fluid motions called the outward- 
interaction and wallward-interaction, respectively. in 
wall turbulent flows. In ref. [30], the dissimilarity 
between the momentum transfer and heat transfer 
found in a disturbed turbulent flow was related to the 
intensification of two such types of interactive fluid 
motions. Therefore. in this sense, akinness is pointed 
out between the dissimilarity of the present case for 
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the second laminar flow regime and that of a disturbed 
turbulent flow. 

Finally is discussed how the upflow and downflow 
mentioned above appear near the second fin surface. 

Here, attention is turned back to Figs. 6 and 7. Coun- 
ter-rotating vortices formed in the wake of the first fin 
flow downstream and hit the second fin one after 
another. In frame (a), clockwise rotating fluid motion 
is approaching the leading edge of the second fin, and 
in frame (b) it attaches to the front surface of the fin. 
The tip of its crest goes downward and creeps into 

the region below the down-facing surface of the fin. 
However, it is shcarcd off from its main part. The 
main part goes upward and moves into the region 

above the up-facing surface of the fin. It is vortex A. 
Following vortex A, a counter-rotating vortex (to be 
called ‘vortex B’) approaches to the second fin as is 
seen in frames (d) and (e). The tip of vortex B goes 
into the upper side of the fin and it assists vortex A 

to keep its clockwise motion for longer, by assisting 
the upflow on its upstream side. Thus. both the upflow 

and downflow producing the heat transfer enhance- 
ment are related to the vortices formed in the wake of 
the first fin. 

A similar study at a slightly higher Reynolds num- 
ber Re, = 4952 indicated that counter-rotating vor- 
tices similar to the ones of types A and B discussed 
above are also formed one after another in the wake 
of the first fin. Upflow and downflow fluid motions 
also appear near the fin surface relating to the alter- 

nating hitting of the counter-rotating vortices on the 
second fin leading edge. Therefore, all the above dis- 
cussion on the mechanism of heat transfer enhance- 
ment is considcrcd to hold basically at different Rcy- 
nolds numbers, 

4. CONCLUDING REMARKS 

A two-dimensional numerical computation was 
carried out for periodically changing unsteady flows 

around the in-line types of fin arrays. This flow regime 
corresponds to the second laminar flow regime char- 
acterized by self-sustained flow oscillation in the tran- 
sitional Reynolds number range. Flow dynamics and 
the mechanism of related heat transfer enhancement 
incurred by the flow instability were discussed in 
detail. 

Flow instability first appears in the wake of a fin. 
This flow instability generates a series of vortices in 
the wake. These vortices accelerate the mixing or the 

recovery from the velocity defect and the temperature 

excess in the wake, by entraining the cooler and higher 
velocity fluid into the wake from the main stream, and 
by carrying away the hotter and lower velocity fluid 
in the wake to the main stream. This accelerated recov- 
ery of the wake is effective in enhancing the heat 
transfer of the downstream fins. This is one of the two 
important mechanisms of heat transfer enhancement 
due to flow instability. 

The vortices appearing in the wake of a fin hit one 
after another the leading edge of the downstream fin, 
and flow down along its surface. They induce two 
particular types of elementary fluid motion equivalent 

to the wallward and outward interactions of coherent 
fluid motion of wall turbulence, respectively. They 
are the downflow directed upstream, which entrains 
cooler fluid toward the fin surface, and the upflow 
directed downstream, which pumps out hot fluid from 
the region near the fin surface. Both of them produce 

a positive fractional contribution to v@ and are effec- 
tive in enhancing the heat transfer of the downstream 
fin. This is the second mechanism of heat transfer 

enhancement due to flow instability. These two types 
of elementary fluid motion also produce another 

important phenomenon, i.e. the dissimilarity between 
the momentum transfer and heat transfer. Akinness 
was suggested between the dissimilarity found in the 

present type of flow and the counterpart previously 
found in a disturbed turbulent flow. 
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