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Abstract-Flow and mass transfer characteristics in tube banks are investigated in the transitional flow 
regime at intermediate Reynolds numbers. The tube arrays considered are a staggered tube array and an 
in-line tube array with longitudinal and transverse pitch-to-diameter ratios of two. The flow is steady at 
the entrance of the tube banks, but becomes oscillatory downstream of an onset location of vortex shedding. 
This location moves upstream with increasing Reynolds number, and the upstream development of flow 
transition is much faster for the staggered array than the in-line array. Therefore, the row-by-row variation 
of the mass transfer rate is small for the staggered array but considerable for the in-line array. The mass 
transfer for the staggered array is sensitive to the unsteady wakes of the preceding row tubes, while the 
surface shear stress is insensitive to such wakes. However, for the in-line array the mass transfer and shear 

stress are both sensitive to the unsteady wakes. 

1. INTRODUCTION 

MANY DESIGNS exist for heat exchangers involving 
a bank of tubes in a fluid crossflow. Depending on 
applications and design criteria, there are many possi- 
bilities for the layout of tubes in an array. A heat 
exchanger designer, therefore, needs access to the larg- 
est possible database in order to choose the optimal 
design option. Recently, due to the rapid development 
of computers, numerical analysis has come to be used 
for design of engineering devices as well as exper- 
iments. 

Several reviews of the literature on fluid flow and 
heat transfer in tube banks have been published [l-3]. 
Most of the numerical studies were limited to steady 
laminar Ilow conditions [4, 51. It is commonly 
observed in heat exchanger cores that even in the 
laminar flow regime the flow may be unsteady because 
of vortex shedding. At high Reynolds numbers, the 
downstream region in the core is characterized by 
turbulent flow [6-g]. Although numerical analysis 
by computer has a bright future in the design of 
engineering devices, except for certain turbulence 
models [lo, 111, it is not yet well established due to 
unusual complexity of flow phenomena. Therefore, 
a detailed set of experimental data is needed for 
testing and refining the numerical analysis. 

In this study, we investigate experimentally fluid 
flow and mass transfer in tube banks for a staggered 
array and an in-line array at the transition from steady 

to unsteady flow. Such transitional flow appears to 
involve a remarkable change in heat and mass transfer 
rates, as suggested by Zukauskas and Ulinskas [12]. 
On the basis of many experiments, they reported that, 
for laminar flow, a staggered array has a higher heat 
transfer coefficient in the fully developed flow region 
of tube banks than an in-line array with the same 
pitch-to-diameter ratio, while for turbulent flow, the 
effect of tube layout is minimal. 

Previous studies on the transitional flow regime 
including laminar flow provide only fragmentary 
information. Nieva and B6hm [ 13, 141 presented local 
mass transfer coefficients around a tube placed in a 
tube bank for four different pitches at intermediate 
Reynolds numbers. However, the effect of flow tran- 
sition on local mass transfer rates was not made clear, 
because the variation of flow patterns with Reynolds 
number was not considered. Weaver and Abd-Rabbo 
[ 151 observed flow patterns for an in-line array of four 
tube rows over a wide range of Reynolds number, and 
flow visualizations showed that flow development is a 
function of not only Reynolds number but also the 
row number of tubes. Recently, Nishimura et al. [16] 
studied numerically and experimentally the effect of 
tube layout on the surface shear stress distribution for 
steady laminar flow. They found a large difference in 
the shear stress between the staggered and in-line 
arrays at the front of the tube but almost no difference 
at the rear. 

Although not directly related to the present work, 
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NOMENCLATURE 

A area of mass transfer surface SC Schmidt number, v/cp 
B surface velocity gradient Sh Sherwood number, kD/cp 

G concentration of ferricyanide ion St Strouhal number, fD/U, 
D diameter of tube T period of vortex shedding, 1 /f 
d diameter of electrode u upstream velocity of tube banks 

/’ 
Faraday’s constant u Illax velocity at the minimum flow area 
frequency of vortex shedding between tubes. 

h diffusional current 
k mass transfer coefficient Greek symbols 
N row number in the streamwise direction is dimensionless surface vorticity, BD/(2UJ 
NU Nusselt number 0 angle of circumference measured from 
P pitch of tubes stagnation point 
Pr Prandtl number P viscosity 
Re Reynolds number, UiD/v V kinematic viscosity 
Re, Reynolds number at the transition from r, surface shear stress, pB 

steady to unsteady flow cp molecular diffusivity of ferricyanide 
Remax Reynolds number, U,,,,,D/v ion. 

several studies have been made of transport processes 
in devices with a periodic flow passage such as packed 
beds [ 17, 181, plate-finned heat exchangers [l9, 201 
and wavy-walled channels [21-251. These works 
focused on the transitional Row at intermediate 
Reynolds numbers, and all of them found that the 
transition from steady to unsteady flow occurs at a 
Reynolds number as low as a few hundred and that 
fluid motion becomes oscillatory from downstream 
of a periodic flow passage. The flow transition also 
leads to heat or mass transfer enhancement. 

The principal aim of the present work has been to 
compare the flow and mass transfer characteristics of 
transitional flow in a staggered array and an in-line 
array with the same pitch-to-diameter ratio. Surface 
shear stress distributions and mass transfer rates were 
measured by the electrochemical method developed 
by Mizushina [26]. Flow visualizations were also per- 
formed. The effect of tube layout provides insights 
into the transport processes involved in transitional 
flow and information useful for the design of compact 
heat exchangers at intermediate Reynolds numbers. 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURE 

The experimental apparatus was the same type of 
recirculating water tunnel as used in the previous flow 
and mass transfer studies at high Reynolds numbers 
[6,7], with a rectangular duct 160 mm x 80 mm (height 
x width) as the test section. The acrylic cylinders com- 
prising the array were oriented parallel to the principal 
walls of the test section, i.e. the upper and lower walls. 
In both staggered and in-line arrays, 11 rows by 5 
columns of cylinders 15 mm in diameter with longi- 
tudinal and transverse pitch-to-diameter ratios of two 
were employed. This choice allowed the experimental 

results to be compared with those of several numerical 
studies [5, 161. The fluid temperature was kept con- 
stant by a heat exchanger. The experiment was 
designed to allow for measurements in the range of 
Reynolds number (Re = UiD/v) that is of particular 
interest to the transition from steady to unsteady flow, 
i.e. 5&1000. 

Flow was visualized by the aluminium dust method. 
Perfusion with a suspension of aluminium particles of 
about 40 /lrn in diameter enabled us to observe path 
lines corresponding to streamlines for steady flow. 
An exposure time of 2 s was selected for aluminium 
particles to trace paths sufficiently long at low 
Reynolds numbers of less than 100. Illumination was 
provided by a 500 W projector. 

The surface shear stress and the mass transfer rate 
in tube banks were measured by an electrochemical 
method involving measurement of the diffusional cur- 
rent flowing in the electrode circuit when the test 
electrode is polarized. The test electrode for the shear 
stress measurements consisted of a platinum wire of 
0.5 mm in diameter set on the surface of an acrylic 
cylinder 15 mm in diameter. The average mass transfer 
rate was measured with a test electrode consisting of 
a cylinder of nickel 15 mm in diameter and 20 mm in 
length inserted in the middle part of an acrylic cylinder 
of the same diameter. In the present investigation, 
only one of the tubes in the array was used in the mass 
transfer measurement, because it seems that the mass 
transfer is almost identical in all active tubes in a 
system with high Schmidt numbers. Recently, Ogino 
et al. [27J have confirmed this inference for packed 
beds using the electrochemical method. The electro- 
lyte solution used contained 0.01 N potassium ferri- 
ferrocyanide and 1.0 N sodium hydroxide, and its 
temperature was kept at 25°C (SC = 1570). 

The surface shear stress r, and Sherwood number 



S/r arc rclatcd to the diffusional current i,, as follows : 

T, = 3.55 x IO- ‘5pij’/(Czd5cp’) (1) 

Sh = kD/cp = i,D/(FC,cpA). (2) 

Special care was taken in all experiments to saturate 
the electrolyte with nitrogen, block off the test section 
from light exposure and activate the electrodes. 

3. EXPERIMENTAL RESULTS AND 

DISCUSSION 

The details of flow patterns were studied using both 
still photographs and video tapes. The examples given 
in this section have been selected to illustrate various 
flow regimes. 

The flow development in the range 60 < Re < 600 
for the staggered array is illustrated in Fig. I. In each 
photograph the flow is from left to right, and the tube 
seen at the centre of each photograph is the third 
row tube (N = 3). At the lowest Reynolds number 
achievable, Rr = 60, two stable vortices are formed 
behind the tube. This behaviour continues up to a 
Reynolds number of about I IO and is illustrated for 
Rc = 96 in the figure. The agreement in terms of the 
streamlines and the vortex sizes between experimental 
and numerical results has been confirmed previously 
[ 161. At a Reynolds number of about 120. these vor- 
tices become unstable, with flow crossing the wake 
region of the tube and the vortices periodically being 
swept in the mainstream flows. As the Reynolds num- 
bcr increases further, the wake region becomes fully 
turbulent. The photographs at Re = 300 and 600 
show the influence of the unsteady wakes in per- 
turbing the mainstream flows. The row-by-row vari- 
ation of the flow patterns is illustrated in Fig. 2 for 
Re = 300. As the flow progresses through the array 
increasing turbulence is visible. Also the flow pattern 
around the first row tubes is quite different from that 
around the third and subsequent row tubes. This is 
due to the absence of the effect of unsteady wakes at 
the first row tubes. 

Flow visualization photographs for the in-line array 
are shown in Figs. 3 and 4. In Fig. 3. the wakes 
between the third and fourth row tubes consist of two 
stable vortices with clear straight flow lanes between 
tube columns until a Reynolds number of about 300, 
but these vortices become unstable with an increase 
of Reynolds number. A comparison of Figs. 2 and 4 
indicates that the mainstream flows in the staggered 
array are much more affected by the developing tur- 
bulence in the wakes than those in the in-line array. 

Flow visualizations allow us to identify different 
flow regimes, but the frontiers between regimes cannot 
be determined with precision visually. Therefore, we 
determined the transition between steady and 
unsteady flow regimes using a small electrode for the 
surface shear stress measurement, and also examined 
the flow behaviour in each regime by signal analysis. 

Re=60 

Re=96 

Re=300 

Re=600 

N=3 
FIG. I. EKcct of Reynolds number on Ilow patlcrns for 

stapgcrcd ;Irray. 

The amplitude and frequency of the voltage signals 
vary around a tube in the array. A selectively amplilicd 
frequency is easily visible from the signals of the elec- 
trode near 0 = 90 . where no flow separation exists. 
Consequently, the results prcsentcd hcrc are from the 
signals at II = 90 for both staggcrcd and in-line 
arrays. 

Figure 5 shows the clcctrode signals for the last row 
tube (N = I I). For the staggered array shown in Fig. 
5(a). the amplitude and the frcquencics of the oscil- 
lations in the signals arc relatively low at Rc = 96 
and increase with the increase of Reynolds number. 
Sinusoidal waveforms are clearly seen in the signals 
at RE = 108, I65 and 207. indicating that periodic 
vortex shedding exists just after the transition. Similar 
results are obtained for the in-line array as shown in 
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Re=300 

N= 1 

FIG. 2. Row-by-row variation of flow patterns for staggered array at RE = 300. 

Fig. 5(b), but the amplitudes and the frequencies of 
the oscillations are quite different. That is, the ampli- 
tude is larger for the in-line array than the staggered 
array, but the frequency is smaller. 

Figure 6 shows the signals for an inner row tube of 
N = 7. For the staggered array shown in Fig. 6(a). 
the variation of signals with Reynolds number is simi- 
lar to the results for the last row tube of N = I 1 shown 
in Fig. 5(a), and thus the critical Reynolds number at 
the transition is almost identical for N = 7 and 11, i.e. 
RE, = 105. On the other hand, for the in-line array 
shown in Fig. 6(b), a sinusoidal waveform in the sig- 
nals at N = 7 is not identified until Re = 140, and 
the critical Reynolds number is different for N = 7 
and I I. i.e. Re, = 140 at N = 7 and Re, = 105 at 
N = 11. This finding implies that although the region 
of flow oscillations spawned by the tubes themselves 
moves upstream with an increase of Reynolds 
number, the upstream development of flow transition 
is much faster for the staggered array than the in-line 
array. This is probably related to the fact that the 
frequency of vortex shedding for the staggered array is 
about two times that for the in-line array as described 
below. 

Figure 7 shows the period of signals corresponding 
to vortex shedding. The essential features of this figure 
are that the period of vortex shedding is almost iden- 
tical for N = 7 and 11, and that it is inversely pro- 
portional to Reynolds number for both staggered and 
in-line arrays. Thus the Strouhal number, St = f D/CJi 
is independent of the row number and the Reynolds 
number, i.e. St = 0.559 for the staggered array and 
St = 0.236 for the in-line array in the Reynolds num- 

ber range of 100-200. For the vortex shedding in plate 
arrays. Mochizuki and Yagi [28] have reported that 
the Strouhal number is independent of the row 
number of plate fins and the Reynolds number. There 
is thus a similarity between tube banks and plate 
arrays. The reason for the small Strouhal number for 
the in-line array is that the vortex shedding tends to 
be retarded due to a narrow spacing of tubes in the 
streamwise direction as compared with the spacing 
for the staggered array. 

Figure 8 shows the surface shear stress distribution 
at an inner row of N = 7 for various Reynolds 
numbers. The measurements of the time-averaged 
absolute values of the surface shear stress are rep- 
resented by the dimensionless surface vorticity, [,. The 
solid line in this figure denotes the numerical result 
for Re = 54 [16]. The agreement between the exper- 
imental and numerical shear stresses is good, thus 
confirming the validity of the shear stress measure- 
ment by the electrochemical method. At the front of 
the tube (0 = 0”-60”), the dimensionless surface shear 
stresses vary approximately as the 0.5 power of the 
Reynolds number, indicating the existence of laminar 
boundary layer flow according to boundary layer 
theory. In particular, it should be noted that the 
laminar boundary layer flow is maintained even for 
unsteady flow at high Reynolds numbers. Thus 
the surface shear stress is insensitive to the unsteady 
wakes of the preceding row tubes. The surface 
shear stresses at the rear of the tube (0 = 120”-180”) 
are considerably smaller than those at the front even 
for unsteady flow. 

Figure 9 shows the results for the in-line array. The 



Re=92 

Re ~300 

Re = 600 

FIG. 3. EfTect of Reynolds number on flow patterns for in- 

line array. 

shear stresses at the front of the tube (0 = 0 40 ) arc 
smaller than for the staggered array in the steady flow 
regime. However, they increase significantly after the 
flow becomes unsteady. This phenomenon is not 
observed for the staggered array and reveals that the 
unsteady wakes of the preceding row tubes are respon- 
sible for the increment of the shear stress of the sub- 
sequent row tubes for the in-line array. At the rear 
of the tube (0 = 120 -180 ). the behaviour of shear 
stresses for the in-line array is almost identical to that 
for the staggered array. 

In addition, for both staggered and in-line arrays, 
the shear stresses at all row numbers show similar 
variations with Reynolds number cxccpt for the first 
row, as expected from the flow visualizations. 

The average mass transfer rates at an inner row 
of N = 7 for both staggered and in-line arrays arc 
presented in Fig. IO as S/I/SC’ ’ vs Re,,,,. Re,,.,, is 

based on the pitch velocity at the minimum flow area 
between tubes and in this case is related to Re through 
the simple relationship Re,,,, = 2Re. The solid line in 
the figure is the mass transfer correlation at N = 1. 
The mass transfer rates at N = I are independent of 
the layout of tubes and increase monotonically with 
Reynolds number. 

The mass transfer rate at N = 7 for the staggered 
array is almost equal to that at N = I in the steady 
flow regime (Rc,,;,, < 210). However. it gradually 
departs from that at N = I with increasing Reynolds 
number after the flow becomes unsteady. Thus the 
mass transfer is sensitive to the unsteady wakes of the 
preceding row tubes, while the shear stress is insen- 
sitive to such wakes as shown in Fig. 8. Similar results 
have been found for mass transfer between a plane 
surface and an impinging turbulent jet by Kataoka el 
ul. [29]. There is thus a striking similarity between the 
impinging jet flow structure and that described for the 
staggered array : in both cases the flow in the bound- 
ary layer is accelerated with a steep negative gradient 
of the surface pressure. 

The mass transfer rate at N = 7 for the in-line array 
is smaller than that at N = I in the steady Row regime 
(R~~,,,,i, < 280) and also smaller than that for the stag- 
gcrcd array. as expected from comparison of the shear 
stress distributions of Figs. 8 and 9. However, after 
the flow transition. the mass transfer rate increases 
markedly in the Reynolds number range of 500-1000 
and reaches that for the staggered array at higher 
Reynolds numbers. This result corresponds well with 
the variation of the shear stress distributions with 
Reynolds number shown in Fig. 9. Thus the increment 
of the mass transfer is due to the unsteady wakes of 
the preceding row tubes. Similar results have been 
obtained for two cylinders in tandem in cross flow 
[30]. 

The row-by-row variation of the mass transfer rate 
is illustrated in Figs. I I and 12. This is small for 
the staggered array even after the flow transition. as 
shown in Fig. II. but for the in-line array as shown 
in Fig. 12, it is considerable in the Reynolds number 
range of 200-2000 although the mass transfer rate is 
independent of the row number at higher Reynolds 
numbers than 3000. The mass transfer difference 
between the staggered and in-line arrays is due to the 
faster upstream development of flow transition for the 
staggered array than the in-line array, as found in 
the signal analysis of Figs. 5 and 6. The upstream 
development of heat transfer enhancement with 
increasing Reynolds number has also been observed 
in fin arrays of large thickness [20]. There is thus a 
striking similarity between tube banks and fin arrays : 
in both cases upstream development of flow transition 
due to vortex shedding leads to heat or mass transfer 
enhancement. 
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(a) Slagkered array 

Re = 96 108 165 207 

(b) In-11ne array 

Re = 86 106 

165 205 

I Ith row 

FIG. 5. Characteristic signals representing vortex shedding from tubes at N = I I. 
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(a) Staggered array 

lzzz 
Re= 110 

(b) In-line array 

Lk---r 

Re = 88 136 163 

7th row 

FIG. 6. Characteristic signals representing vortex shedding from tubes at N = 7. 

Comparison of the present results with those of the 
literature, as S/~/SC”’ vs RE,,,, is shown in Figs. 13(a) 
and (b) for in-line and staggered arrays, respectively. 
The agreement with other experimental studies [31- 
331 is satisfactory as a whole although the orders of 
Schmidt number or Prandtl number are different. In 
particular, the present data agree well with the cor- 
relations at high Reynolds numbers (Re,,,, > 2000) 
by Nishimura [31] because the Schmidt numbers are 
the same. Recently, heat transfer in tube banks for 
pitch-to-diameter ratio of two has been predicted 
under steady laminar flow conditions using the finite 
analytic method by Chen and Wung [S]. In Fig. I3 
the numerical results are also presented for compari- 
son. For the in-line array, the agreement with the 
numerical predictions is good at low Reynolds num- 
bers (Re,,,% < 200), but the experimental data are 

50 

open symbol :ll th row 
filled symbol : 7th row 

1 ” 

1 
100 

Re 
1000 

FIG. 7. Period of vortex shedding vs Reynolds number. 

, 

higher than the numerical predictions at higher Reyn- 
olds numbers. This is because vortex shedding is not 
considered in the computation while in the experiment 
the shedding appears. For the staggered array, similar 
results are observed although the agreement with the 
numerical correlation is not good at low Reynolds 
numbers. Thus the effect of vortex shedding has to be 
considered in numerical calculations for the pre- 
diction of heat or mass transfer as the fluid motion 
becomes oscillatory. 

7th row Staggered array 

Re 
0 54 (SF) 
0 89 (SF) 
A 260NJR 
V 5200JFl 

. 4432 
( Nishimro 8 

KowOrn”I.36) 

” 0 30 60 90 120 150 180 

e (deg.) 

FIG. 8. Surface shear stress distribution for various Reynolds 
numbers at N = 7 for staggered array. 
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7th row In-line array 
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8 (deg.) 

FIG. 9. Surface shear stress distribution for various Reynolds numbers at N = 7 for in-line array. 
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FIG. 10. Average Sherwood numbers at N = 7 for staggered and in-line arrays. 

Staggered array 
I 

0 1st raw 
A 3rd raw 
n 7th raw 
J 11th raw (Last raw) 

0 5uu IUUU 

Re,, ( q 2Re) 

FIG. I 1. Row-by-row variation of Sherwood number for staggered array. 
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In-line array 
I 

0 1st row 
a 3rd row 
n 7th row 
v 11th row (Last mw) 

0 500 1000 5000 

Re max k2Re) 

FIG. 12. Row-by-row variation of Sherwood number for in-line array. 

(b) 

FIG. 13. Comparison with previous studies on the correlation of Sherwood number and Reynolds number 
for pitch-to-diameter ratio of two. 
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4. CONCLUSIONS 

Flow and mass transfer characteristics were com- 
pared for a staggered array and an in-line array with 
the same pitch-to-diameter ratio of two at the tran- 
sition from steady to unsteady flow. The following 
conclusions are drawn. 

(I) The upstream development of flow transition 
due to vortex shedding is much faster for the staggered 
array than the in-line array. Therefore, the row-by- 
row variation of the mass transfer rate is smaller in 
the staggered array than the in-line array. 

(2) For the staggered array, the mass transfer is 
sensitive to the unsteady wakes of the preceding row 
tubes, while the surface shear stress is insensitive to 
such wakes. For the in-line array, the mass transfer 
and shear stress are both sensitive to the unsteady 
wakes. 

(3) The Strouhal number representing vortex shed- 
ding from tubes in the array is independent of both 
the row number and the Reynolds number, i.e. 
Sf = 0.559 for the staggered array and Sf = 0.236 for 
the in-line array in the Reynolds number range of 
100-200. 
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