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A B S T R A C T   

Structures in an array with multiple rows and columns may undergo both inline and side-by-side interferences. A 
system of nine square prisms in a 3 £ 3 square array is numerically investigated for pitch ratio L/D = 1.2 – 7.0 at 
a Reynolds number of 150, where L is the spacing between the centers of two adjacent prisms, and D is the side 
width of a square prism. The focus is given on investigating the effect of L/D on flow topology, fluid forces, heat 
transfer, vortex shedding, and recirculation bubbles. An increase in L/D from 1.2 to 7.0 leads to evolutions of five 
distinct flows: single bluff body flow (L/D < 1.6), reattachment flow (1.6 < L/D < 3.3), lateral-interaction- 
induced coshedding flow (3.3 < L/D < 4.1), mixed flow (4.1 < L/D < 4.6) and free coshedding flow (4.6 <
L/D < 7.0). The reattachment flow corresponds to small fluid forces while the lateral-interaction-induced 
coshedding flow induces large fluid forces. The time-mean drag force coefficient of the center prism drasti
cally increases from 0.09 to 1.0 as the flow evolves from the reattachment flow to the lateral-interaction-induced 
coshedding flow. The maximum heat transfer from the center prism, 10% higher than that from a standalone 
prism, occurs for the lateral-interaction-induced coshedding flow where the flow around the center prism re
sembles creeping flow, no recirculation bubble forming on the front or rear surface of the prism. The coherence 
between heat transfer and flow patterns is discussed, including the impacts of shear layer reattachment, flow 
recirculation, and vortex shedding on heat transfer.   

1. Introduction 

Engineering structures generally appear in a group. Fluid dynamics 
around and heat transfer from the structures are crucial for the design of 
the structures. Compared with a single isolated structure, closely spaced 
multiple structures involve many complex flow phenomena, including 
flow reattachment, shear-layer and vortex impingement, quasi-periodic 
vortices, gap flow instability, interacting streets and so on. It is, there
fore, of fundamental and practical interest to investigate the detailed 
physics of the relevant flow and heat transfer problems. The simplest 
configurations of multiple structures are two structures arranged in 
tandem [1–9], side-by-side [10–12] or staggered [13–16]. During the 
last decades, many investigations have been conducted on circular cyl
inders [17,18] whilst the flow and heat transfer around multiple square 
prisms have received relatively less attention, despite their significance 
in engineering [19]. Different from a circular cylinder undergoing 
oscillating flow-separation points, a square prism is characterized by a 
fixed flow separation point. It is, therefore, expected that the two 

representative models (circular- and square-sectioned cylinders) have 
substantially distinct fluid dynamics from each other. 

For flow around two side-by-side square prisms at a Reynolds num
ber Re = 47,000, Alam et al. [20] performed a systematic study on the 
flow field, Strouhal number, and fluid forces on the prisms at spacing 
ratio L/D = 1.02 – 6.0, where L is the center-to-center spacing between 
the prisms, D is the prism width, and Re is based on the freestream ve
locity U∞ and D. Four distinct flow regimes were observed as the prism 
distance gradually increased: single-body regime (L/D < 1.3), 
two-frequency regime (1.3 < L/D < 2.2), transition regime (2.2 < L/D <
3.0), and coupled vortex street regime (3.0 < L/D < 6). The above flow 
regimes were classified based on the appearance of various typical flow 
patterns, such as shear-layer interaction, gap-flow deflection and 
changeover, flow entrainment, recirculation bubble, and vortex inter
action. Compared to Alam et al.’s [20] results at Re = 47,000, qualita
tively similar observations were also made in flow visualization 
experiments at a small Re = 300 [21]. KolÁŘ et al. [22] studied the 
turbulent characteristics in the near wake of two side-by-side prisms at 
L/D = 3. A two-component laser Doppler velocimeter was used to 
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measure the flow field. They found formation of coupled vortex street 
flow at this spacing. Agrawal et al. [12] investigated a low Re (= 73) 
flow around two side-by-side prisms at L/D = 2.5 and 0.7, which cor
responded to a flip-flop and a synchronised flow, respectively. The dif
ference between the two flows was interpreted in terms of the 
interaction of the gap flow with the adjoining wakes. Several studies on 
more than two prisms in side-by-side arrangements are available in the 
literature. Kumar et al. [23] at Re = 80 studied flow around a row of nine 
square prisms placed normal to the oncoming flow and discussed the 
effect of L/D (= 1.3 – 13) on the flow. Based on the vorticity field and 
drag coefficient results, three flow regimes were reported with 
increasing L/D: synchronised, quasi-periodic, and chaotic flows. Sew
atkar et al. [24] at Re = 30–140 examined the combined effects of L/D 
and Re on the flow across a row of nine square prisms. The critical Re for 
the onset of vortex shedding increased with an increase in L/D, and the 
interaction between the wakes behind the cylinders weakened with 
increasing Re. Chatterjee et al. [25,26]. studied the hydrodynamics 
around a row of five square prisms at Re = 150. Depending on L/D, three 
flow patterns were identified: flip-flop pattern, inphase and antiphase 
synchronized pattern, and non-synchronized pattern. The drag coeffi
cient, lift coefficient, Nusselt number, and Strouhal number were esti
mated. Zheng and Alam [27] investigated the flow around three 
side-by-side square prisms at Re = 150 and found five distinct flow 
structures as L/D is varied from 1.1 to 9.0: base-bleed flow (L/D < 1.4), 
flip-flopping flow (1.4 < L/D < 2.1), symmetrically biased beat flow (2.1 
< L/D < 2.6), non-biased beat flow (2.6 < L/D < 7.25) and weak 
interaction flow (7.25 < L/D < 9.0). The intrinsic features of the flow 
and origin of the secondary frequency were systematically elaborated. In 
addition, vortex formation length and wake width were linked to fluid 
forces and flow regimes [28]. 

Studies concerning the flow around multiple tandem square prisms 
largely involve the simplest case of two tandem prisms. Sakamoto et al. 
[29] performed measurements of fluctuating forces acting on two tan
dem prisms at L/D = 1.5 – 40. Three flow regimes were identified based 
on the variation in Strouhal number. Sakamoto and Haniu [30] further 
studied the effect of freestream turbulence intensity on the fluid forces. 
Alam et al. [31] studied the flow around two tandem prisms and 
controlled the forces on the prisms using a flat plate. The maximum 
reductions in fluctuating lift and drag are 94% and 71% for the upstream 
prism and 80% and 65% for the downstream prism, respectively. Liu and 
Chen [32] discussed the flow hysteresis observed around the critical L/D 
of two square prisms in tandem and examined the hysteresis and Re 
effects on drag forces, pressure, and Strouhal numbers. Kim et al. [33] 
measured the flow around two square prisms in a tandem arrangement 

using particle image velocimetry and found that the sudden change in 
the flow pattern arises because of no gap shear layer reattachment on the 
downstream prism for spacing beyond the critical. Yen et al. [34] used 
particle image velocimetry to conduct similar measurements, and the 
flow field was classified into three modes: vortex sheet of the single 
mode, reattached mode, and binary mode. A numerical investigation 
conducted by Sohankar [35] confirmed the existence of the above three 
modes. Rastan and Alam [36] examined the effect of Re and L/D on the 
flow transitions and flow regimes for both tandem circular and square 
cylinders. They found that, a higher Re is required to initiate the vortex 
shedding for two tandem cylinders, compared to the single cylinder 
counterpart. Freidooni et al. [37] numerically studied the gap and wake 
flows associated with two inline buildings at Re = 220,000 and indicated 
that wind condition is strong at small gaps, hence a minimum 
gap-to-length ratio of 3 was recommended. Investigations on the flow 
for more than two prisms are yet scarce in the literature. Bao et al. [38] 
studied the flow around a row of six square prisms in tandem at Re = 100 
and identified six different flow patterns depending on L/D. Sewatkar 
et al. [39] further studied the chaotic nature of the flow and confirmed 
the flow regimes using particle image velocimetry. Zheng and Alam [40] 
systematically studied the evolution of the wake of three inline square 
prisms and revealed the detailed physics of the evolution of the primary 
vortex street to the secondary. 

Although not as frequent as the side-by-side or tandem arrangement, 
other cylinder configurations have also been examined in the past. Islam 
et al. [41] numerically investigated the laminar flow around four rect
angular cylinders in the rectangular arrangement and showed the 
dependence of flow patterns on spacing ratio. Zhang et al. [42] and 
Abbasi et al. [43] used finite volume and lattice Boltzmann methods, 
respectively, to study the flow past four square cylinders in an in-line 
square configuration and observed the changes of the wake patterns. 
Chatterjee and Biswas [44] carried out simulations of flow around two 
rows of square cylinders arranged in a staggered fashion and observed 
the chaotic behavior of the flow for relatively small transverse spacing of 
the cylinders. Nguyen et al. [45] investigated characteristics of flow 
around four cylinders of various shapes in a square configuration. They 
found that the flow around the square cylinders was unstable and the 
vortices shed from the rear cylinders merge to the large-scale vortices 
shed from the freestream sides. The same happened for triangular and 
hexagons cylinders. 

Heat transfer from square prisms is strongly correlated with the 
surrounding flow characteristics. Chatterjee [46] studied numerically 
the heat transfer around two isothermal square cylinders arranged in a 
tandem configuration at low Reynolds numbers (1 ≤ Re ≤ 30). The drag 

Nomenclature 

CD drag coefficient 
CD time-averaged drag coefficient 
C′

D fluctuating drag coefficient 
CL lift coefficient 
C′

L fluctuating lift coefficient 
CP pressure coefficient 
D width of the prism 
Fx drag force on prism 
Fy lift force on prism 
fs vortex shedding frequency 
h heat transfer coefficient 
L centre-to-centre distance between prisms 
Lf vortex formation length 
Lrf recirculation bubble size 
Nu nusselt number 

p pressure 
p∞ freestream pressure 
Pr Prandtl number 
Re Reynolds number 
St Strouhal number 
t time 
T temperature 
T∞ freestream temperature 
u velocity vector 
u time-averaged streamwise velocity 
urms root-mean-square of the streamwise velocity fluctuation 
U∞ freestream velocity 
w prism wake width 

Greek symbols 
μ dynamic viscosity 
ρ density  
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Table 1 
Summary of recent studies on flow and heat transfer around multiple square prisms.  

Refs. Number of 
prisms 

Prism 
arrangement 

Space 
ratio (L/ 
D) 

Heat transfer 
included 

Reynolds 
number 

Key findings 

Alam et al. [20] Two Side-by-side 1.02 – 6.0 No 47,000 Four distinct flow regimes were observed as L/D gradually increases. 
Alam and Zhou  

[21] 
Two Side-by-side 1.0 – 5.0 No 300 Flow regimes similar to Alam et al. [20] were observed, and the switch of the 

gap flow occurred at two different time scales. 
KolÁŘ et al.  

[22] 
Two Side-by-side 3.0 No 23,100 The formation of coupled vortex street flow was found at L/D = 3.0. 

Agrawal et al.  
[12] 

Two Side-by-side 1.7, 3.5 No 73 The difference between the synchronised and flip-flop flows was attributed 
to the interaction of the gap flow with the adjoining wakes. 

Kumar et al.  
[23] 

Nine Side-by-side 1.3 – 13 No 80 Three flow regimes were reported, depending on L/D: synchronised, quasi- 
periodic, and chaotic flows. 

Sewatkar et al.  
[24] 

Nine Side-by-side 1.0 – 4.0 No 30 – 140 The critical Re for the onset of vortex shedding increased with increasing L/ 
D, and the interaction between the wakes behind the cylinders was weakened 
with increasing Re. 

Chatterjee et al. 
[25,26]. 

Five Side-by-side 1.2 – 4.0 Yes 150 Depending on L/D, three flow patterns were identified: flip-flop pattern, 
inphase and antiphase synchronized pattern, and non-synchronized pattern. 

Zheng and Alam  
[27] 

Three Side-by-side 1.1 – 9.0 No 150 Five distinct flow structures were found as L/D is varied from 1.1 to 9.0. 

Sakamoto et al.  
[29] 

Two Tandem 1.5 – 40 No 55,200 Three flow regimes were identified based on the variation in Strouhal 
number. 

Sakamoto and 
Haniu [30] 

Two Tandem 1.0 – 7.0 No 33,200 The effect of freestream turbulence intensity on the fluid forces was studied, 
and the addition of turbulent intensity caused the Strouhal number to 
decrease or increase, depending on the flow regimes. 

Alam et al. [31] Two Tandem 1.0 – 11.0 No 56,000 The fluid forces were controlled using a flat plate, and maximum reductions 
in fluctuation drag and lift were 94% and 71% for the upstream prism and 
80% and 65% for the downstream prism, respectively. 

Liu and Chen  
[32] 

Two Tandem 1.5 – 9.0 No 2000 – 
16,000 

The flow hysteresis and Re effect were studied. 

Kim et al. [33] Two Tandem 1.5 – 11.0 No 5300, 
16,000 

The abrupt change of flow patterns at the critical L/D was studied. 

Yen et al. [34] Two Tandem 1.0 – 6.0 No 300 – 1000 The flow field was classified into three modes depending on Re and L/D: 
single mode, reattached mode, and binary mode. 

Sohankar [35] Two Tandem 1.3 – 13 No 40 – 1000 Three major flow regimes were distinguished depending on L/D: single 
slender-body regime, reattachment regime, coshedding or binary vortex 
regime. The hysteresis limit was sensitive to Re. 

Rastan and Alam 
[36] 

Two Tandem 1.0 – 7.0 No < 20,000 A higher Re was required to initiate the vortex shedding from two tandem 
prisms, compared to the single prism counterpart. 

Freidooni et al.  
[37] 

Two Tandem 2.0 – 6.0 No 220,000 Wind was strong at small L/D, and hence a minimum L/D = 3 was 
recommended. 

Bao et al. [38] Six Tandem 1.5 – 15 No 100 Six different flow patterns were identified, depending on L/D. 
Sewatkar et al.  

[39] 
Six Tandem 2.5 – 12 No 80 – 320 Four flow regimes were observed. The numerical simulations was confirmed 

via particle-image-velocimetry experiments. 
Zheng & Alam  

[40] 
Three Tandem 1.2 – 10.0 No 150 Evolution of the wake of three inline square prisms was systematically 

studied, and the detailed physics of the evolution of the primary vortex street 
to the secondary was revealed. 

Islam et al. [41] Four Rectangular 1.5 – 11 No 100 Effects of L/D on various physical quantities were studied, and the mean drag 
coefficient of the downstream prism was smaller than that of the single 
prism. 

Abbasi et al.  
[43] 

Four In-line square 2, 4, 7 No 60 – 175 Four distinct wake patterns were observed: steady wake pattern, stable 
shielding wake pattern, wiggling shielding wake pattern, and vortex 
shedding wake pattern. 

Chatterjee & 
Biswas [44] 

Two rows Staggered 2 – 6 No 100 Chaotic behavior of the flow was observed at relatively small transverse 
spacing of the cylinders 

Nguyen et al.  
[45] 

Four Square 3 No 65 – 300 Flow was unstable, and vortices shed from the gap merge with the large-scale 
vortices shed from the freestream sides. 

Chatterjee [46] Two Tandem 5 Yes 1 – 30 Drag coefficient decreased and Nusselt number increased with Re, and the 
front surfaces of the cylinders experienced more heat transfer than the other 
surfaces. 

Chatterjee [47] Two Tandem 2 – 11 Yes 50 – 150 Nusselt number increased with L/D for both cylinders, and the average 
Nusselt number of the upstream cylinder approached that of a single cylinder 
when L/D was increased. 

Huang et al.  
[49] 

Two Tandem 5 Yes 80 – 150 The flow was time-periodic unsteady whilst the total heat transfer from both 
cylinders enhanced with increasing Re. 

Sanyal & 
Dhiman [53, 
54] 

Two Side-by-side 1.7 – 11 Yes 1 – 40 Several flow regimes depending on L/D were identified, and heat transfer 
effect on the flow development was determined. 

Patel et al. [55] Two Side-by-side 3 Yes 100 Nusselt number was higher for the left cylinder when the prisms were rotated 
in the clockwise direction. 

Moussaoui et al.  
[56] 

Three Vee-shaped 2, 3 Yes 10 – 100 Effect of L/D on local Nusselt number profiles for each block was discussed in 
detail. 

Teixeira et al.  
[58] 

Three Triangular 2.0 – 5.0 Yes 22,000 Prism arrangement had a strong influence over performance and transient 
patterns of turbulent flows. 

Present Nine Square 1.2 – 7.0 Yes 150 –  
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coefficient decreased and Nusselt number increased with Re, and the 
front surfaces of the cylinders experienced more heat transfer than the 
other surfaces, whilst the downstream cylinder always had a higher heat 

transfer compared with the upstream one. The Nusselt number increased 
with L/D for both cylinders, and the average Nusselt number of the 
upstream cylinder approached that of a single cylinder when L/D was 

Fig. 1. (a) Computational domain and arrangement of nine prisms in 3 × 3 configurations. The computational domain consists of an inlet (left side), an outlet (right 
side), and two symmetric (upper and lower sides) boundaries. The flow inlet and outlet are set to be Lu = 45D and Ld = 90D, respectively. The height of the 
computational domain is H = 85D. (b) Grid distributions in the vicinity of prism surfaces. A structured grid system is used, and the grid is refined around the prisms. 

Table 2 
Results for single prism with different grid numbers.  

Mesh CD C′
D C′

L St 

N = 60,000; Δt* = 0.1558 1.5012 0.0174 0.2992 0.1544 
N = 121,000; Δt* = 0.0779 1.4832 0.0167 0.2773 0.1579 
N = 200,000; Δt* = 0.0390 1.4790 0.0159 0.2799 0.1584  

Table 3 
Comparison of simulated force coefficients and Strouhal Number of a single 
prism with literature data at Re = 150.  

Parameter CD C′
D C′

L St 

Present 1.4832 0.0167 0.2773 0.1579 
Sharma and Eswaran [65] 1.4667 – – 0.1588 
Saha et al. [66] – 0.0170 0.2740 – 
Kumar et al. [23] 1.5296 – – 0.1579 
Zafar and Alam [62] 1.4920 0.0155 0.2710 0.1549 
Abdelhamid et al. [64] 1.4920 0.0155 0.271 0.1549  

Table 4 
Simulated time-averaged Nusselt Numbers for different surfaces (Nufront, Nuside, 
Nurear) and the whole prism (Nu) at Re = 150.  

Parameter Nufront Nuside Nurear Nu 

Present 9.1938 3.7823 2.6782 4.8591 
Sharma and Eswaran [65] 9.1202 3.7954 2.5227 4.8343 
Sahu et al. [67] 8.9700 3.7500 2.6200 4.8531  

Fig. 2. Flow classification and dependence on L/D for the 3 × 3 prism array 
arrangement according to the evolvement of flow structure: A, single bluff body 
flow (L/D < 1.6); B, reattachment flow (1.6 < L/D < 3.3); C, lateral-interaction- 
induced coshedding flow (3.3 < L/D < 4.1); D, mixed (reattachment + cosh
edding) flow (4.1 < L/D < 4.6); E, free coshedding flow (4.6 < L/D < 7.0). 
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increased [47]. Chatterjee and Mondal [48] further studied the heat 
transfer from tandem square cylinders and found that the heat transfer 
increases continuously with increasing Re and the upstream cylinder in 
general has a better heat transfer performance compared with the 
downstream one. Huang et al. [49] confirmed that the flow over tandem 
square cylinders is time-periodic unsteady at 80 ≤ Re ≤ 150 whilst the 
total heat transfer from both cylinders enhances when Re is increased. 

Sisodia et al. [50] reported the flow and convective heat transfer 
characteristics past a semi-circular cylinder at incidence with a tandem 
downstream square cylinder. The Nusselt number increased with the 
increase of Re for both semi-circular and square cylinders. Dwivedi and 
Dhiman [51] studied the flow around and heat transfer from tandem 
cylinders and identified the existence of a critical L/D corresponding to a 
drastic change in the physical parameters. The Nusselt number of the 
downstream cylinder is found to be always less than the upstream cyl
inder. Zhang et al. [52] investigated the heat transfer from tandem 
cylinders with rounded corners. The unsteady near-wake flow behind 
the downstream cylinder was accompanied by drastic variations of 
thermal quantities. Apart from the tandem arrangement, Sanyal and 
Dhiman [53] studied the heat transfer from a pair of side-by-side square 
cylinders and identified several flow regimes depending on L/D. The 
heat transfer and its effect on the flow development were determined 
numerically. The effect of thermal buoyancy on the flow field was 

studied in [54]. Patel et al. [55] numerically investigated the heat 
transfer from side-by-side square cylinders at different angles of inci
dence. The Nusselt number was higher for the left cylinder when the 
cylinders are rotated in the clockwise direction. Moussaoui et al. [56] 
solved the flow and temperature fields around three heated square 
cylinders arranged in a vee-shaped configuration using the lattice 
Boltzmann model. They focused on the effect of spacing on local Nusselt 
number profiles for each block. Barros et al. [57] numerically examined 
triangular arrangements of cylinders and optimized the cylinder 
arrangement to obtain maximum Nusselt number. Teixeira et al. [58] 
also made a similar investigation. 

The above studies are summarized in Table 1, with key information 
of each study listed for comparison, including the number and 
arrangement of prims, range of L/D, Reynolds number, and whether 
heat transfer was included not. Hitherto, most studies have focused on 
prisms arranged either side-by-side or tandem. A few studies adopted 
more complex scenarios, such as a row of nine prisms or a square 
arrangement of four prisms. In many engineering applications, a prism is 
surrounded by both inline and side-by-side neighboring prisms, and a 
good example is pin fins used for the cooling of microchips. Relevant 
flow and heat transfer behaviors cannot be simply predicted from the 
results of two prisms or even two-row arrangements. Considering an 
arbitrary prism within an array, its flow and heat transfer are potentially 

Fig. 3. (a, b) Contours of instantaneous vorticity, showing alternating vortex shedding from the freestream sides. All nine prisms act as a single square block whist 
the gap flows between the three rows of prisms are weak. (c, d) Contours of time-averaged streamwise velocity u*, indicating the gap flows are either negligible (c) or 
diminished rapidly along the flow direction (d). (e, f) Contours of fluctuating velocity u*

rms, where the vortex formation length Lf* (= Lf/D) and wake width w* (= w/ 
D) are marked. (a, c, e) L/D = 1.2; (b, d, f) L/D = 1.5. Regime A: single bluff body flow. 
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affected by all neighboring structures, and hence a 3 × 3 prism array is a 
minimum requirement for capturing the combined effect of lateral and 
streamwise interactions. This configuration has not been studied in the 
past. The objective of this study is to systematically examine the flow 
and heat transfer of the above configuration and gain a comprehensive 
understanding of the evolvement of flow regimes and the combined 
effect of both streamwise and lateral interactions within the prism array 
so that a more realistic prediction of the flow and heat transfer in 
practical applications can be realized. 

2. Methodologies 

Computational methodologies used in this study are described in this 
section, including the flow and heat transfer governing equations, de
tails of the computational domain and grids, as well as the validation of 
the numerical model. 

2.1. Governing equations 

The two-dimensional incompressible Navier-Stokes equations in 
dimensionless forms can be expressed as follows. 

∇⋅u* = 0, (1)  

∂u*

∂t*
+ (u*∇)u* = − ∇p* +

1
Re

∇2u*, and (2)  

∂T*

∂t*
+ T*∇T* =

1
RePr

∇2T*, (3)  

where all quantities are normalised by the freestream velocity U∞, the 
freestream temperature T∞, and the prism width D. The non-dimen
sional velocity vector, fluid pressure, time, and temperature are denoted 
by u*, p*, t* and T*, respectively, while Re and Pr are the Reynolds 
number and Prandtl number, respectively. The Reynolds number in this 
study is defined as 

Re =
ρU∞D

μ (4)  

where ρ and μ are the density and dynamic viscosity of the fluid. The 
Strouhal number St, is defined as 

St =
fsD
U∞

, (5)  

where fs is the vortex shedding frequency. The drag coefficient CD, lift 
coefficient CL, and pressure coefficient Cp, are, respectively defined as 

Fig. 4. (a, b) Contours of instantaneous vorticity, showing three vortex streets immediately behind the block, which then evolve into a single street further 
downstream. The flow becomes chaotic due to a strong interaction between the three streets. (c, d) Contours of time-averaged streamwise velocity u*, showing that 
the gap flows are pronounced to generate three vortex streets. (e, f) Contours of fluctuating velocity u*

rms, indicating the weakened vortex shedding. (a, c, e) L/D = 2.0; 
(b, d, f) L/D = 3.2. Regime B: reattachment flow. 
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CD =
2Fx

ρDU2
∞
, (6)  

CL =
2Fy

ρDU2
∞
, and (7)  

Cp =
2(p − p∞)

ρU2
∞

, (8)  

where Fx and Fy are the drag and lift forces, respectively, on a prism. The 
p and p∞ are the static pressure at a point on the surface and at the 
freestream, respectively. 

The heat transfer performance of the prism is evaluated using the 
Nusselt number. The local Nusselt number at point e, surface-averaged 
Nusselt number, time-averaged Nusselt number and overall Nusselt 
number (surface- and time-averaged) are, respectively defined as: 

Nue =
heD

k
, (9)  

〈Nu〉 =
1
s

∫ s

0
Nueds, (10)  

Nu =
1
T

∫ T

0
Nuedt, and (11)  

Nu =
1
T

∫ T

0
〈Nu〉dt. (12) 

A commercial code, ANSYS Fluent, has been used to solve the un
steady two-dimensional incompressible Navier-Stokes equations. The 
PISO algorithm is applied for the pressure-velocity coupling. A second- 
order upwind differencing scheme is used for the discretization of the 
convection terms while a second-order implicit forward scheme is 
adopted for the time marching. The Reynolds number is kept constant at 
150. It is known that the onset of vortex shedding from a single prism 
occurs at Re ≈ 48 [59], and the flow three-dimensional instability ap
pears at Re > 200 [60]. The selection of Re = 150 in this study is based 
on our previous studies on three side-by-side prisms [27] and three 
tandem prisms [40], which would not only ensure a clear picture of the 
wake, including shear-layer development, vortex formation, interaction, 
etc., but also avoid the complexity of the three-dimensional flow (e.g. 
Kumar et al. [23], Re = 80; Sewatkar et al. [24], 30 < Re < 140; Zheng 
and Alam [40,61], Re = 150). Although a high Re is commonly found in 
many engineering applications where the flow is three-dimensional, the 

Fig. 5. (a, b) Contours of instantaneous vorticity, showing vortex shedding from individual prisms. Coshedding flow appears at a relatively small L/D compared to a 
single row of three tandem prisms because of the lateral interaction between different rows of prisms. (c, d) Contours of time–averaged streamwise velocity u*, 
showing a recirculation bubble behind each prism as well as the acceleration of the gap flows as the flow passages contract. (e, f) Contours of fluctuating velocity u*

rms, 
showing the enhanced vortex shedding from the outer rows (e) or the middle row (f) prisms. (a, c, e) L/D = 3.5; (b, d, f) L/D = 4.0. Regime C: lateral-interaction- 
induced coshedding flow. 
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wake for both higher and lower Re is characterized by Kármán vortex 
streets. The similarity between the two flow conditions has been 
confirmed for three side-by-side prisms [27]. It is expected that the re
sults at the current Re are useful to understand the flow physics over a 
large range of Re. 

2.2. Computational domain and mesh 

Fig. 1(a) demonstrates the schematic of the computational domain. 
Nine square prisms are placed in a 3 × 3 arrangement with the free
stream direction parallel to the prism rows. A Cartesian coordinate 
system is employed, and the direction of the x-axis is the same as the 
freestream direction, and the direction of y-axis is perpendicular to the 
freestream. The flow inlet and outlet are set to be Lu = 45D and Ld = 90D, 
respectively (Fig. 1a). The H = 85D is the height of the computational 
domain. At the inlet, a uniform velocity profile is imposed. Symmetric 
boundaries are employed on the upper and lower lateral boundaries. No- 
slip conditions are applied to all surfaces of the prisms. The surfaces of 
the centre prism (prism 5) are heated and maintained at T* = 1. All other 
prisms have adiabatic surfaces, no heat transfer through the walls. The 
freestream flow enters the computational domain at T* = 0 and will 
therefore carry heat away from prism 5. We set Re = 150 and Pr = 7. 

Fig. 1(b) shows the grid distribution of a typical mesh in the vicinity 

of the prism. A structured grid system is used, with finer grids around the 
prism. A grid independence study is carried out, in which the time- 
averaged drag coefficient CD, fluctuating drag coefficient C′

D, fluctu
ating lift coefficient C′

L, and St are computed and compared for different 
grid numbers. Relevant results are listed in Table 2. As the grid number 
increases from N = 121,000 to 200,000 and the corresponding dimen
sionless time-step reduces from Δt* = 0.0779 to 0.0390, the relative 
variations of the above parameters are within 1%. It can thus be said that 
the mesh and time-step independence is achieved at N = 121,000 and 
Δt* = 0.0779. For this grid system, the number of nodes on each side of 
the prism is 90 and the distance between the first grid and surface is 
0.00333D. 

2.3. Validation 

The validity of the numerical model is further tested by conducting 
simulations of the flow and heat transfer around a single prism. The 
predicted CD, C′

D, C′

L, and St are listed in Table 3 and compared with the 
literature data. The deviations of CD, C′

L, and St between the present and 
literature results are found to be less than 1%, 2%, and 2%, respectively, 
indicating that the current model can accurately predict fluid forces and 
vortex shedding frequency. Table 4 lists the Nusselt numbers for 

Fig. 6. (a, b) Contours of instantaneous vorticity, showing reattachment flow for the first two prisms of the middle row and cohshedding flow for the other prims. (c, 
d) Contours of time–averaged streamwise velocity u*, showing the recirculation bubble behind prism 2 extending up to the front surface of prism 5. (e, f) Contours of 
fluctuating velocity u*

rms, indicating the vortex shedding is more apparent behind prisms 1, 3 and 8 because of a moderate lateral interaction between different rows of 
prisms. (a, c, e) L/D = 4.2; (b, d, f) L/D = 4.5. Regime D: mixed (reattachment + coshedding) flow. 
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different surfaces (Nufront, Nuside, Nurear) and the whole prism (Nu). In 
addition, the present results are compared with the corresponding re
sults in the literature in the same table. It is found that the predicted 
Nusselt numbers agree well with the literature values, the maximum 
deviation being less than 1% although the difference in the results for 
the rear surface is relatively large, about 5%. For more detailed vali
dation, kindly refer to Zafar and Alam [62], Alam et al. [63], and 
Abdelhamid et al. [64]. 

3. Flow pattern and classification 

We examined the flow structures, forces, Strouhal number, and 
Nusselt number for L/D = 1.2 – 7.0 and identified five distinct flow 
regimes: single bluff body flow (Regime A, L/D < 1.6), reattachment 
flow (Regime B, 1.6 < L/D < 3.3), lateral-interaction-induced coshed
ding flow (Regime C, 3.3 < L/D < 4.1), mixed (coshedding + reat
tachment) flow (Regime D, 4.1 < L/D < 4.6) and free coshedding flow 
(Regime E, 4.6 < L/D < 7.0). The corresponding L/D range of each flow 
regime is illustrated in Fig. 2. The unique features of each flow regime 
are detailed below by selecting two L/D values close to the boundaries of 
each flow regime. 

3.1. Regime A: single bluff body flow (L/D < 1.6) 

Fig. 3(a,b) shows instantaneous vorticity contours at L/D = 1.2 and 
1.5 spanning the investigated lower and upper boundaries of the single 
bluff body regime, respectively. The vorticity contours explicitly provide 
the strength and location of vortices, which are frequently used in the 
literature [68]. As the spacing between the prisms is small, all nine 
prisms act as a single square block or combined prism, and the vortex 
shedding occurs alternately from the upper and lower sides (freestream 
sides) of the block. The wake is characterized by a single vortex street. 
The flow thus features a single bluff body scenario. The flows through 
the streamwise gaps between the three rows of prisms are negligible at 
L/D = 1.2, not sufficiently pronounced to impact on the vortex shedding 
from the freestream sides of the block (Fig. 3(a)). The shear layers roll 
close to the base of the block. On the other hand, at L/D = 1.5, the gap 
flows are now strong enough to provide base-bleed flow (Fig. 3b), which 
postpones the shear layer rolling and weakens the strength of shed 
vortices, compared to the case of L/D = 1.2. 

It is worth investigating the wake features in a time-mean sense [69]. 
Fig. 3(c,d) shows time-averaged streamwise velocity u* contours at L/D 
= 1.2 and 1.5. Similarly, the contours of u*

rms are presented in Fig. 3(e,f). 
While the wake region enclosed by u* = 0 is known as wake recirculation 
bubble, the maximum u*

rms positions represent the locations of the shear 

Fig. 7. (a, b) Contours of instantaneous vorticity, showing coshedding flows for all three rows of prisms. (c, d) Contour of time–averaged streamwise velocity u*. 
Similar recirculation bubbles form for all three rows of prisms, indicating insignificant lateral interaction between the gap flows. (e, f) Contours of fluctuating velocity 
u*

rms, showing the vortex shedding from the upstream prisms are the strongest. (a, c, e) L/D = 4.8; (b, d, f) L/D = 7.0. Regime E: free coshedding flow. 
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layer rolling [20,70–72]. The u* in the streamwise gaps of the prisms is 
nearly zero at L/D = 1.2 (Fig. 3(c)) but noticeable at L/D = 1.5 (Fig. 3 
(d)), diminishing along the gaps before rapid reductions at the final exits 
of the gaps (Fig. 3(d)). The gap flows at L/D = 1.5, acting base bleeds, 
budge the shear layer rolling away from the base and make wake 
recirculation bubble bigger (Fig. 3(d, f)). 

The vortex formation length Lf* (= Lf/D) and wake width w* (= w/D) 
are often used to describe the characteristics of a wake [20]. The former 
is defined as the streamwise distance of maximum u*

rms from the center of 
the block, and the latter is defined as the transverse distance between the 
two maxima of u*

rms, as marked in Fig. 3(e,f). With L/D increasing from 
1.2 to 1.5, Lf* increases from 3.673 to 11.163 whilst w* reduces from 
4.418 to 3.522. A large w* corresponds to a large curvature of the shear 
layer, which could result in a small base pressure, low St and large CD 
[73]. On the other hand, a large Lf* complements weak vortex shedding, 
reduced the shear layer curvature, and small CD. 

3.2. Regime B: reattachment flow (1.6 < L/D < 3.3) 

At 1.6 < L/D < 3.3, the gap flows are strong enough to shed vortices, 
thickening with increasing L/D from 2.0 (Fig. 4(a)) to 3.2 (Fig. 4(b)). 
Vortex shedding occurs from the three rows of the prisms, with the 
freestream-side shear layers separating the upstream prism and gap-side 
shear layers from the downstream prism. Three vortex streets thus form, 
featuring in the first few spatial wavelengths of vortices and then 
evolving into a single vortex street downstream. The vortex shedding 
pattern becomes chaotic because of strong interaction between the three 
streets which leads to the transmutation of three streets into a single 
street. These results are found to be comparable to those in Sewatkar 
et al. [24] where the chaotic flow occurred at 2 < L/D < 3 and Re = 140. 

The u* fields shown in Fig. 4(c,d) reveal that u* in the streamwise 
gaps is comparable to that in the freestream sides. The u* firstly increases 
in the gaps of the first-column prisms because the flow passage un
dergoes sudden contraction. On the other hand, u* reduces in the 
streamwise gaps of the second- and third-column prisms, followed by 
greater reductions after the exits of third-column prisms where the gap 
flows have a room to suddenly expand. Given the lateral distance be
tween the freestream-side shear layers, the expansion ratio is large at L/ 

D = 2.0 but small at L/D = 3.2, as is the reduction in u* behind the exits. 
They play a role in the survival of the gap vortices. As such, the meta
morphosis of the three streets into a single street is faster for L/D = 2.0 
and slower for L/D = 3.2. The formations of three small recirculation 
bubbles behind the three downstream prisms (third-column prisms) 
confirm the generations of three vortex streets following the three rows 
of the prisms. 

Now multiple u*
rms peaks appear in the wake, following vortex 

shedding from the prisms in the third column (Fig. 4(e,f)). The u*
rms peaks 

appear weaker and closer to the prism bases for the middle row than for 
the outer rows. The peaks laterally spread more at L/D = 3.2 than at L/D 
= 2.0. Compared to Regime A, the most noticeable feature of Regime B is 
the importance of the two gap flows that create three distinct streets 
behind the block. 

3.3. Regime C: lateral-interaction-induced coshedding flow (3.3 < L/D 
< 4.1) 

Fig. 5(a, b) shows typical vorticity contours for L/D = 3.5 and 4.0. 
Compared to Regime B, the most significant difference is the appearance 
of vortex shedding from each of all the nine prisms. The vortices from 
the first- and second-column prisms impinge on the front surfaces of the 
second- and third-column prisms, respectively. Because of the im
pingements, the vortex shedding from the second-column prisms ex
pands laterally, compared to that from the first-column prisms. As such, 
the third-column prisms have further laterally expanded vortex shed
ding, particularly from the freestream sides of the outer prisms. Zheng 
and Alam [40] for a row of three prisms investigated the vortex 
impingement process and found that a vortex from the upstream prism 
first bumps and then impinges on the middle prism. The bump induces a 
vortex on the side surface of the middle prism. On the other hand, the 
impingement causes an additional vortex on the front surface. The 
impinging, bump-induced, and impingement-induced vortices all hav
ing the same sign of rotation evolve into a triplet vortex predominantly 
dictated by the impinging vortex. As such, the combined vortex moves 
away from the wake centerline during its downstream convection. 

For a single row of three prisms, Zheng and Alam [40] at the same Re 
(= 150) found that the coshedding flow occurs only for L/D > 4.3. 
Interestingly, the coshedding flow occurs at small L/D (= 3.3 – 4.1) 
when three rows of prisms are placed in side-by-side. What is the 
intrinsic reason behind it? In another investigation by Zheng and Alam 
[27] for a column of three prisms at the same Re, it was found that the 
gap flows play a role in the wake when L/D > 1.4, consistent with 
presently obtained case L/D=1.6, albeit a slightly large L/D because of 
two additional columns of the prisms. 

Zheng et al. [28] for a column of three prisms, again at the same Re, 
observed that the middle and outer prisms together have the smallest 
vortex formation length at L/D = 3.0, followed by increasing vortex 
formation length up to L/D = 7.25. On the other hand, for a row of three 
prisms (Re = 150), Zheng and Alam [40] found that alternating reat
tachment of flow occurs at 3 < L/D < 4.3. Once the three rows of prisms 
are placed side-by-side, the vortex formation length shrinks in this L/D 
range, which results in the metamorphosis of the alternating reattach
ment flow into the coshedding flow. This explains why the coshedding 
flow materializes at L/D = 3.3 – 4.1 presently. In other words, in this 
flow regime, the lateral interactions between the three rows of prisms 
shorten the streamwise distance of rolling of shear layers from the 
prisms in each column. We, therefore, term this flow as 
lateral-interaction-induced coshedding flow. 

Accordingly, each prism undergoes a recirculation bubble behind it 
(Fig. 5(c,d)), which confirms the vortex shedding from each prism. The 
lateral interaction is understood from the difference in flow fields be
tween the wakes of the middle- and outer-row prisms. Fig. 5(e,f) shows 
typical contours of u*

rms at L/D = 3.5 and 4.0. The local maxima of u*
rms 

are seen behind each prism, resembling those of a single prism. The u*
rms 

Fig. 8. Dependence on L/D of vortex formation length Lf * and wake width w* 
for prism 5. The Lf * and w* are inversely correlated. Regime D has a higher Lf* 
than Regimes C and E since the reattachment flow upstream tends to weaken 
the vortex shedding of prism 5. The dash-doted lines indicate the boundaries 
between different flow regimes. 
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peaks are robust for the second-column prisms at L/D = 3.5 as are those 
for prisms 5 and 8 at L/D = 4.0. The lateral interactions and coupling of 
the vortices from the middle-row prisms with those from outer-row 
prisms make u*

rms peaks strong for prisms 5 and 8 (Fig. 5(b)). 

3.4. Regime D: mixed (coshedding + reattachment) flow (4.1 < L/D < 
4.6) 

The flow pattern in this regime includes a combination of coshedding 
and reattachment flows for the outer- and middle-row prisms, respec
tively (Fig. 6(a,b)). The vortex shedding occurs from each prism in the 
upper and lower rows while the shear layers of the upstream prism in the 
middle row reattach on the following prism. The second and third prisms 
in the middle row, however, have coshedding flow. At L/D = 4.2, the 
shear layer reattachment occurs on the leading corner of the middle 
prism (Fig. 6(a)). On the other hand, the reattachment occurs on the side 
surface for L/D = 4.5 (Fig. 6(b)). That is, the reattachment position 
postpones with increasing L/D from 4.2 to 4.5. This may be contradic
tory to our intuition for a row of two prisms or cylinders that an increase 
in L/D would cause a shift in the reattachment position upstream [1,31, 
74]. Recall that this mixed flow pattern (4.1 < L/D < 4.6) follows the 
lateral-interaction-induced coshedding flow pattern (L/D = 3.3 – 4.1) 

Fig. 9. Time-averaged streamline patterns of the flow field at (a) L/D = 1.2, (b) 2.5, (c) 3.5, (d) 4.5, and (e) 6.0, representing typical flow patterns for Regimes A-E, 
respectively. Regions enclosed by streamlines represent recirculation bubbles, which are normally linked to inefficient heat transfer. There is no well-organized 
recirculation bubble around prism 5 at L/D = 3.5, indicating enhanced heat transfer at Regime C. 

Fig. 10. Variations with L/D of time-averaged drag coefficients of different 
prisms. Vertical dashed-dotted lines are the boundaries of different flow re
gimes. The horizontal dashed line represents the data for a standalone (single) 
prism. The most dramatic variations occur as the flow evolves from reattach
ment flow B to lateral-interaction-induced coshedding flow C. 
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Fig. 11. Dependences on L/D of (a) fluctuating drag and (b) fluctuating lift coefficients. Vertical dashed-dotted lines are the boundaries of different flow regimes. The 
horizontal dashed line represents the data for a standalone (single) prism. The fluctuating drag coefficient of each prism is generally higher than a standalone prism 
and peaked in Regime C, which is characterized by the lateral interaction between different rows of prisms. Prisms 4 and 5 in Regimes C-E have significantly higher 
fluctuating lift and drag coefficients than the standalone prism. 

Fig. 12. Power spectra of fluctuating lift of (a) prisms 1 and 2; (b) prisms 4 and 5; and (c) prisms 7 and 8 at L/D=1.2 - 3.2 (Regimes A and B). In Regime A, all prisms 
have the same predominant Strouhal number. In Regime B, the peaks are broadbanded. 
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where the lateral interaction reduces the vortex formation length. 
As the lateral interaction weakens with increasing L/D, the vortex 

formation length elongates, which makes it possible to postpone the 
position of the shear layer reattachment. 

The occurrence of the reattachment and coshedding flows is also 
further confirmed from u* fields (Fig. 6(c,d)). As seen in the figure, the 
recirculation bubble in the gap between prisms 2 and 5 is strong, large, 
extended up to the front surface of prism 5, which is starkly different 
from that in the other gaps. The extended recirculation bubble in the gap 
between prisms 2 and 5 substantiates the reattachment flow. The lateral 
interactions between the three rows of prisms are still considerable as 
the u* field in the two streamwise gaps is different from that in the 
freestream sides. The lateral interactions dwindle as L/D increases from 
4.2 to 4.5. 

Fig. 6(e,f) presents the contours of u*
rms at L/D = 4.2 and 4.5. A pair of 

u*
rms peaks appear in the gap between prisms 5 and 8, suggesting cosh

edding flow. At L/D = 4.2, the local maxima of u*
rms become more 

apparent behind prisms 1, 3, and 8. There is no u*
rms peaks behind prism 

2, echoing no vortex shedding in the gap between prisms 2 and 5, but the 
occurrence of reattachment flow. 

3.5. Regime E: free coshedding flow (4.6 < L/D < 7.0) 

Fig. 7(a,b) shows instantaneous spanwise vorticity fields for L/D =
4.8 and 7.0. As seen in the figure, the lateral interactions between the 

three rows of prisms are not enough to generate reattachment flow 
anymore. All three rows of prisms thus have coshedding flows. The 
recirculation bubbles behind the three prisms of a column are similar to 
each other, explaining that the lateral interactions between the prism 
rows are insignificant, which engenders free coshedding flow. 

The u*
rms fields also prove that the vortex shedding from different 

rows has similar strength (Fig. 7(e,f)). The peaks are strong behind the 
first-column prisms, gradually fainting for the second- and third-column 
prisms, respectively. 

4. Wake characteristics 

The fluid force on and heat transfer from bluff bodies are strongly 
connected to the flow or wake characteristics, such as recirculation, 
vortex shedding, formation length, and separation [8,63,64]. Since our 
focus is on the heat transfer from the center prism (prism 5), in this 
section we will pay attention to the dependence of L/D on recirculation 
bubbles and important wake dimensions of prism 5 to explicitly reveal 
the mechanism of heat transfer and forces at different L/D values. 

4.1. Wake size of prism 5 

Fig. 8 displays the effect of L/D on Lf* and w* for prism 5. Note that 
Lf* and w* are meaningful for a prism where vortex shedding from the 
concerned prism happens. As such, the concerning flow regimes (C, D 
and E) are marked in the figure. There are no data for Regimes A and B as 

Fig. 13. Power spectra of fluctuating lift of (a) prisms 1 and 2; (b) prisms 4 and 5; and (c) prisms 7 and 8 at L/D = 3.4 – 4.5 (Regimes C and D). In Regime C, the 
power spectrum peaks are sharp and strong. In Regime D, the power spectra differ between the outer- and middle-row prisms because of the mixed flow feature of 
this regime. 

Z. Zheng et al.                                                                                                                                                                                                                                   



International Journal of Mechanical Sciences 220 (2022) 107163

14

there is no vortex shedding from prism 5 for these two flow regimes 
(Figs. 2a,b, 3a,b). The dependence of Lf* and w* on L/D essentially 
distinguishes the flow regimes C, D and E. The Lf* jumps between Re
gimes C and D while plunging between Regimes D and E. That is, the 
mixed flow corresponds to a longer vortex formation length, and the two 
coshedding flow regimes (C and E) have comparable Lf*. The depen
dence of w* on L/D is opposite to that of Lf*, dropping between Regimes 
C and D, followed by a jump between Regimes D and E. In Regime E, the 
w* grows with increasing L/D while Lf* declines. In other words, w* and 
Lf* are inversely connected. For a single prism, Bai and Alam [75] 
identified a similar inverse relationship between w* and Lf* for a large 
range of Re. 

4.2. Recirculation bubbles 

Fig. 9 shows time-averaged streamline patterns of the flow field for 
Regimes A-E. Regions enclosed by streamlines represent recirculation 
bubbles. There are two types of recirculation bubbles: one is the wake 
recirculation bubble that forms at the base of a prism, and the other is 
the separation bubble that forms on the side surfaces of the prism. The 
latter is the recirculation induced by the flow separation. Recirculation 
bubbles are normally linked to inefficient heat transfer as they are 
characterized by a small magnitude of flow velocity. The visualization of 
recirculation bubbles would thus provide useful information on the heat 
transfer characteristics of the flow. At L/D = 1.2 (Regime A), a pair of 
large recirculation bubbles form on the upper and lower surfaces of the 
block, with multiple small bubbles trapped in the gaps between prisms 2, 
5 and 8 (Fig. 9(a)). Both the number of recirculation bubbles and the 

Fig. 14. Power spectra of fluctuating lift of (a) prisms 1 and 2; (b) prisms 4 and 5; and (c) prisms 7 and 8 at L/D = 4.8 – 7.0 (Regime E). The middle-row prisms have a 
higher Strouhal number than the outer-row prisms, which is attributed to a higher flow velocity around the inner prisms than the outer ones. 

Fig. 15. Dependence of Strouhal number St on L/D. The horizontal dashed line 
represents the St of the standalone prism. The vertical dash-dotted lines 
represent the boundaries of different flow regimes. In Regime A, St is signifi
cantly lower than that of a standalone prism because of a large effective bluff 
width of the combined prisms. In Regime B, St differs between the prisms. In 
Regimes C-D, St values of the different prisms are again the same. In regime E, 
prisms 2, 5 and 8 have a slightly higher St than prisms 1, 4, and 7 while both are 
still lower than the standalone prim case. 
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Fig. 16. Time-averaged normalized temperature distributions with constant wall temperature of Prism 5. (a) L/D = 1.2, (b) 1.5, (c) 2.0, (d) 3.2, (e) 3.5, (f) 4.0, (g) 
4.2, (h) 4.5, (i) 4.8, and (j) 7.0. In Regime A (L/D = 1.2 and 1.5), the insignificant flow through the gaps causes a large high-temperature region around prism 5. In 
Regime B (L/D = 2.0 and 3.2), the temperature reduces in the two gaps as well as around prism 5 because of the enhanced flow through the gaps. In Regime C (L/D =
3.5 and 4.0), the coshedding flow improves fluid mixing, hence reducing the area of the high-temperature region around prism 5. In Regime D (L/D = 4.2 and 4.5), 
the temperature in the gap between prisms 2 and 5 increases because of the reattachment flow appearing for prisms 2 and 5. Temperature distribution in Regime E 
(L/D = 4.8 and 7.0) is similar to Regime C because of the similar coshedding flow features. 
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complexity of the flow structure increase when L/D is increased to 2.5 
(Fig. 9(b)). Now each gap of the outer-row prisms has one wake recir
culation bubble, and each gap of the middle-row prisms has a pair of 
counter-rotating wake bubbles that are strictly confined in the gaps. 
Each freestream side surface of the outer-row prisms undergoes a 
recirculation bubble due to the flow separation. As L/D increases to 3.5 
(Regime C), there are no well-organized wake recirculation bubbles for 
the upper- and lower-row prisms but are for prisms 2 and 8 in the middle 
row. Unlike that for L/D = 2.5, the wake recirculation bubble behind 
prism 2 does not extend up to prism 5. This could lead to an improved 
heat transfer from prism 5 for L/D = 3.5, which will be shown later. In 
addition, there is no wake recirculation behind prism 5, which may 
further enhance the heat transfer. The streamline pattern around prism 5 
resembles a creeping flow. At L/D = 4.5 (Regime D), again the gap 
before prism 5 has a pair of recirculation bubbles extending up to its 
front surface. The rear surface of the prism also experiences two small 
wake recirculation bubbles. The presence of bubbles on the front and 
rear surfaces may hinder the heat transfer from prism 5. The front- 
surface recirculation bubbles for prism 5 vanish at L/D = 6.0 while 
the rear-surface bubbles remain, which may enhance heat transfer 
compared to the case of L/D = 4.5. 

5. Fluid forces 

Fluid forces are integral parameters, which characterize the flow 
structure around the prisms. Here CD, C′

D and C′

L of each prism are 
calculated from the simulation results and linked to different flow re
gimes. 

5.1. Time-mean drag coefficients 

Fig. 10 shows the dependence of CD on L/D. As a prism in the upper 
row has the same time-mean forces as the corresponding prism in the 
lower row, results are presented for the upper- and middle-row prisms 
only. The horizontal dashed line represents the CD of the standalone 
prism. In Regime A, the prisms in the first column (prisms 1, 2) have 
higher CD values than the standalone prism. It results from low pressure 
generated in the gap between first- and second-column prisms. This 

effect tends to weaken in Regime B. In Regimes C and D where the flows 
along the streamwise gaps of the prisms are considerable, CD of prism 1 
is higher and that of prism 2 is lower, compared to that of the standalone 
prism. Prisms 1 and 2 in Regime E have comparable CD to the standalone 
prism. 

The CD values of prisms 4 and 5 are completely different from the 
standalone scenario. Since prisms 4 and 5 are in the wakes of the first- 
column prisms, the pressure on their front faces is significantly smaller 
than the first-column prism counterpart. This results in a smaller CD in 
Regimes A and B involving single-body and reattachment flows, 
respectively. Compared with those in other regimes, CD values of prisms 
4 and 5 are large in Regimes C and E both involving coshedding flows. 
Prism 4, however, undergoes a higher CD in Regime D than prism 5 as 
the flow over the first-row prisms is coshedding but that over prisms 2 
and 5 is reattached (Fig. 6(a,b)). In the same flow regime, prism 8 has a 
higher CD than prism 5 since the flow between prisms 5 and 8 is cosh
edding (Fig. 6(a,b)). 

It is known that, for two tandem cylinders, the downstream cylinder 
experiences a higher CD in the coshedding flow regime than in the 
reattachment flow regime [11,31,76]. This makes the dramatic changes 
of CD at the borders between Regimes C and D and between Regimes D 
and E. In Regime E where the prisms are apart from each other, the CD 
dramatically plunges from the first-column prisms to the second-column 
prisms and then to the third-column prisms. The drop between the first- 
and second-column prisms is about 35% (L/D > 5.5), and that between 
the second- and third-column prisms is 68%. Similar observations are 
also made in Bao et al. [38] for six tandem prisms except for the large 
drop of CD between Regimes C and D. The difference arises because of 
the absence of the lateral interaction of the flow for six tandem prisms in 
Bao et al. [38]. 

5.2. Fluctuating force coefficients 

Fig. 11 illustrates the effect of L/D on C′

D and C′

L. Both C′

D and C′

L of all 
prisms are significantly small in Regime B, compared to the standalone 
prism case. They are large in Regime C where the lateral interaction 
between the prisms is strong. Prisms 2 and 5 have small C′

D and C′

L in 
Regime D as they are connected by shear layer reattachment. In general, 
the reattachment flow corresponds to smaller fluctuating forces than the 
coshedding flow [11,31]. The C′

D and C′

L thus jumps when the reat
tachment flow modifies to the coshedding flow and vice versa. This 
agrees with the occurrence of jump and drop in C′

D and C′

L at the borders 
between Regimes B, C and D. In Regime E, with increasing L/D, the C′

D 

and C′

L of prisms 1 and 2 approach the counterparts in the standalone 
prism. The C′

D is large for prisms 4 and 7 both lying in the upper row 
while C′

L is large for prisms 4 and 5 both nestling in the second column, 
compared to the prisms in other columns. The C′

L is, however, largest for 
prism 5 and smallest for prism 2. Global maximum C′

L and C′

D crop up for 
prism 8, both in Regime C. 

5.3. Power spectra density functions and Strouhal number 

Power spectrum analysis of lift forces was carried out to identify the 
vortex shedding frequencies at different flow regimes [77,78]. Fig. 12 
shows the results for L/D = 1.2 – 3.2 covering flow Regimes A and B. In 
Regime A (L/D = 1.2 and 1.5), all prisms have similar power spectrum 
results, with the most significant peak at St = 0.045 followed by several 
superharmonic peaks. Interestingly, the second harmonic peak occurs 
for the outer-row prisms (prisms 1, 4, and 7) and the third harmonic 
peak for the middle-row prisms (prisms 2, 5, and 8). Other super
harmonic peaks are very small. As L/D is increased from 1.2 to 1.5, 
high-frequency noise grows at St = 100–101, associated with creeping 
flows through the streamwise gaps of the prisms (Fig. 3(d)). 

Fig. 17. Effect of L/D on time-averaged Nusselt number Nu of prism 5 and of its 
different surfaces. The overall Nu in regime C is about 10% higher than that of 
the standalone prism, indicating the interaction of flow structures between 
different prisms could enhance the heat transfer. The Nu of all surfaces is 
influenced by the gap flow effect and increases as the flow evolves from Re
gimes A to B. The Nu of front and rear surfaces is enhanced by the appearance of 
coshedding flows and dips in Regime D, where the mixed flow appears. 
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At L/D = 1.7 – 2.5, the peaks are small, broadbanded, as expected 
from the nature of chaotic flow, most likely due to the formation of less- 
organized small-scale vortices. Particularly, prism 8 from which gap 
vortices are shed has the St about 1.5 times higher than the other prisms 
(see the power spectra at L/D = 2 and 2.5, third column). This 1.5-times 
higher St materializes for all other middle-row prisms when L/D is 
further increased to 3.2. The difference in shedding frequencies between 
the middle- and outer-row prisms results in a number of super- and 
subharmonic peaks in the power spectra for L/D = 3.0 and 3.2. 

Unlike the case of chaotic flow in Regime B, all prisms have identical 
St in Regime C, associated with the coshedding flow (Fig. 13). Now the 
peaks are sharp and strong, accompanied by second- and third-harmonic 
peaks. Regime D has almost similar power spectral characteristics as 
Regime C. The similarity is ascribed to the fact that Regime D is a 
mixture of coshedding and reattachment flows, largely dominated by 
the coshedding flow, given that the reattachment flow occurs between 
prisms 2 and 5 only. Overall, the St generally increases with increasing 
L/D in both Regimes C and D, yet smaller than that (St = 0.168) for a 
standalone prism. 

Fig. 14 shows power spectra for L/D = 4.8 – 7.0 covering Regime E. 
The middle-row prisms have a higher St than the outer-row prisms. The 
difference in St values between the two rows narrows as L/D increases 
from 4.8 to 7.0. For one column of four circular cylinders, Alam et al. 
[79] found that the two inner cylinders have a higher St than the two 

outer cylinders. A similar observation was shared by Zheng and Alam 
[27] for a column of three square prisms. The higher St for the inner 
prism was attributed to a higher flow velocity around the inner prism 
than the outer prisms. On the other hand, for three rectangular 
(width-to-thickness ratio b/h = 3) prisms aligned in a column, subjected 
to side wall effects, Mondal et al. [80] identified the same St for all three 
prisms. 

Naturally, the first-column prisms have a small number of super- and 
sub-harmonic frequencies while the third-column prisms have more 
(Fig. 14). This is because vortices interact behind the third-column 
prisms. Similarly, the super- and sub-harmonic peaks weaken with 
increasing L/D since a large L/D provides less scope for the vortices to 
interact. 

The above power spectrum results are summarized in Fig. 15, where 
St of each prism is plotted against L/D and compared with that of a single 
standalone prism. All prisms have the same St (= 0.045) in Regime A. 
This value is about 3.5 times smaller than that (= 0.168) of the stand
alone prism because of the effective bluff width of the three prisms to be 
more than three times the single prism width. In Regime B, the St is not 
the same for all prisms. Prism 8 has a higher St at L/D = 2 and 2.5 
compared to the other prisms in the same row (prisms 2 and 5) and 
prisms in the first row (prisms 1, 4, and 7). 

As L/D is increased to 3.0 and 3.2, the entire second-row prisms 
possess the same St, higher than the first-row prisms. Again, an identical 

Fig. 18. Time-averaged streamlines of flow field for (a) L/D = 1.2, (b) 2.5, (c) 3.5, (d) 4.5, and (e) 6.0. (f) Comparison of recirculation bubble length and Nusselt 
number at the front surface of prism 5. There is no recirculation bubble attaching the front surface of prism 5 in Regimes C and E, which results in an enhanced heat 
transfer performance. The presence of a recirculation bubble reduces Nu. 
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St is observed for all prisms in Regimes C and D, largely associated with 
the coshedding flow, as the reattachment flow occurring between prisms 
2 and 5 only at Regime D does not contribute much to the entire flow. In 
Regime E, the St of all prisms in the second row is the same, slightly 
higher than that in the first row. As L/D increases, the difference in St 
between the first- and second-row prisms gets small because of the 
weakened lateral interaction between prisms. 

6. Heat transfer characteristics 

Heat transfer characteristics as well as the correlations between heat 
transfer and flow patterns are discussed in this section. Temperature 
fields for different flow regimes are presented while the Nusselt number 
for prism 5 presented illustrates the heat transfer performance of the 
flow at different L/D values. 

6.1. Temperature field 

As mentioned before, prism 5 is heated with constant wall temper
ature. It would be interesting to understand how the above five flow 
patterns contribute to the heat transfer from prism 5 or how the tem
perature field is distributed around the neighbored prisms. Fig. 16 shows 
the time-averaged normalized temperature T* distributions for different 
L/D values. At L/D = 1.2, prisms 2, 4 and 6 – 9 endure a high T* although 
only prism 5 is heated (Fig. 16a). Particularly, prism 8 undergoes 
extreme T* among others. This is because of the insignificant flow 
through the gaps. It is seen that heat flows sideways through the lateral 
gap between second- and third-column prisms. The alternate vortex 
shedding from the outer sides of the combined block makes the pressure 
low on the side faces of the block, which sucks flow through the lateral 
gaps. 

With the increase of L/D to 1.5 (Fig. 16b), the two streamwise-gap 
flows play a role in heat transfer, reducing the temperature in the 
streamwise gaps, although the temperatures on the front and rear sur
faces of prism 5 are still high due to the weak lateral-gap flows. At L/D =
2.0 and 3.2 (Regime B, Fig. 16c, d), an apparent change is the reduction 
of temperature in the gaps between prisms 2 and 5 and between prisms 5 
and 8. This is the direct result of the increased flow recirculation in the 
gaps. The temperature immediately behind the block also diminishes 
because of the reduction in the vortex formation length, compared to the 
case of L/D = 1.5. Prisms 5 and 8 are yet surrounded by hot fluid. 

The temperature fields at L/D = 3.5 and 4.0 (Regime C, Fig. 16e, g) 
are distinct from those at L/D = 2.0 and 3.2 (Regime B). Temperature 
dramatically reduces in the gaps between prisms 2 and 5 and between 
prisms 5 and 8. Prism 8 is not surrounded by hot fluid anymore, but 
prism 5 is. The distinction happens because of the occurrence of vortex 
shedding from each prism (coshedding flow) or enhanced fluid mixing in 
other words. At L/D = 4.2 and 4.5 (Regime D, Fig. 16g, h), the tem
perature field bears similarity with that at Regime B except that the 
temperature around prism 8 in Regime D is not as high as that in Regime 
C. The similarity comes from the fact that shear layers in the case of 
Regime B are reattached for the gaps of prisms 2, 5 and 8 while those in 
the case of Regime D are reattached for the gap of prisms 2 and 5 and 
rolling for the gap of prisms 5 and 8. 

Regime E (L/D = 4.8 and 7.0, Fig. 16i, j) has a qualitatively similar 
temperature field to Regime C as the characteristics of the two flow 
structures are similar to each other, both regimes having coshedding 
flow. The temperature around prism 8 is slightly smaller for Regime C 
than for Regime E, although interspacing between the prisms is smaller 
for the former regime. This implies that the lateral interaction between 
the prisms for Regime C enhances fluid mixing and heat transfer. 

The above discussion finds some coherences between the tempera
ture field and characteristic flow patterns, including the impacts of shear 
layer reattachment, flow recirculation, vortex shedding, etc. It may lead 
to finding a way to control and optimize the temperature field by making 
use of specific flow features. 

6.2. Nusselt number of prism 5 

The heat transfers from prism 5 and its surfaces were calculated 
based on Eqs. (9)–(12). Fig. 17 presents the dependence of time- and 
surface-averaged Nusselt number (Nu) on L/D for prism 5 and its sur
faces. The Nu for the front and rear surfaces increases in Regimes A and 
B, followed by a jump at the transition between Regimes B and C. It 
remains more or less constant in Regime C and dips at the transition 
between Regimes C and D before leaping at the transition between Re
gimes D and E. The observation suggests that Nu jumps when the flow 
transmutes from reattachment to coshedding. On the other hand, Nu 
dips when the flow transmutation occurs oppositely, from coshedding to 
mixed. The Nu for the side (top and bottom) surfaces does not show a 
significant jump or dip associated with the flow transmutation but does 
with the absence and presence of the flow in the streamwise gaps, see the 
Nu jump between L/D = 1.2 and 1.5. The Nu of the rear surface is much 
smaller than that of the front and side surface, which is a common 
scenario for the flow around a bluff body [63,64]. The coshedding flow 
provides the largest Nu on the front surface, about 1.5 and 3 times that 
on the side and rear surfaces, respectively. 

Contributed largely by the front surface, the overall Nu of prism 5 is 
maximum in Regimes C and E. Particularly at regime C, it is about 10% 
higher than that of the standalone prism. The magnitudes of Nu are 
similar in Regimes B and D that are reattachment and mixed flows, 
respectively, with the flow between prisms 2 and 5 being of reattach
ment for both regimes. This explains why the Nu magnitudes are similar 
in the two regimes. Compared with that of a single prism, the Nu of 
prism 5 is high in Regime C and low in Regimes A, B and D. That is, the 
interaction of flow structures between different prisms can either 
enhance or reduce the heat transfer performance, depending on the 
types of the interaction. 

It is worth explaining why the Nu of prism 5 is high in Regime C. It is 
understood that the high Nu stems from the enhancement of heat 
transfer on the front and rear surfaces of the prism (Fig. 17). For this flow 
regime, none of these two surfaces undergoes recirculation bubbles, the 
flow around the prism resembling a creeping flow (see streamline 
pattern around prism 5 in Fig. 9c). Since the flow is attached on all 
surfaces of the prism, the boundary layer flow over the surfaces can 
extract more heat from the prism. Alam et al. [63] found that the 
boundary layer region on the surface largely contributes to the heat 
transfer while early flow separation making the boundary layer region 
shorter reduces the heat transfer. The above findings are useful, illu
minating the possibility to promote heat transfer or avoid penalties by 
selecting appropriate L/D. 

The Nu on the front surface is found to change most dramatically 
with increasing L/D (Fig. 17). We are thus interested in seeing flow 
characteristics on the front surface of prism 5. Typical streamlines of the 
flow field for different L/D values are shown in Fig. 18(a–e) to visualize 
the recirculation bubbles in the gap between two prisms, i.e. prisms 2 
and 5. The gap is entirely occupied by the flow recirculation for L/D =
1.2 (Regime A), 2.0 (Regime B) and 4.5 (Regime D). On the other hand, 
for L/D = 3.5 and 6.0, the flow recirculation is absent on the front 
surface of prism 5 but present on the rear surface of prism 2. It is ex
pected that the recirculation bubble forming in the gap may play a role 
in the heat transfer from the front surface of prism 5. Fig. 18(f) shows the 
relationship of the recirculation bubble size (L*

rf ) and Nu of the front 
surface of prism 5. Here, L*

rf is the streamwise length of the recirculation 
bubble that appears on the front surface of prism 5. For example, for L/D 
= 2.5, the L*

rf is the distance from the front surface of prism 5 to the rear 
surface of prism 2. On the other hand, L*

rf= 0 when the recirculation 
bubble is not on the front surface but away from it, see Fig. 18(c, e). 

A clear relationship between L*
rf and Nu is observed. The L*

rf linearly 
increases with L/D in Regimes A and B as the bubble essentially occupies 
the entire gap between prisms 2 and 5 (Fig. 18(a,b)). The Nu is also 
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found to increase with L/D, albeit non-linearly, in the same regimes. In 
Regimes C, the recirculation bubble is absent on the front surface of 
prism 5, the front surface experiencing an approaching flow instead of 
reverse flow. Here, L*

rf is presented as zero. The same scenario prevails in 
Regime E. The Nu on the front surface is large in Regimes C and E. The 
observation suggests that to enhance heat transfer the recirculation 
bubble should be made either absent or bigger as much as possible. 

7. Conclusions 

The flow and heat transfer around nine square prisms in a 3 £ 3 array 
are investigated for L/D = 1.2 – 7.0 at Re = 150. The investigation fo
cuses on the effect of L/D on flow structure, fluid force, Strouhal num
ber, wake size, recirculation bubbles, and Nusselt number. In addition, 
we shed light on how the flow structure determines heat transfer per
formance. As L/D is varied from 1.2 to 7.0, five flow regimes are iden
tified, each having distinct flow features and a distinct range of L/D. 
They are single bluff body flow (Regime A, L/D < 1.6), reattachment 
flow (Regime B, 1.6 < L/D < 3.3), lateral-interaction-induced coshed
ding flow (Regime C, 3.3 < L/D < 4.1), mixed (reattachment + cosh
edding) flow (Regime D, 4.1 < L/D < 4.6) and free coshedding flow 
(Regime E, 4.6 < L/D < 7.0). Several interesting features characterize 
the lateral-interaction-induced coshedding flow. Firstly, the lateral 
interaction advances the coshedding flow to a smaller L/D. Secondly, the 
flow around the center prism resembles a creeping flow, no recirculation 
bubble forms on the front or rear surface of the prism. 

The fluid forces (CD, C′

D and C′

L) are small in reattachment flow 
regime and large in lateral-interaction-induced coshedding flow. When 
the flow transits from reattachment to coshedding or vice versa, the 
transition is accompanied by a drastic rise or drop in fluid forces. For 
prism 5, CD jumps from 0.09 to 1.0 when the flow evolves from Regime B 
to Regime C, and then dips to less than 0.1 again as the flow transmutes 
from Regime C into Regime D. At a sufficiently large L/D = 5.5–7.0 (free 
coshedding flow), CD drops by 35% from the first-column prisms to the 
second-column prisms and by 68% from the second-column prisms to 
the third-column prisms. 

All prisms have the same St for the single bluff body flow, lateral- 
interaction-induced coshedding flow and mixed flow regimes. This is, 
however, not the case in the reattachment flow and free coshedding flow 
regimes. In the case of the free coshedding flow, the St of the prisms in 
the second row is higher than that in the first row. An increase in L/D 
weakens the lateral interaction and reduces the difference in St between 
the first- and second-row prisms. The vortex formation length of the 
center prism leaps between the lateral-interaction-induced coshedding 
flow and mixed flow while it dips between the mixed flow and free 
coshedding flow. The wake width varies oppositely to the vortex for
mation length. 

The Nusselt number of the center prism is maximum in the lateral- 
interaction-induced coshedding flow regime, about 10% higher than 
that of a standalone prism. The maximum heat transfer results from the 
creeping flow generated around the center prism, which is characterized 
by the absence of front- and rear-surface recirculation bubbles. The heat 
transfer jumps when the reattachment flow modifies to the lateral- 
interaction-induced coshedding flow. It is found that the gap recircula
tion bubble plays a predominant role in the heat transfer from the front 
surface. Heat transfer enhances with a increasing bubble size. Further 
enhancement comes into being when the bubble on the front surface 
disappears. The coherence between heat transfer and flow patterns, 
including the impacts of shear layer reattachment, flow recirculation, 
and vortex shedding on heat transfer is demonstrated. 
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