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In many engineering applications, heat transfer enhancement techniques are of vital importance in order to ensure 

reliable thermal designs of convective heat transfer applications. This study examines experimentally the heat 

transfer characteristics on the base plate around various surface mounted obstacles. Local convection coefficients 

are evaluated in the vicinity of each individual protruding body with great spatial resolution using the transient 

liquid crystal technique. Five different obstacles of constant height-to-hydraulic diameter ratio (~1.3) are consid-

ered. These include: a cylinder, a square, a triangle, a diamond and a vortex generator of delta wing shape design. 

The experiments were carried out over a range of freestream Reynolds numbers, based on the hydraulic diameter 

of each obstacle, varying from 4,000 to 13,000. The results indicate a negligible effect of the flow speed on the 

heat transfer topological structure and a considerable effect of the obstacle geometry on the level and distribution 

of heat transfer enhancement. 
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Introduction 

Convective heat transfer is widely applicable over a 
range of engineering applications for reasons of thermal 
management, as for example the cooling of electronic 
equipment and turbine airfoils. However, the continu-
ously raised heat fluxes increase the operational tem-
peratures in various heat exchanger applications, requir-
ing heat transfer enhancement techniques in order to en-
sure reliability of thermal designs. 

Three dimensional surface mounted obstacles are a 
particularly attractive heat transfer enhancement tech-
nique by inducing secondary flows which increase the 
turbulence levels produced at the wake of the body gen-
erating an intense flow mixing. Heat transfer associated 
with flow over arrays of various fin shapes, mainly used 

for gas turbine cooling  applications, has been the sub-
ject of extensive research, e.g. Ligrani et al. [1], Han et al. 
[2], Chyu et al. [3], Metzger et al. [4], Chang et al. [5], 
while a recent review can be found in the study of Li-
grani [6]. However, for the design of optimal cooling 
configurations it is crucial to understand the local nature 
of the surface heat transfer. Therefore, there are several 
studies dealing with heat transfer characteristics around 
single surface mounted elements, such as cylinder (Spar-
row et al. [7], Goldstein et. al [8], Chyu and Natarajan [9], 
Giordano et al. [10]), square (Igarashi [11], Meinders et 
al. [12], Chyu and Natarajan [9]), triangle (Zeitoun et al. 
[13]) and diamonds (Chyu and Natarajan [9], Tanda [14]). 
Despite the huge amount of sources for local heat trans-
fer distributions around single surface obstacles, com-
parative studies for different protruding bodies are lim- 
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Nomenclature 

c J/(kg K) specific heat Greek   

d m hydraulic diameter a m obstacle side 

h W/(m2 K) heat transfer coefficient ρ kg/m3 density 

H m obstacle height μ kg/(m s) dynamic viscosity 

k W/(m K) thermal conductivity    

Re - Reynolds number Subscripts   

t s time i  initial conditions 

T K temperature ∞  freestream conditions 

U m/s velocity g  hot gas conditions 

VG  vortex generator LC  liquid crystals 

x,y,z  coordinate system ref  flat plate (no obstacle) 

 
ited in the literature.  

The objective of the present study is to examine ex-
perimentally the heat transfer characteristics in the vicin-
ity of individual obstacle with great spatial resolution 
using the transient liquid crystal technique, and to com-
pare the achievable heat transfer enhancement. Five ob-
stacles, which are typically found in gas turbine blade 
cooling applications are considered. These include: (1) 
cylinder, (2) square, (3) triangle, (4) diamond and (5) a 
delta wing shape vortex generator, similar to Henze et al. 
[15]. The experiments were carried out over a range of 
Reynolds numbers, based on the hydraulic diameter of 
each obstacle, varying between 4,000 and 13,000. The 
results of the present study may provide useful informa-
tion for thermal designers for array arrangements involv-
ing multiple elements as well as their optimum installa-
tion for augmented heat transfer areas.  

Test Facility and Surface Obstacles 

The test facility is illustrated in Figure 1. The open 
circuit wind tunnel consists of a two stage axial flow fan, 
a bellmouth transition piece, a straight section of square 
ducting that contains an air heater and the test section 
where the obstacles are mounted on the base surface of a 
flat plate. The test section consists of a rectangular flow 
path of 100×100 (mm)2 and the flat plate is coated with 
liquid crystals in order to visualize the surface tempera- 

ture of the generated flow domain upstream and down- 
stream of each obstacle. The flow conditions were deter-
mined by the Reynolds number based on the hydraulic 
diameter of each obstacle (d), as follows: 

Red
U d

                (1) 

where U∞ is the freestream velocity measured with a 
thermal anemometer upstream of the heater grid and μ is 
the dynamic viscosity of air calculated at hot conditions 
(heater mesh in operation). The uncertainty in the deter-
mination of Reynolds number was less than 2%. 

Basic requirement for a transient experiment is a sud-
den change in the mainstream temperature which in this 
study is achieved with a heater grid which is able to in-
crease the temperature of the flow to the required level in 
less than 0.2s using Joule heating. Electric power to the 
heater is supplied through a 5 kW DC-Power supply. The 
evolution of the liquid crystal color on the flat plate is 
recorded with a high definition RGB camera (AVT Pike 
F210C) connected to a computer with a frame grabber. 
Therefore, great spatial resolution is obtained revealing 
detailed information for the heat transfer distribution. 
The typical spatial resolution is approximately 20 pix-
els/(mm)2 and the recorded video data are digitized at 
15fps. 

Figure 2 presents a schematic representation of the 
surface obstacles considered in this study. The five ob-
stacles are: (1) a cylinder, (2) a square, (3) an equilateral 

 

 
 

Fig. 1  Low speed wind tunnel 
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Fig. 2  Geometrical details of the three dimensional obstacles. H/α=1.3. H=0.02m 

 
triangle, (4) a diamond and (5) a vortex generator of delta 
wing shape. The obstacles are manufactured of plastic 
material with similar thermal properties as the base plate 
in order to maintain the heat transfer distribution in their 
vicinity unaffected. For all the bodies, the obstacle 
height-to-side ratio is constant at 1.33. The hydraulic 
diameters for the cylinder, the square, the triangle, the 
diamond and the vortex generator is 15mm, 15mm, 
12.35mm, 15mm and 18.35mm, respectively. 

Data reduction 

Transient liquid crystal technique 

The main principle of this technique is to create a 
sudden change in the mainstream temperature and record 
the evolution of the surface temperature using thermo-
chromic liquid crystals (TLC). Knowing the detection time 
of liquid crystals (tLC) on a pixel size level, local heat 
transfer coefficients can be determined from the solution 
of the 1D Fourier’s transient heat conduction equation, as 
follows: 

2

1 exp LCLC i LC

g i

h tT T h t
erfc

T T ck ck


 

  
            

    (2) 

where ρck are the model material thermal properties, Ti 
and Tg are the initial and hot gas temperature and h is the 
heat transfer coefficient. Figure 3 indicates a typical 
temperature step as acquired from different thermocou-
ples in the test section. It can be observed that there is no 
temperature drop through the length of the plate, and 
therefore, the average value of all the thermocouples was 
used for the post processing. Note also that the tempera-
ture step was fast enough compared to the first liquid 
crystal appearance time (~7s), and hence, no correction 
for Duhamel’s principle or thermocouple thermal inertia  

 

 
 

Fig. 3  Step change in the mainstream temperature 

as proposed by Terzis et al. [16] was applied. For the 
evaluation of heat transfer coefficients the maximum 
green intensity of liquid crystals was followed, similar to 
Poser et al. [17], with an indication temperature of 
36.7oC. Within the temperature range used in this study 
the lateral conduction error was less than 2% according 
to Kingsley-Rowe and Owen [18]. 

Uncertainty analysis 

Table 1 indicates the random uncertainty levels of the 
measured parameters and their individual error propaga-
tion on the heat transfer coefficient calculation for two 
difference cases, a typical low-90 W/(m2K) and a 
high-300 W/(m2K) heat transfer coefficient. For the tem-
perature acquisition this was ±0.12K for the initial tem-
perature, ±0.23K for the hot gas temperature and ±0.12K 
for the liquid crystal isotherm. These values correspond 
to approximately 1.66%, 1.86% and 1.95% uncertainty 
level in the calculation of the heat transfer coefficient. 
Note that the flow temperature measurements indicate a 
slightly increased uncertainty level for the heated flow 
similar to Hoefler et al. [19]. The contribution of model 
thermal properties on the total uncertainty is independent 
of the heat transfer coefficient and remains constant at 
5%. The error caused by the detection time of liquid 
crystals is increased at low tLC indicating that increased 
heat transfer coefficients are calculated with higher un-
certainties. However, given the high sampling rates used 
for temperature and image acquisition (total error ±0.12s) 
it is always below 3%. For all geometries over the full 
range of flow conditions, the total local uncertainty var-
ies between 8% and 15% and the area averaged uncer-
tainty level from 9 to 12%. 

 
Table 1  Experimental uncertainties 

Parameters  Low h High h 

h W/(m2K) 
Values

 90 300 

Ti 
oC 22.8 ±0.12 1.66 1.66 

Tg 
oC 52.3 ±0.23 1.86 1.86 

TLC
oC 36.7 ±0.12 1.95 1.95 

ρck kgs5/2/K 576 ±29 5.00 5.00 

10 0.15 - 
tLC s 

2 
±0.12 

- 2.25 

Total Uncertainty 10.6% 12.7% 
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Results and Discussion 

Heat transfer patterns 

Figures 4 and 5 show heat transfer coefficient surface 
contours for all the obstacles at Red=5000 and 11000, 
respectively. The results are normalized with the corre- 
sponding heat transfer obtained for a flow over a flat 
plate in the absence of any protruding body providing 
directly a heat transfer enhancement factor. By analyzing 
the heat transfer contours the flow topology becomes 
clear, since the horseshoe vortex, flow separation zones 
and reattachment zones are evident. Additionally, Figures 
4 and 5, indicate that there is no actual effect of Reynolds 
number on the flow topology as a direct consequence of 
the almost identical heat transfer enhancement pattern. 

For the cylinder, as expected a horseshoe vortex is 
developed on the base plate which enhances the heat 
transfer upstream and around the obstacle. The formation 
and dynamics of the horseshoe vortex are well described 
by Praisner and Smith [20]. As the flow passes the cylin- 
der, the adverse pressure gradient causes the boundary 
layer to separate. This results in the formation of a recir- 
culation zone in the immediate wake of each obstacle 

which is characterized by a low endwall heat transfer. At 
the wake of the obstacle, the maximum heat transfer en-
hancement falls into the region around the reattachment 
point. This is attributed to the relatively small height of 
the obstacle and the intensity of the separated flow from 
the tip of the cylinder which impinges on the base plate. 
Note also that the reattachment zone is stretched out in 
the axial direction due to the interaction of the main and 
separated flows. 

For the square prism the heat transfer distribution is 
very similar with the cylindrical one and a horseshoe 
vortex sweeps downstream along the two sides of the 
body. The horseshoe vortex here is stronger and wider 
compared to the cylindrical obstacle. However, small 
heat transfer enhancement is observed at the wake of the 
body. According to Chyu and Natarajan [9] this could be 
attributed to the sharp-edged geometry and the flat fron- 
tal configuration which forces flow separation directly on 
the upstream square corners. As for all bluff bodies, a 
recirculation zone is formed directly downstream of the 
square body followed by a turbulent wake where local 
heat transfer values increased due to flow reattachment. 

In the case of an equilateral triangular obstacle, the 
absence of a stagnation region of flow impingement on 

 

 
 

Fig. 4  h/href surface contours at Red=5000 

 
 

Fig. 5  h/href surface contours at Red=11000 
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the leading edge, has a negative influence on the horse-
shoe vortex heat transfer enhancement, whose effects are 
minimal compared to the cylindrical and square configu-
rations. However, the most important attribute for the 
flow around the triangular prism is that the peak of heat 
transfer enhancement is shifted further downstream from 
the obstacle’s trailing edge. This could be attributed to 
the upward and downward flow direction guided by the 
60deg angle of the leading edge point which slightly de-
lays the reattachment of the flow at the wake. Therefore, 
one can say that for the triangular prism, almost all heat 
transfer enhancement takes place at the turbulent wake. 
Similar results observed also by Zeitoun et al. [13]. Di-
rectly downstream of the triangular body, the flow sepa-
ration is followed by the usual recirculation zone in 
which the endwall heat transfer enhancement is consid-
erably lower compared to the cylindrical and the square 
prisms.  

For the diamond protruding body, upstream of the ob-
stacle the distribution of heat transfer is similar to the 
triangle, however, the horseshoe vortex is stronger and 
wider. This is attributed to the right angle of the facing 
point of the diamond which is 30deg higher compared to 
the triangle, and hence, the frontal area is increased. Ad-
ditionally, the influence of the body, on the wake endwall 
heat transfer is larger compared to the other obstacles due 
to the larger blockage of the flow. This is in agreement 
with the results of Yan et al. [21]. The flow separation 
region directly downstream of the body is similar in size 
with the triangular body while the heat transfer level on 
the reattachment point is considerably larger compared to 
the cylinder and the square but less than the equilateral 
triangle. 

The complex vortex shedding and its effect on the heat 
transfer enhancement for delta wing vortex generators are 
well documented by Henze et al. [15, 22]. As for any 
bluff body fixed on an endwall, a horseshoe vortex is 
appearing upstream of the delta wing which enhances the 
heat transfer. However, the level of heat transfer is con-
siderably lower compared to any of the other protruding 
bodies. This is attributed to the relatively small angle of 
the body’s leading edge, which is 30deg. Additionally, 
two counter-rotating longitudinal vortices are induced at 
the obstacle’s leading edge leading to a down flow region 
behind the vortex generator where the heat transfer is 
locally increased due to the impingement of the flow at 
the immediate wake. Therefore, no recirculation region is 
observed downstream of the vortex generator. At the 
trailing edge of the obstacle, a structure of heat transfer 
enhancement with four branches is identifiable. The most 
pronounced heat transfer areas are induced by the main 
contra-rotating longitudinal vortices and reach far down-
stream positions. The other two heat transfer enhance-
ment branches are quickly disappeared and no further 

effect on the heat transfer level can be seen. Note that all 
these observations are consistent with Henze et al. [15]. 

Comparison of wake heat transfer 

Figure 6 indicates a quantitative comparison of the lo-
cal heat transfer enhancement at the wake of each  

 

 
 

Fig. 6  Local transfer enhancement at various downstream 
positions. Red=8000 



174 J. Therm. Sci., Vol.23, No.2, 2014 

 

individual obstacle and various streamwise positions 
proportional to the hydraulic diameter of the bodies. 
These positions, for each individual obstacle are indi-
cated with black lines in the surface contours of Figure 4. 
Due to the independency of the flow structure with Rey-
nolds number, only the results for Red=8000 are pre-
sented. 

At the immediate wake (x/d=0), the maximum local 
heat transfer enhancement is observed at the positions 
where the two branches of the horseshoe vortex appear. 
This indicate values of 2.3, 2.1, 2 and 1.75 for the cylin-
der, the diamond, the square and the triangle. Addition-
ally, a region of very low endwall heat transfer is ob-
served close to the centerline of the base plate due to the 
recirculation of the flow, shown also in Figures 4 and 5. 
Note that for the square and the triangular prisms there is 

no heat transfer enhancement at all since h /href is below 
unity within ±5mm from the plate centerline.  

Slightly downstream of the trailing edge of the bodies 
(x/d=0.5), as expected heat transfer enhancement is 
higher for the vortex generator reaching the number of 
2.5 in the regions of the two contra-rotating longitudinal 
vortices. For the other obstacles, the peaks in heat trans-
fer are generally decreased by around 20% as a direct 
consequence of the weaker horseshoe vortex intensity in 
this region. However, for the diamond shape whose 
horseshoe vortex is wider and longer, the peaks of en-
hancement are maintained at about 1.8 providing good 
heat exchange capabilities. 

At further downstream positions, x/d=2-4, the reat-
tachment zone is approached which increase the local 
heat transfer for the protruding bodies. However, for the 
vortex generator (not a protruding body), the absence of a 
reattachment zone reduces the peaks of heat transfer 
which are also diverged between them following the pat-
tern of the longitudinal vortices. For the other bodies, the 
strength of the reattachment zone in order is triangle, 
diamond, cylinder and square with heat transfer en-
hancement factors of 2.5, 2, 1.8 and 1.5 respectively. 

At x/d=8, heat transfer enhancement for all the bodies 
is around 1.5 in the centerline of the base surface indi-
cating a small influence of the body shape on the heat 
transfer level and distribution. Finally, note that for all 
the obstacles, close to the spanwise edges of the plate 
(±30mm), heat transfer enhancement is around unity 
which indicates that the influence of all the bodies on the 
heat transfer pattern is negligible. 

Area averaged heat transfer enhancement 

Figure 7 shows the area averaged heat transfer en-
hancement as a function of Reynolds numbers for all the 
obstacles. These values correspond to an area of interest 
of three and six hydraulic diameters in front and behind 

the body (3d upstream and 6d downstream) and three 
hydraulic diameters in the spanwise direction (1.5d up 
and down from the base plate centerline). For all the sur-
face mounted obstacles there is a slight decrease of the 
heat transfer enhancement with increasing Reynolds 
number. The maximum heat transfer enhancement is ob-
served for the diamond and the triangular shape obstacle. 
This is attributed to the intense reattachment zones and 
increased heat transfer levels in the wake of these bodies. 

For both obstacles, h / href  decreases from about 1.4 to 
1.3 as Red is increased from 5000 to 11000. For the cy-
lindrical and the square prisms, the stronger horseshoe 
vortex observed in the surface contours (see Figures 4 
and 5) is not able to compensate the reduced heat transfer 
levels at the wake of the bodies, and thus, the overall 
enhancement capabilities are about 6% lower compared 
to the obstacles with a triangular leading edge. For the 

vortex generator, h / href  is considerably lower decreas-
ing from about 1.1 to 1.05 over the same flow conditions. 
This is attributed to the relatively weak horseshoe vortex 
and the absence of a reattachment zone at the wake of the 
body. Although the two longitudinal vortices reach far 
downstream positions (see Figures 4 and 5), they are not 
able to maintain high levels of heat transfer enhancement.   

 

 
 

Fig. 7  Area averaged h / href against Reynolds numbers 

Concluding Remarks 

In this study, local heat transfer distributions around 
different obstacles were evaluated using the transient 
liquid crystal technique. Five different bodies, whose 
shapes are frequently found in gas turbine cooling appli-
cations, were used. These included a cylinder, a square, 
an equilateral triangle, a diamond and a delta wing shape 
vortex generator. Local heat transfer enhancement for 
each individual obstacle were obtained by comparing the 
results with a pure flat plate. 

For all the obstacles a horseshoe vortex is swept up-
stream and around the bodies. The intensity of the heat 
transfer enhancement on the horseshoe vortex in order is: 
square, cylinder, diamond, triangle and vortex generator.  
Additionally, at the wake of the bodies a reattachment 
zone is generated where the local heat transfer rates are 
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more significant. The strength of reattachment zone in 
terms of heat transfer enhancement in order is: triangle, 
diamond, cylinder, square and vortex generator. For the 
vortex generator the generated down flow increases lo-
cally the heat transfer at the immediate wake and two 
longitudinal vortices starting from the leading edge of the 
body increase the heat transfer enhancement at far down-
stream positions. For the area averaged heat transfer en-

hancement ( h / href ) and over a well-defined area of in-
terest, highest values are observed for the obstacles with 
a triangular leading edge (triangle and diamond). For the 
cylindrical and the square prisms the heat transfer en-
hancement level was similar but about 7% lower com-
pared to the other shapes. The vortex generator shows 
considerably lower convective capabilities with about 

12% lower h / href  from the cylindrical obstacle. For all 

the bodies, h / href  was reduced by about 4% over the 
full range of flow conditions. Finally, the heat transfer 
pattern, and hence the flow topological structure, is in-
dependent of the flow speed within the range of exam-
ined Reynolds numbers.  

The results of the present study may provide useful 
information for thermal designers of array arrangements 
involving multiple elements as well as their position for 
augmented heat transfer areas. 
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