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Abstract 
 
The objective of this paper is to investigate the heat/mass transfer characteristics on a concave surface for rotating 

impinging jets. The jet with Reynolds number of 5,000 is applied to the concave surface and the flat surface, respec-
tively. The rotating experiments have been carried out at the rotating speed of 560RPM which is corresponding to Ro 
number of 0.075. The two jet orientation (front and trailing orientation) are considered. Detailed heat/mass transfer 
coefficients on the target plate were measured using a naphthalene sublimation method. The result indicates that the 
rotation leads to change in local heat/mass transfer distributions and the slight increase in the Sh level. The front orien-
tation induces asymmetric Sh distributions, whereas the trailing orientation shows the shifted heat/mass transfer feature 
due to rotation-induced flow behavior. The crossflow effect on heat/mass transfer is also observed as the streamwise 
direction increases. Compared to flat surface, the heat/mass transfer on the concave surface is enhanced with increasing 
the spanwise direction due to the curvature effect, providing the higher averaged Sh value. It is proved that the differ-
ence of surface geometry affects somewhat the local and averaged heat/mass transfer regardless of rotation condition. 
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1. Introduction 

Heat transfer under impinging jet is generally supe-
rior to that achieved with typical convective heat 
transfer methods. The impingement cooling jet has an 
advantage that it is easy to adjust the location of inter-
est and remove a large amount of heat effectively. 
Owing to the benefits, the impinging jets are used 
widely in many industrial systems, including high 
temperature gas turbines, and high density electrical 
and electronic equipment. Therefore, a lot of studies 
related to impinging jet have been carried out, and 
Martin [1] and Viskanta [2] reviewed extensively the 
previous studies of impingement heat transfer. 

However, there are still few studies on the concave 

surface while a lot of studies of impinging jet are 
related to the flat surface. Gau and Jung [3], and Yang 
et al. [4] investigated the flow and heat transfer char-
acteristics depending on various parameters such as 
jet Reynolds number, slot to plate spacing and slot 
width. They showed that heat transfer rates for im-
pingement on the concave surface are more enhanced 
than those on the flat plate results due to the curvature 
effect. Cornaro et al. [5] measured the local flow be-
havior using flow visualizations and showed that the 
flow over a concave surface is more unsteady than 
that on convex surface. However, these studies are 
confined to the slot jet or single jet only under sta-
tionary condition. Regarding the rotating impinging 
jet, few studies have been reported. Epstein et al. [6] 
investigated the heat transfer characteristics of array 
jet cooling on concave surface. They showed that the 
rotation reduces the heat transfer and changes the 
local heat transfer distributions. Mattern et al. [7] 
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reported the local heat/mass transfer distributions on 
the curved impinging plate with regard to various 
parameters such as hole-to-hole spacing, hole-to-plate 
spacing, and jet orientation. Iacovides et al. [8] re-
searched the impinging jet under the ultimate rotation 
condition with Ro = 0.18 and suggested the Nusselt 
number on the impinging surface. They reported that 
all secondary peaks and some of the primary peaks in 
array jets disappear due to strong rotation effect. 

As mentioned, there is limited information of the 
local heat transfer on the concave surface with rota-
tion. The detailed heat transfer coefficients are re-
quired for the application such as impinging jet cool-
ing in the leading edge region of turbine blade with 
curved surface. Therefore, in the present study, the 
local heat/mass transfer characteristics have been 
investigated for rotating array jet cooling on the con-
cave surface and the results are compared with those 
of flat surface to evaluate the influence of surface 
geometry. A naphthalene sublimation method is used 
to measure local heat/mass transfer coefficients on the 
target plate.  
 

2. Experimental apparatus and conditions 

2.1 Experimental apparatus 

Fig. 1 shows the rotating apparatus that composes 
of a rotating plate with a diameter of 1 m, blower, 
heat exchanger, and test duct designed for the array 
jet cooling. A test duct, multimeter and Bluetooth 
device are installed on the rotating plate. By Blue-
tooth device, the temperature measured in the test 
duct is transferred into an external computer wire-
lessly in real time. The speed of the rotating plate is 
controlled by an inverter and a tachometer. Air is 
supplied by the inverter-controlled blower (7.5 kW) 
and the flow rate is measured using an orifice flow-
meter. The temperature of air is maintained to be 
constant throughout the heat exchanger using a con-
stant-temperature reservoir. 

To evaluate the curvature effect on heat transfer 
characteristics, the concave duct and the flat duct are 
considered as shown in Fig. 2. The diameter (d) of 
injection hole is 10 mm. For the concave duct, the 
diameter of semicircle (DC) is 60 mm and conse-
quently the curvature parameter (DC/d) is to be 6. The 
hydro-diameter of concave duct (Dh) is 36.66 mm. 
Meanwhile, for the flat duct, the width (W) is 50 mm 
and the height (H) is 30 mm, providing the hydro- 
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Fig. 1. Schematic view of experimental facility. 
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Fig. 2. Cross-sectional geometry of test duct. 
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Fig. 3. Schematic view of test duct. 

 
diameter (Dh) to be 37.5 mm. The mean rotating ra-
dius of the test duct is equal to 320 mm. 

As shown in Fig. 3, the five injection holes are ap-
plied to the injection plate. After jet impingement, the 
spent air is discharged through one-sided exit into the 
outside. Hole-to-plate spacing ratio (H/d) is 3.0 and 
hole-to-hole spacing ratio (Phole/d) is 3.0 for the 
streamwise direction. To measure the local heat/mass 
transfer coefficients on the target plate, a naphthalene-
coated test plate is installed at the test duct. 

 
2.2 Operating conditions 

The rotating experiments have been carried out at 



1954  S. K. Hong et al. / Journal of Mechanical Science and Technology 22 (2008) 1952~1958 
 

 
 

the fixed rotating speed of 560 RPM, corresponding 
to Ro number of 0.075. The jet Reynolds number 
based on the injection hole diameter is 5,000. To ex-
amine the effect of the jet orientation, two jet orienta-
tions are considered in the present study. Depending 
on the jet orientation to the rotation axis, the injected 
jet flow is differently influenced by the Coriolis force. 
When the jet flow is parallel to rotation axis, the in-
jected jet is not directly affected by the Coriolis force. 
However, when the jet flow is orthogonal to the rota-
tion axis, the Coriolis force acts on the injected jet 
flow toward the specific direction which is the inward 
direction with respect to the origin of rotation axis (in 
the present experiment). The each orientation is re-
ferred to as the front and trailing orientation, respec-
tively. 

 
2.3 Data reduction 

To obtain local mass transfer coefficients, the varia-
tion of the naphthalene surface is measured on the 
measurement tables before and after each test run. 
The details of measuring system are described by 
Goldstein and Cho [9]. The local mass transfer coef-
ficient is defined as: 

 

wv,

s

v,wv,
m ρ

dy/dρ

ρρ
h

)( τ=
−

=
∞

m
  (1) 

 
Since the incoming flow contains no naphthalene, 

ρv,∞ is zero in the present study. The Sherwood num-
ber can be expressed as: 

 
Sh = hm d / Dnaph  (2) 
 
Dnaph is the diffusion coefficient of naphthalene va-

por in air and the properties of naphthalene suggested 
by Goldstein and Cho [9] are used in the present 
study. The mass transfer coefficients can be converted 
to the heat transfer coefficients using the heat and 
mass transfer analogy by Eckert [10]. Uncertainty of 
the Sherwood numbers using the method reported by 
Abernethy et al. [11] is within ±8.7% in the entire 
operating range of the measurement, based on a 95% 
confidence interval. This uncertainty is mainly attrib-
uted to the uncertainty of the properties of naphtha-
lene, such as the naphthalene saturated vapor density 
(6.9%) and diffusion coefficient of naphthalene vapor 
in air (5.1%). The other uncertainties are 1.1% and 

7.0% for density of solid naphthalene and mass trans-
fer coefficient, respectively. 
 

3. Result and discussion 

3.1 Heat/mass transfer characteristics 

Fig. 4 shows the contour plots of Sh on the concave 
surface where the white circle indicates the position 
of projected injection hole. For the stationary case, the 
high heat/mass transfer region is observed around the 
stagnation region due to the thin hydrodynamic and 
thermal boundary layers by jet impingement [1]. 
Since the crossflow is generated by the spent air from 
impinging jets in a confined duct, the crossflow effect 
becomes strong with increasing x/d. Therefore, the 
position of stagnation point moves downstream and 
its value increases due to the interaction between 
impinging jet and crossflow reported by Rhee et al. 
[12].  

When the test duct is rotating at the front orienta-
tion (Fig. 4(b)), the asymmetry Sh pattern is observed. 
This is possibly due to the rotation-induced flow be-
havior. After the jet impingement on the target plate, 
the turning jet flow develops along all directions from 
the stagnation point. Since the direction of developing  
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Fig. 4. Contour plots of Sh on concave surface at various 
rotating conditions. 
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Fig. 5. Expected flow pattern at different jet orientation. 
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Fig. 6. Local plot of Sh on concave surface along s/d = 0.0 at 
various rotating conditions. 

 
flow is orthogonal to the rotation axis, the developing 
flow is affected by the Coriolis force. Therefore, each 
developing flow from the stagnation point is some-
what deflected in the clockwise direction while the 
test duct rotates in the counterclockwise direction as 
shown in Fig. 5(a). For the array jet, the similar de-
flected flow behavior occurs in the confined duct and 
consequently Sh distributions of top region (s/d > 0.0) 
shifted to right side compared to those of bottom re-
gion (s/d < 0.0). Further, the Sh level is enhanced due 
to the increase in flow mixing by the rotation. For 
trailing case (Fig. 4(c)), the stagnation region moves 
upstream and the shifted Sh distributions are formed 
compared to other cases. It is attributed to the jet de-
flection effect by the Coriolis force as described in  
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Fig. 7. Contour plots of Sh on flat surface at various rotating 
conditions. 
 
Fig. 5(b). However, the shifted feature decreases 
gradually with increasing x/d because the crossflow 
effect becomes strong. 

In both stationary and trailing case, the separated 
peaks are observed apparently around the first injec-
tion hole region (x/d ≅ 0.0) which is not affected by 
crossflow. It is possibly because the curvature effect 
leads to increase the turbulence intensity of acceler-
ated jet flow at stagnation region. Meanwhile, for 
front orientation, this feature is not shown due to 
strong flow mixing induced by rotation. 

Fig. 6 shows local Sh distributions along s/d = 0.0 
at the various rotating cases. The Sh features by rota-
tion are observed such as the increased Sh and the 
shifted Sh at the stagnation region compared to that of 
stationary case. Meanwhile, as x/d increases, the first 
peak value rises and the secondary peak by adjacent 
jet interaction weakens due to the accumulated cross-
flow rate. 

 
3.2 Comparison of concave surface with flat surface 

To investigate the curvature effect, the experiments 
on flat surface have been conducted. Fig. 7 shows the 
contour plots of Sh on the flat surface. The overall Sh 
distributions on flat surface are similar to those on 
concave surface (Fig. 4) and the Sh features by rota-
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tion are also observed; the asymmetric Sh for the 
front orientation and the shifted Sh for the trailing 
orientation. However, some discrepancy caused by 
surface geometry is observed. To show more clearly, 
Fig. 8 compares local Sh on the concave surface with 
that on the flat surface at the region of x/d = 0.0 
which is not affected by crossflow.  

In stationary case (Fig. 8(a)), the Sh on the concave 
surface becomes higher than that on the flat surface as 
the spanwise direction (s/d) increases from stagnation 
point (s/d = 0.0). It is attributed to the curvature effect 
which promotes the flow mixing and then enhances 
the heat/mass transfer [3]. Moreover, the apparent 
peaks are observed approximately 0.5d apart from  
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Fig. 8. Local plots of Sh on along x/d = 0.0 at different sur-
face geometry. 

stagnation point. It is possibly because the curvature 
effect strengthens the turbulence intensity in the ac-
celerated flow at the stagnation region. 

For the front orientation (Fig. 8(b)), the difference 
by surface geometry becomes relatively small, show-
ing slight Sh increase near s/d = ±2.0. It is because the 
rotation with front orientation increases the flow mix-
ing significantly regardless of the surface geometry 
and then the additional increase in flow mixing by the 
curvature effect is not great. On the contrary, for the 
trailing orientation (Fig. 8(c)), the rotation makes the 
impinging jet shift upstream and does not signifi-
cantly affect the flow mixing along the spanwise di-
rection. Therefore, the Sh enhancement due to curva 
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Fig. 9. Spanwise averaged Sh at different surface geometry. 
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ture effect becomes great with increasing s/d. 
Fig. 9 shows the spanwise averaged Sh distribu-

tions at the various rotation conditions. This value is 
calculated by averaging the local data in the range of 
－1.5 ≤ x/d ≤ 14.5. At the stagnation region, Sh 
values on the concave surface are similar to those on 
the flat surface. However, the spanwise averaged Sh 
value becomes higher than that on the flat surface 
with increasing s/d. These features are observed re-
gardless of the rotation condition. 

Fig. 10 presents the averaged Sh value which is 
calculated by averaging the local data in the range of 
－1.5 ≤ x/d ≤ 14.5 and －2.05 ≤ s/d ≤ 2.05. 
The averaged Sh value in the concave surface is 
higher than that in the flat surface due to the curvature 
effect. Therefore, it is proved that the difference of 
surface geometry affects somewhat the averaged heat 
transfer value regardless of rotation condition. 
Meanwhile, the rotation yields the slight augmenta-
tion in averaged Sh value. It is mainly that the rota-
tion increases the flow mixing in the confined duct 
with small H/d. 
 

4. Conclusions 

In the present study, the heat/mass transfer charac-
teristics on the concave surface are investigated for 
the impinging jet cooling with rotation and compared 
with those of flat surface. The results are summarized 
as follows: 

Within the confined duct, the heat/mass transfer 
characteristics are changed by the rotation and the 
crossflow effect. The front (parallel) orientation leads 
to asymmetric Sh distributions, whereas the trailing 
(orthogonal) orientation shows the shifted Sh distribu-
tion due to rotation-induced flow behavior. The 

heat/mass transfer is slightly enhanced because of 
increase in flow mixing by rotation. The crossflow 
effect on heat/mass transfer is also observed with 
increasing the streamwise direction. 

Compared to flat surface, the heat/mass transfer on 
the concave surface is enhanced with increasing the 
spanwise direction due to the curvature effect, provid-
ing the higher averaged Sh value. Therefore, it is 
proved that the difference of surface geometry affects 
somewhat the local and averaged heat/mass transfer 
regardless of rotation condition. 
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Nomenclature----------------------------------------------------------- 

dy: : Local sublimation depth of naphthalene 
d  : Injection hole diameter  
Dc : Diameter of semicircle in concave test duct 
Dh : Hydraulic diameter of test duct 
Dnaph  : Mass diffusion coefficient of naphthalene  
   vapor in air 
H : Gap distance between injection hole and  
  target surface  
hm  : Local mass transfer coefficient , Eq. (1) 
m   : Local naphthalene mass transfer per unit  
  area and time 
Phole : Pitch of injection holes at injection plate 
Red  : Reynolds number based on hole diameter  
  and the average velocity in the hole  
Ro  : Rotation number, Ωd/Vi  
Sh  : Sherwood number based on the hole  
  diameter 
Sh   : Spanwise averaged Sherwood number  

Sh   : Overall averaged Sherwood number  
Vi : Mean velocity of impinging jet 
x, s  : Distance from the center of injection hole  
Ω : Rotation velocity 
 
Greek symbols  

ρs  : Density of solid naphthalene 
ρv,w  : Naphthalene vapor density on the surface 
ρv,∞ : Naphthalene vapor density of the injected  
  jet 
dτ : Test duration 
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