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Abstract

The increase in hot gas temperature is helpful for the turbine efficiency improvement and energy-saving. The significantly
curved leading edge suffers the highest thermal load in a turbine blade. Jet impingement is one of the popular heat transfer
enhancement methods, which has been widely used in blade leading edge. In this study, the flow structure and heat transfer
characteristics of jets impinging onto a curved surface with varying jet arrangements and Reynolds number (10,000-40,000)
are numerically investigated. The relative jet-to-target spacing equals 1, and relative surface curvature equals 10. An array
jets arrangement is provided as baseline. Concerning three array cases, jet holes are positioned in inline and staggered pat-
terns with changing jet-to-jet spacing. In this work, streamlines of different sections, limiting streamlines near target wall
and vortex, are obtained. Local Nusselt number contour, local Nusselt number curves and surface-averaged Nusselt number
are also presented. Local heat transfer characteristics are analyzed with fluid flow. It is also shown that the heat transfer uni-
formity of both inline and staggered cases is significantly enhanced by comparing with an array jets case. The whole curved
surface-averaged Nusselt number increases with increasing jet-to-jet streamwise spacing at inline arrangement.
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List of symbols g Heat flux, Wm™2

digy Jet diameter, mm Re Jet Reynolds number

D Target wall diameter, mm S Streamwise direction along the concave target

D, Upper surface diameter, mm surface

f Friction factor T, Jet inlet temperature, K

I Friction factor for an array jet T, Impingement wall temperature, K

h Heat transfer coefficient, Wm=2 K™! U, Jet inlet velocity, ms™!

l Flow length, mm V4 Jet-to-impingement surface spacing, mm

L Jet-to-jet spacing between middle and adjacent 0 Degree between the middle array jets and side
side jets at Y direction, mm arrays, °

Nu Nusselt number A Fluid thermal conductivity, W m-! K

Nu,,. Averaged Nusselt number U Fluid dynamic viscosity, Pa s

Nu,,., Averaged Nusselt number for an array jet p Fluid density, kg m™>

P Jet-to-jet spacing for the same line jets at Y direc-
tion, mm

P; Inlet mass flow average total pressure, Pa Introduction

P, Outlet mass flow average total pressure, Pa

The techniques employed to increase the turbine inlet tem-
perature are conducive to improve the turbine efficiency
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wangchenglonggfkd @ 163.com and save the energy. Blade leading edge directly suffers

from the high temperature of hot gas and becomes the high-
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working condition. Jet impingement is a common cooling

2 Science and Technology on Scramijet Laboratory, National method employed on the blade leading edge cooling for the

University of Defense Technology, Changsha 410073, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-019-08901-6&domain=pdf

58

D.Qiuetal.

significant potential to increase the local heat transfer coef-
ficient [1].

Some researchers investigated the fluid flow of single jet
impinging onto a plane target at specified conditions. Sakak-
ibara and Hishida [2] identified and clarified the vortical struc-
ture of a plane impinging jet with particle image velocimetry.
Anderson and Longmire [3] measured the particle behavior
in the stagnation zone and found that the particle motion in
the stagnation zone was most depended on the mean flow.
HadZIabdiC and HanjaliC [4] performed large eddy simula-
tions of jet impinging onto a plane with constant Re (jet Reyn-
olds number) as 20,000 and jet-to-target spacing as 2. The
results characterized the flow into some processes: tilting and
breaking of the edge ring vortices before impinging, flapping,
processing, splitting and pairing of stagnation point/ling, local
unsteady separation and flow reversal at the onset of redial jet
spreading, streak pairs and branching in the near-wall region of
the radial jets. The heat transfer characteristics of jet impinge-
ment play an important role in the blade cooling design. Dairay
et al. [5] focused on the effect of unsteady processes on the
heat transfer coefficient with direct numerical simulation.
The results inferred that the vertical distortions were respon-
sible for the very high heat transfer zones. The investigation
of varying jet and target parameters’ effect on heat transfer
characteristics for single jet impinging onto a flat plate was
also researched. Lytle and Webb [6] and Volkov [7] revealed
the effect of varying jet-to-plate distance on local heat transfer
characteristics with experimental method and large eddy simu-
lation, respectively. Attalla and Salem [8] presented the cor-
relations of maximum and local Nusselt number as a function
of Re, jet-to-plate inclination angle and jet-to-target spacing for
specified three regions. Besides those mentioned above, the jet
Reynolds number [9], jet fluid characteristics [10, 11], jet inlet
profile [12] and target surface arrangement [10, 13] also play
an important role in the heat transfer distributions.

In reality, applications such as multiple impingement jets
are commonly used. And the fluid flow and heat transfer char-
acteristics are mainly affected by the interactions between
adjacent jets before they impinged on the target and surface
flows depending on varying jet-to-jet spacing, jet arrangements
and crossflow [14]. Behbahani [15] measured the local Nusselt
number along span- and streamwise directions and area-aver-
aged Nusselt number with varying Re (5000-15,000), jet-to-jet
spacing (4, 8), jet-to-target distance (2-5) for 7 arrays with
staggered plate jet impingement system. Hubber [16] reported
the effects of jet-to-jet spacing (4, 6, 8), low nozzle-plate

Fig. 1 Impingement cooling
arrangement of typical gas
turbine airfoil [17, 21]
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spacing (0.25, 1.0, 6.0) and Re (3500-20,400) on local- and
area-averaged Nusselt number for 3*3 square arrays plate jets.
Goodro [17-19] researched the local distributions and area-
averaged Nusselt number of array jets impingement plate with
varying Ma (Mach number), Re, temperature ratio, and pro-
posed a new average Nusselt number correlation based on the
works of Florschustz et al. [20]. San [21] reported the optimum
jet-to-jet spacing for stagnation point Nusselt number of stag-
gered plate jets impingement for specified Re (10,000-30,000),
jet-to-jet spacing (4—16), jet-to-target distance (2-6). Xing [22]
investigated the crossflow effect on both staggered and inline
array jets with varying jet-to-target distance=3, 4, 5. Yong
[23] compared different jets’ arrangement (staggered and
inline) effect on plate Nusselt number of a semi-confined chan-
nel with varying Re (5000-25,000), jet-to-jet spacing (2-5),
and jet-to-target distance (2—4).

These significant works introduced above are limited to
plate jets impingement, which can be applied to the blade
mid-cord cooling. However, the leading edge of a turbine
blade is significantly curved (shown in Fig. 1 [20, 24]). The
jets impingement characteristics are different on a curved
impingement surface comparing with the plate case. Chupp
et al. [25] experimentally measured the heat transfer effects
of jet Reynolds number, dimensionless jet-to-target distance,
jet-to-jet spacing and target surface curvature for an array of
round jets impinging on a confined concave surface, and sum-
marized the empirical correlations of stagnation point and
area-averaged Nusselt number. Metzger [26] also reported
correlations for maximum and local Stanton numbers for a
row of circular jets impinging on a concave surface. Local
Nusselt number distribution varying with different Re, jet-
to-jet distance, jet-to-target distance, surface curvature was
measured in the work of Bunker [27]. Kumar and Prasad [28]
reported the computational results of the flow characteristics
from an array of circular air jets impinging on a concave sur-
face with varying Re (5000-67,800), inter-jet distance-to-jet
diameter ratio (3.33, 4.67) and target plate distance-to-jet
diameter ratio (1, 3, 4). Katti [29] measured the local pres-
sure curves for an array jets impingement system with varying
jet-to-jet distance, jet-to-target distance, surface curvature at
20,000 Re. Calzada [30] experimentally measured the Nus-
selt number distributions of two staggered array jets imping-
ing onto the concave surface with varying Re by transient
liquid crystal technique. More recently, the Nusselt number
contours, pressure distributions and area-averaged Nusselt
number correlations for an array jet were obtained by Patil
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double-wall jet
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[31] with varying Re (10,000-50,000), nozzle length (0.6,
1.0, 6.0), jet-to-target distance and surface curvature (3.33,
5.0, 10). Jung [32] conducted an experiment to investigate the
effect of the injection angle for staggered three array impinge-
ment jets in a showerhead cooling system and compared with
the following numerical results of fluid flow and heat transfer.
Even though similar works of the heat transfer augmenta-
tion in semi-cylindrical channels with single array or arrays jets
can be found, most previous studies focused on the flow and
geometry effects on averaged heat transfer or local heat transfer
distributions. Very limited information is available for the rela-
tionship between flow structure and heat transfer. Concerning
the averaged heat transfer parameters, most of the mean heat
transfer parameters are averaged from the whole semi-cylinder
range. In this study, jet arrangements’ effect on the fluid flow
and heat transfer characteristics of three array jets impinging
onto a confined concave surface is numerically investigated
at a constant jet-to-target spacing Z/d, =1 and relative sur-
face curvature D/di= 10, where d is the jet diameter. The
jet Reynolds number is changing from 10,000 to 40,000. An
array jets case is employed as the baseline. The characteristics
of flow structure (vortex, streamlines, limiting streamlines),
heat transfer and thermal performance for different cases are
obtained. Local heat transfer characteristics are explained with
the flow structures. To evaluate the heat transfer uniformity
and enhancement region of different jets’ arrangement cases,
detailed comparisons between mean Nusselt numbers averaged
from different surfaces (surfaces 1-3) of region are provided.

Problem description and boundary
conditions

A three-dimensional, non-rotating, steady, compressible com-
putation is conducted in this work. For a better understanding
of the flow structure and heat transfer in blade leading edge,
the internal cooling structure is simplified as a semi-cylinder
double-wall channel. This channel is extended with a 12d,,
flat attachment at the tail zone to avoid reversed flow at the
outlet for all cases. A sketch of the fluid model is presented
in Fig. 2. All measurements presented are normalized by jet
diameter d,,. This investigation reveals the Reynolds number
Re and jet arrangements’ (inline, staggered) effects on the
fluid flow and heat transfer characteristics of three array jets
impinging onto a curved surface with constant jet-to-target
spacing Z/d;, and jet-to-jet spacing P/d,. For inline cases,
the degree 6 between the middle array jets and side arrays
is changing from 25° to 45° (Fig. 2b). Concerning the stag-
gered pattern, the distance L between the middle jets and
adjacent side jet is 1.0dj and 2.0d;,, at Y direction. D and D
represent the diameter of upper and impingement surfaces,
respectively. The details of the different cases are presented in

Table 1. The baseline is an array jet placed at 8 =0° position

with 4 d jet jet-to-jet spacing. The parameters in this study are
set as Z/di= 1.0, D/d; =10, Pld;,, =4, Re =10,000-40,000
(Chupp et al. [25]), 0=25°45°, L/d,, =0, 1, 2.

As shown in Fig. 2 b and d, surface 1 is the region of
0=-—25°to 25°, Y/djet: —2 to 2; surface 2 is the region
of =—-45°10 45°, Y/d;,;=—2 to 2; and 6=—90° to 90°,
Y/d,;=—2to 2 is set as the region of surface 3.

The no-slip, isothermal wall condition is applied to the
target wall. The front and black surfaces are set as the peri-
odic wall. The other surfaces are set as no-slip, adiabatic
walls. The inlet flow employs the mass flow rate inlet and
isothermal boundary condition at 5% turbulent intensity, and
the outlet is a pressure outlet boundary. The temperature dif-
ference between inlet and impingement is 41 °C.

Computational solution method

Numerical simulations for the fluid flow and heat transfer
of arrays jets impinging onto a concave surface have been
conducted with the commercial solver FLUENT [33]. All
predicted quantities were at steady state. The phase-cou-
pled SIMPLE algorithm is used for the pressure—velocity
coupling. Second-order accuracy is chosen for the discre-
tization scheme for the convection terms of each governing
equation. The computation is considered to be converged as
the residual for the continuity equation, velocity, turbulence
quantities was on the order of 1 x 107 and 1 x 10~ for the
energy equation.

Governing equations

The steady incompressible viscous fluid flow motion is gov-
erned by the equations below [34]:
Continuity equation

=0 ey

Energy equation for fluid
_opT _ 9 (T o ( m oT
Cij—=—A— | -C,— | —=—
i ox T ox, ( ox; > Pon; (Prt ox; ) 3)
The computations were done by using RANS turbulence
modeling combined with the kw-BSL turbulence model. The

ka-BSL turbulence model is believed to improve the predic-
tive capability for complex turbulent flows with flow swirling
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Fig.2 A schematic picture
(case 7) of the fluid flow model
(a—c) and definition of surface
1, surface 2 and surface 3

(a)

Table 1 Cases’ detailed information

Cases Arrangement P/d; or L/d;,
Baseline An array 4 -

Case 1 Inline 4 25 0
Case 2 Inline 4 30 0
Case 3 Inline 4 35 0
Case 4 Inline 4 40 0
Case 5 Inline 4 45 0
Case 6 Staggered 4 45 1.0
Case 7 Staggered 4 45 2.0

and separation, and it is also claimed to offer the best trade-off
between accuracy and computational cost for the parameters
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considered [34-36]. Therefore, the kw-BSL turbulence model
is employed, and the following equations are used.
The equation of the turbulent kinetic energy k reads

M+ u; =_[< )ak]+Pk B pok

ot dxi X;

The equation of the dissipation rate @ reads

I(pw) 0 M\ dw
ot +ax(” wt) = axi[<”+_>$]

2p 0k d
* (I_Fl) 0@ OX; dz)

where
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O3 = F10,1 + (1 =F))o,, @)
ﬂ3=F1ﬂ1+(1—F1)ﬁ2 (8)
ay=Fa; + (1 -F)a, )
k
H = 1)5 (10)
ou. 0w\ ou. 2 0u ou
P = i U B W S i 3 (- Wt QI
‘ ﬂt(‘))‘j "oy > ox; 3 0x < “ox 7 (n
F, =tanh (arg?) (12)
. Vk 5000\ 4pogk
arg, = min lmax(ﬁ*wd, Lo ), CDkwdz (13)
1 ok ow -20
CDh, = ———, 10
ka max (prZw axi axi > (14)

The constants have the values: 6;,;=2,01,=1,06,,,=2,6,,,=
1/0.856,4, =0.075,6, =0.0828,*=0.09, «; =5/9,
a, =044, A4,=1.245,4,=0, A;=1.8,4,=2.25,C,=0.09.

Mesh information

The structured mesh is generated by ICEM CFD [37] with
the quality above 0.6 (shown in Fig. 3). Wall-resolved RANS
grids with y+ <1 are applied on walls. To ascertain the sim-
ulation accuracy and save computation costs, grid independ-
ence validation has been performed for an array case (the
baseline) at Re =20,000. Area-averaged Nusselt number on
target surface and friction factor between jet inlet and 8 =90°
section with changing mesh number is presented in Fig. 4. It
is found that the averaged Nusselt number and friction factor

Fig.3 Grid used in this study

are almost constant for 5.91 and 7.5 million grids. To get
advantage of the computation time, the mesh configurations
with 5.91 million elements are used for this work.

Data reduction

The Reynolds number is defined as:
pU.d.

17jet

Re = (15)
u

where U; is the mean velocity at the inlet, dj, is the hydraulic
diameter of the jet inlet, and p and u are the fluid density and
dynamic viscosity, respectively.

The heat transfer coefficient 4 is defined as:

T.—T (16)

where ¢ is the heat flux, 7; and T, are considered as the
temperature of the jet inlet and target surface, respectively.
The Nusselt number is defined as:

d

jet

Nu=hx — 17
u 1 a7

where A is the fluid thermal conductivity.
The friction factor is defined as:

P, -P djet
f=T—Fx— (18)
2
2PY; !

where P;, P, are the mass flow average total pressures at inlet
and 0=25°,45°, 90° sections, respectively. / represents the
relating flow length.

54 T T 1.100
—®— Ny
—o— f .
52 F — -1.095
o [ )
550 41.090 ~
z ® L ] L ]
48 " 4 1.085
46 1 1 1.080
2.0 x 106 4.0 x 106 6.0 x 106 8.0 x 10

Mesh number

Fig.4 Mesh independence study (baseline, Re =20,000)
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300 T T compares the averaged Nusselt number for different included
—o— Re =10,000 BSL 1 h . . o1 han 10% h
Re = 50,000 BSL, angles, the maximum inaccuracy is lower than 10% and the
250 A Re= 50:000 SST BSL model is considered decently acceptable in the present
work.
200 .
2 A
w0 ¥ . .
s 150 . Results and discussion

100

0w Re=10,000[31]
e Re=50,000[31]

0 1 2 3
S/dhy

Fig.5 Comparison of Nusselt number distributions in streamwise

direction at Y/d,,,=0. The error bar is set as 10%

Table 2 Different included angle-averaged Nusselt number compari-
son between BSL turbulence model results and experiment work

Nu,,. (surface 2)

Nu,,. (surface 1) ave

ave

Re=10,000 Patil [31] 205.68 160.67
Present 200.26 151.93
Difference 2.6% 5.4%

Re=50,000 Patil [31] 73.78 56.71
Present 79.48 56.63
Difference -7.7% 5.4%

CFD validations

In this study, the effort to verify the accuracy of the FLU-
ENT simulations is conducted by comparing the streamwise
local Nusselt number and area-averaged Nusselt number
with the experiments of Patil [31]. The geometry in the
literature (Patil [31]) is quite similar to that in the present
work, and the case with Z/d;,, =2, D/d;,;=10, Pldi, =4,
Re =10,000 and 50,000 is considered for comparison. As
presented in Fig. 5, the simulations are carried out with sev-
eral turbulence models available in FLUENT and the value
of the Nusselt number is compared with the experimental
data (Patil [31]). The error bar is set as 10% for experimental
data which is the maximum uncertainty of the experiment.
For Re=50,000, the k-¢ RNG and k-¢ standard underpre-
dicted the results significantly; the maximum inaccuracy is
about 25%. The results of k-@ SST and k-¢ realizable model
are also much lower than the experiment for S/d;, <1. It
is found that the results for the BSL turbulence model fol-
lowed the trends in the experiment for both Re = 10,000 and
50,000; the maximum inaccuracy is about 10% which is sat-
isfied to the experiment maximum uncertainty. Table 2 also

@ Springer

Fluid flow and local heat transfer characteristics

In order to understand the fluid flow characteristics of jets
impinging onto a confined concave surface, streamlines at
different sections, limiting streamlines near the target wall
and the vortex core between upper and target walls, are
employed. The baseline, case 5 and case 7 at Re =20,000
are introduced to discuss the relationship between fluid flow
and heat transfer. Note that the mass flow rate of cases 5 and
7 is three times of baseline at the same Reynolds number.
Due to the symmetry characteristics of the geometry and
fluid flow, half part (X/d;. > 0) are presented for the near-
wall surface limiting streamlines, vortex figures and Nusselt
number plots.

Figure 6 provides the vortex core region with A>-criterion
and streamlines at different sections of baseline case. Before
the jets impinging onto the target wall, a pair of vortex (the
main vortex pair, marked as A in Fig. 6a) occurs between
adjacent jets, which can be related to the interaction of
adjacent jets. This can be clearly observed at the sections’
streamlines along streamwise direction. A pair of opposite
recirculation (marked as a) can be observed between adja-
cent jets on 8=0°, 25°, 30°, 35°, 40°, 45° sections (shown
in Fig. 6b). Near Y/d;,,= 0 of upper wall, surface vortex pair
B can be found (Fig. 6a), and the relating recirculation pair
b is also observed (Fig. 6b). This recirculation also occurs at
Y/djet =—4, 4 of upper wall, which can be related to the inter-
action of upper surface and the adjacent branch of neigh-
boring vortex pair A. As the heat transfer research object is
the target wall, this paper will pay less attention to the fluid
flow near the upper wall. Near the target wall, small vortex
pair C occurs under the middle of vortex pair A. This can be
attributed to the up-wash effect of two branches of vortex
pair A and the restriction effect of target wall. From Fig. 6a,
itis clear that the vortex pair C (at about Y/d, = —2) flows
through recirculation pair of sections =0, 40°. The relating
region of recirculation pair (marked as c) is enlarging along
streamwise direction (Fig. 6b).

Based on the flow characteristics of baseline mentioned
above, the fluid flow of case 5 and case 7 is introduced. For
the sake of comparison, streamlines on §=0°, 25°, 30°, 35°,
40°, 45° sections in Y/djetz —2-2 of baseline, case 5 and
case 7 at Re=20,000 are introduced in Fig. 7. As shown
in Fig. 8, the vortex pair A is different from the baseline.
Between the middle jet and side jet, the adjacent branches
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Fig.6 Vortex and streamlines for baseline at Re=20,000. a The vor-
tex core region with A2-criterion and velocity colored for baseline at
Re=20,000 with streamlines on section 8=0, 45°; b streamlines on
0=0°, 25°, 30°, 35°, 40°, 45° sections

Fig.7 Comparison of stream-
lines on =0°, 25°, 30°, 35°,
40°, 45° sections between
baseline, case 5 and case 7 at
Re=20,000. a Streamlines for
baseline, case 5 and case 7; b

0=145 (&

0 = 40°

Baseline

of vortex pair A gradually lift up from the target wall and
approach to the Y/d;, =0 section. This behavior is clearly
presented in the raising recirculation of streamlines pictures
from sections 8=0° to 35° (Fig. 7b). It is worth noting that
two pairs of recirculation are found at streamline plots of
section §=35°. The inner one near Y/d,=0 is induced by
the adjacent branches of adjacent vortex pair A from middle
jets. The outer one can be connected to vortex D. The gen-
eration of vortex D can be related to interaction of fluid flow
from side and middle jets. Between the side and middle jets,
two branches of flow from the side jet are twisted into one
and flow around the side jet. Along streamwise direction, the
twisted flow twins together with the flow from the side jet
and moves to the outlet. Thus, vortex D occurs. As shown in
Fig. 7b, the expanding recirculation (marked as d in Fig. 7b)
of #=35° to 45° can be related to the movement of vortex
D. Vortex pair C and recirculation pair c are also obtained.
It can be inferred that the differences between case 5 and
baseline can be mainly attributed to the interaction between
fluid flow from middle jet and the side jet.

As presented in Figs. 7c and 9, the fluid flow characteris-
tics are similar to case 5. Accompanying with the recircula-
tion pair (a) moving up from target wall (see from section
0=0°-35° Fig. 7c) and forward to Y/d;,,= 0 section, vortex
pair A moves along the streamwise direction and lifts up
with the interaction of side jets flow (Fig. 9). Vortex pair C,
recirculation pair ¢, vortex D and recirculation pair d can
also be observed.

Figure 10 illustrates the near target wall limiting stream-
lines of baseline, case 5 and case 7. For baseline, the
reattachment line R , is obtained near the target wall at
Y/d;;=0 (shown in Fig. 10a), which can be attributed to the
interaction between the adjacent branches of adjacent vortex
pairs A. As shown in Fig. 6b, the adjacent opposite recir-
culation of neighboring recirculation pairs (a) meets each

streamlines for case 5; ¢ stream- 0 =35 (
lines for case 7 7
0=230° |
0 =25°
0=0°
] !
-2 0
Y/dj
(@)
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Velocity
8.00

Fig.8 The vortex core region with A%-criterion and velocity colored
for case 5 at Re=20,000

Velocity
- 8.00

- 6.00

4.00

- 2.00

- 0.00
[m s~-1]

Fig.9 The vortex core region with A%-criterion and velocity colored
for case 7 at Re=20,000

other at section ¥/d;,, =0, and fluid on this section reattaches
onto the target wall; thus, the reattachment line Ry, m OCCUTS.
Another reattachment line R 4 occurs near the target wall at
Y/d;=—2 (shown in Fig. 10a), which can be related to the
interaction of two branches of vortex pair C. The separation
line S, (shown in Fig. 10a) can be related to the interaction
between adjacent branches of vortex pairs A and C (section

0=40°, Fig. 6b). The enlarging part between S, and Ry 4

@ Springer

coincides with the enlarging recirculation c (blocked with
black block in Fig. 6b) and vortex pair C (Fig. 6a) along
streamwise direction. The decreasing area between S, and
R, m coincides with the closing behavior of adjacent recir-
culation of adjacent recirculation pairs a (Fig. 6b).

The limiting streamlines near target wall of case 5 are
similar to baseline. As presented in Fig. 10b, reattachment
lines R, , and R, ., of case 5 can be related to the interac-
tion of the adjacent branches of adjacent vortex pairs A and
two legs of vortex D, respectively. Reattachment line R 4
occurs and can also be attributed to the interaction of the
two branches of vortex pair C. Ry 4, may be related to near
target wall vortex pair under adjacent vortex D. Separation
line §, ,, can be related to the interaction between adjacent
branches of vortex A and C. The separation line S, moves
along the movement path of vortex D. As shown in Fig. 10c,
the attendance of reattachment lines R, ., Ry, mo» Rygq and
Ry 4» and separation line §, are similar to case 5. Another
reattachment line R, between separation lines Sy, and S,
can be observed.

Local Nusselt number distributions of baseline, case 5
and case 7 at Re =20,000 are introduced in Fig. 11. Nusselt
number distributions on Y/djet= 0, 1, 2 sections are presented
in 12. For baseline (Fig. 11a), Nusselt number reaches the
maximum value around the projection of jet hole and then
decreases along the streamwise direction. At constant S/dj,,
Nusselt number is higher around Y/d;;=0. These can also be
observed in Fig. 12a, the value of Nusselt number decreases
after a peak occurs around 6="7° at Y/d;,,=0, higher value
is obtained at Y/dj,; =0 comparing with Y/d,,,=1 position
for constant S/dj,,, and the magnitude of Nusselt number for
Y/d;, =2 is higher than Y/d;,=1. Those heat transfer charac-
teristics discussed above can be related to the movement of
vortex pairs. The decreasing Nusselt number along stream-
wise direction and higher value obtained around Y/d;,=0
at constant S/dj, can be connected to the movement of the
adjacent branches of vortex pair A, which gradually lift up
and approach to Y/d,,, =0 section along the streamwise direc-
tion. Between the adjacent jets (around Y/d, =2), a relative
high-strip region occurs coinciding with the location of vor-
tex pair C (Fig. 6a) and R, ,,, (Fig. 10a) which can be related
to the fluid reattachment. Comparing case 5 and case 7 with
baseline (Fig. 11), the similar Nusselt number distributions
can be observed. The maximum value occurs around the pro-
jection of jet hole, and a relative high-strip region presents
between the adjacent jets at each line. The trends of Nus-
selt number distributions for 8 < 15° and 8> 45° are similar
to baseline of 8> 0° (Fig. 12). Concerning case 5, a small
peak can be found around 6=25° of Y/d,,=0, 1 (Fig. 12b)
and can be related to the interaction between middle jet and
side jets. For case 7, the distributions of Nusselt number at
6> 30° for section Y/d;, =0 are similar to case 5 at Y/d; =2,

=0.

and the trends for Y/d;, =2 are similar to case 5 at Y/d¢
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Fig. 10 Comparison of limiting
streamlines near target wall at
Re=20,000. a baseline; b case
5; ccase 7
N
Fig. 11 Local Nusselt number ‘-‘I" r
distributions on target surface
for baseline, case 5 and case 7 <
at Re =20,000 i
b
|
ol
N
o~k
<
oL

Those can also be observed in Fig. 11b and ¢ and can be
related to the characteristics of staggered arrangement in
case 7.

Overall discussion

Figure 13 illustrates the area-averaged Nusselt number for
different cases and Re at surfaces 1-3. Generally, Re plays
an unquestionable positive role in enhancing heat trans-
fer for both inline and staggered arrangements. For cases
1-5, averaged Nusselt number for surface 1 shows a slight
decrease from case 1 to case 2 and then increases from case
2 to case 5. Concerning surface 2 averaged Nusselt number,
it increases slightly from case 1 to case 3 and decreases
from case 3 to case 5. For surface 3 averaged value, Nu,,,
increases as the side jets away from the middle (case 1 to

case 5) as the side jets are arranged at staggered location

of the middle jets (cases 6 and 7). Nu,,, of case 6 is a little
lower than case 7 and case 5 for all surface-averaged situa-
tions. The Nusselt number averaged from surfaces 1-3 for
case 7 is lightly higher than case 5 which coincides with
the local distributions shown in Fig. 11. This can be related
to the stronger flow disturbance for staggered arrangement.

The relative Nusselt number comparison between cases
1-7 at Re=10,000, 30,000 is shown in Fig. 14; Nu,e s is
the value of baseline. At constant Re, the relative Nusselt
numbers are about 1.2-1.35 and 1.4-1.62 for surface 2
and surface 3, respectively. As to the value of surface 1,
Nu,,/Nu,,. ( is lower than 1, except the cases of case 5,
case 7 at Re =30,000 and case 1 at Re=10,000. At small
averaged surface (surface 1), cases 1, 5 and 7 perform
better. As averaged surface enlarges (surface 2), inline
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Fig. 12 Local Nusselt number curve at Y/d;, =0, 1, 2 for baseline (a),

case 5 (b) and case 7 (¢) at Re =20,000

jet

arrangement for side jets placed nearer to the middle jets
(cases 1-4) reaches a relative high magnitude. For surface
3, values of case 5 and case 7 are higher. This may be
attributed to the flow disturbance for different jet arrange-
ments. As the side jets arranged farther from the middle
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Fig. 14 Relative mean Nusselt number averaged from different sur-
faces for different cases at Re=10,000 and 30,000 (Nu, is the
value of baseline)

jets (case 1 to 5), the disturbance effect of the side jets to
the middle jets is weaker, and the flow disturbance near
the outlet is stronger.

Figure 15 presents the Nusselt number ratio Nu,,./Nu,. ¢
of cases 1-7 at constant inlet mass flow. Note that Nu,,,
is the value of cases 1-7 at Re=10,000, and Nu,,,  is the
value of baseline at Re =30,000. It is obvious that the rela-
tive Nusselt numbers are smaller than 1. From the view of
surface-averaged Nusselt number, heat transfer enhancement
is negative comparing with baseline. However, Nu, /Nu,. ¢
is increasing with an enlarging evaluated surface (surface 1
to surface 3); it can be inferred that the attendance of the side
jets plays an effective role in the uniformity of heat transfer.
For a large required cooling areas of blade leading edge, it
may be better to change the single array jets into three array
jets which can deduce the impingement force suffered by
the thin blade leading edge and increase the uniformity of
heat transfer. Among cases 1-7, the staggered arrangement
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Fig. 15 Relative mean Nusselt number averaged from different
surfaces for different cases at constant inlet mass flow (Nu,,, is the
value of cases 1-7 at Re=10,000; Nu,,, , is the value of baseline at
Re=30,000)

(case 7) reaches the highest value for surface 3, and inline
situations at #=30° and 35° are better for surface 2.

Figure 16a provides a comparison of Nusselt number
ratio with friction factor ratio between different cases. As
shown in Fig. 16a, the dotted line Nu,,/Nu,,. ;=1.0 and
dashed line f7f, =1.0 split this figure into four parts. At con-
stant Re, the jet diameter-based Re is same for array jet cases
and baseline (single-array jets case), and the values locate
atregion of Nu,,/Nu, .. ;> 1, f/f; > 1.0, except those for sur-
face 1 averaged situation. For constant mass flow, the total
inlet mass flow for cases 1-7 and baseline is same, surface
2 and surface 3 averaged values locate in Nu,,/Nu,,. <1, f/
fs<1.0 region. The situation of Nu,,/Nu, . <1, f/f;>1.0 for
surface 1 averaged value of cases 2 and 3 performs bad heat
transfer performance. It can be concluded that single-array
jets impingent structure is more effectiveness to cool a small
region of blade leading edge.

Figure 16b presents the (Nu,,/Nu,,. )/(f/f;) compari-
son of cases 1-7 for constant Re and mass flow conditions.
The highest values of (Nu,,/Nu,,. )/(f/f,) for the same jets
arrangement are almost produced by surface 3 averaged, and
the lowest values are produced by surface 1 averaged. For
cases 14, surface 2 and surface 3 averaged values are simi-
lar, and the differences between them increase for cases 5-7.

Conclusions

In this study, the three array jets’ arrangement effect on the
fluid flow and heat transfer characteristics is provided for a
confined curved surface by numerical simulation. An array
jets arrangement is introduced as the baseline. The detailed
flow structures for an array and three array jets with inline
and staggered arrangements are discussed. The local heat
transfer characteristics are explained with the fluid flow
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Fig. 16 Performance comparison

performance. The heat transfer uniformity is better as side
array jets are located further to the middle array. The discus-
sions about mean Nusselt number averaged from different
surface area are helpful for the blade leading edge cooling
design.
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