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Abstract:

In this article, a combined experimental and computational study was conducted to investigate
the heat transfer characteristics of sonic impingement jets on the concave surface of the leading
edge of a NACAO0015 airfoil. Both the local/average Nusselt number ( Nu /Ny ) distributions and
flow pattern in the impingement region were obtained for H/d ranging from 10 to 25, S/d from
20 to 35, and d from 2 to 5 mm, and the jet inclination angle (0) varied from 0° to 30°. The
suitability of eight different turbulence models were investigated and verified. Streamlines and
velocity distributions around the stagnation point were also obtained by numerical calculation.
Comparison between the numerical work and the experimental results indicated that (1) both Nu
and Nu were enhanced with H/d=10, S/d=30, and 6=15° in the current study. The impinging
multi-jet heat transfer capacity could be augmented if the appropriate structure variables are
determined, and (2) enlarging the diameters of the jets holes (d) could not significantly improve
the heat transfer performance in the anti-icing system of aircraft.

Keywords: heat transfer; impingement; concave surface, leading edge, turbulence model.


mailto:sn_chang@buaa.edu.cn
mailto:h.wu6@herts.ac.uk

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Nomenclature

Dw

T|

Gk

H/d

!

keff

Oheat
Cconv

Closs

Re

Sk1 SW

total surface area, mm?

diameter of the jet hole, mm
diameter of the tube, mm
cross-diffusion term

external body forces, N

turbulence kinetic energy, m?/s?
generation of ®

convective heat coefficient, W/m?-K
dimensionless distance between the jets and the stagnation point
diffusion flux, kg/(m?s?)

effective conductivity, W/m-K
characteristic length, mm

Nusselt number

average Nusselt number

number of thermocouples

static pressure, pa

heating flux, W/m?

effective heat flux, W/m?

heat flux loss, W/m?

resistance of the electro - thermal wire, Q
Reynolds number

source terms
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S/
Tw

Tt

dimensionless distance between the adjacent jets
wall temperature, °C

jet air temperature, °C

voltage for heating, Volt

dimensionless height of the first layer cells near the wall
average value of y*

dissipation of k

dissipation of

Greek symbols

specific dissipation rate
jet inclination angle, °

stress tensor

gravitational body force, N
effective diffusivity of k
effective diffusivity of ®
kinematic viscosity, m?/s

turbulent dissipation rate, m?/s®

1. Introduction

The use of an impingement jet is an effective method to enhance the heat transfer process
since the heat transfer coefficient is much higher in the stagnation point than that in the forced

convection flows. Impingement is not new in concept but has still been widely used in many
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practical applications, such as hot-air anti-icing system on the aircraft [1-2], gas turbine blade [3],
electronic components [4]. Heat transfer in the impinging jets has been extensively studied to
provide better heat transfer performance on the solid walls as a means of improving the system
design.

Compared with the single jet, the multi-jet approach [5] has the special fountain flow region
due to the expansion of the shear layer between two jets, resulting in an enhanced technology for
providing more uniform heating or cooling [6]. The heat and mass transfer of multi-jet
impingement are very complex due to many control factors such as structure parameters i.e.,
impingement wall structure, holes structure and flow parameters i.e., Re, cross flow, jet fluid
type [7]. Many studies were mainly focused on the structure parameters of the multi-jet
impingement. Changing the surface structure of the impinging wall could increase the heat
transfer efficiency. The particles of the roughened wall at the micron level mainly affects the
thickness of the boundary layer region, whereas the larger miniature protrusions of roughened
surface affects the velocity and turbulence distributions at both the entire boundary layer and the
fully turbulent region [8, 9]. The fluid types can have a great influence on the heat transfer
coefficient of a fluid—solid impingement jet [10].

A quite number of research results show that changing the hole shape can be used as an
effective passive control technique for heat transfer enhancement of an impingement jet. Lee [11]
and Brignoni [12] found that the sharp-edged nozzle jet yields higher heat transfer rates than
either the standard-edged or square-edged nozzle jets in the impingement stagnation region.
Furthermore, the studies of laniro and Cardone [13] and Wannassi and Monnoyer [14] showed
that the fountain flow intensity of multi-jet impingement depends on the swirl angle obtained by

swirling nozzles with helical inserts. In addition, introducing the swirl motion could improve the
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mixing characteristics via a broadening of the impingement region rather than heat transfer rates
caused by the rapid decrease of the swirl intensity in the axial direction.

The jet fountain is an important factor affecting the heat transfer characteristics when multi-jet
impingement is considered. Katti and Prabhu [15] experimentally investigated the effect of
different span-wise pitches on the local heat transfer coefficient distribution on the plate by an
array of multi-jet impingement. Their study showed that a span-wise pitch of 4 times diameter of
hole performs better than that of 2 or 6 times, according to the analysis of the Nu and the
pressure loss coefficient. San and Lai’s research [16] showed that the Nu number is determined
by H/d, S/d and Re. With a fixed H/d and Re, there is an S/d value corresponding to the optimal
heat transfer performance. Gardon et al. [17, 18] found that the heat transfer effect at
impingement stagnation point could be greatly improved when the nozzle-to-flat distance ranges
from 5 to 7 times the diameter of nozzle. There will be a secondary peak phenomenon of Nu
when the impingement distance of H/d is small, and the value is observed when H/d is primarily
less than 3 and its location shifts towards the impingement stagnation point with the decrease of
H/d [19].

In addition to the structure parameters, there are many studies on the effects of the flow
factors. Considering the influence of impingement jet angle, Goldstein and Franchett [20]
performed an experimental study of the heat transfer characteristics of an impinging jet on a flat
surface, and the local heat transfer rates were reported as the inclined angles were changed from
30° to 90°. Lee and Lim [21] experimentally investigated the characteristics of heat transfer of
the inclined impinging jet on a concave/convex surface by using the transient liquid crystal
method; the Nu value at the stagnation point was confirmed to decrease as the tilt angle increases

with a fixed Re. Heo et al. [22] found that the overall heat transfer increases with the pitch of the
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vertical jet nozzles, and the inclination angle of the staggered jet nozzles shows a peak value at
approximately 60° when S/d equals 4. In addition, the flow parameters were found to have a
significant effect on the multi-jet impingement heat transfer rates. Many studies showed that the
local Nu number increases with the increase of the Re number, whether at a high [23] or low [24]
Reynolds number, with the former having higher possibility to exhibit the second peak
phenomenon of the local Nu number. Miao et al. [25] found that the hybrid cross-flow
orientation causes higher local/averaged Nu numbers than both parallel and counter cross-flow
orientations because the former creates fewer cross-flow effects and a smaller pressure drop.
Since the impinging surface in the bleeding air anti-icing system is a closed chamber, the
experimental design will be more difficult. To the best knowledge of the authors, quite a few
studies [26, 27] have used the multi-jet impingement on the airfoil with an array of round holes.
Furthermore, the bleeding air anti-icing system consumes much energy from the jet engine [28],
making it essential to increase the heat transfer rates to save onboard energy. Thus, the present
work aims to investigate the heat transfer characteristics of the impinging jet on the leading edge
of the wing, and the NACAOQ015 airfoil was selected as a case study. As the first part of a series
of research works, the objective of the current work will focus on a combined numerical and
experimental study to explore the heat transfer performance of sonic impingement jets on the

concave surface.
2. Experiment apparatus and measurement procedure

Experiments were conducted in the anti-icing/de-icing research laboratory at Beihang
University, China.
2.1. Experimental apparatus

Fig. 1 shows the experimental set up of the multiple impingement jet system. The
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experimental apparatus mainly includes four systems: A. test section; B. data acquisition system;

C. motion control system; and D. the air supply system.

? |
@
<

Fig. 1. Schematic of the experimental apparatus
A. test section; B. motion control system; C. the air supply system; D. data acquisition system;
1- air compressor; 2-air tank; 3-air filter; 4-refrigerant air drier; 5-heat exchanger; 6- electric regulating valve;

7- flow meter; 8-heating control device; 9-data acquisition device; 10-computer

In the current work, a highly curved concave impingement plate of NACAO0015 profile is used
as the test section. The chord length of the current model is 1 m, as shown in Fig. 2. No. 7075
aluminum is selected as the material of the plate. Three round jet holes are distributed in the tube
in a straight line. The present work uses the steady state method to obtain the heat transfer
coefficient according to Egs. (3) to (8) in section 2.2. A T-type thermocouple is set in the T-type
telescope tube that is close to jet holes to measure the temperature of the jet air T;. Nineteen and
nine K-type thermocouples with an outer diameter of 1 mm are set along the span and chord
directions, respectively, in order to measure the temperature of the impingement wall Ty, as
shown in Fig. 2. The thermocouples are placed in the blind-holes that drilled from outer wall

surface of the profile with heat conduction glue. The distance from the thermocouples to the
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inner wall surface is 0.5 mm. The thermal conductivity of the aluminum is approximately 173
W/m.K. The thickness of the plate is 3 mm. Using one-dimensional steady heat conduction of
Fourier transform, it is recognized that the difference of the temperature between inner and outer
wall surface is less than 0.03 °C. Thus, the thermal resistance could be neglected. In the data
acquisition system, an Agilent® 34972A acquisition instrument is used to record the
experimental data, including the air temperature, the pressure and the mass flow. The accuracy of
the thermocouples was within 0.5 °C. The air mass flow rate is measured using a vortex flow
meter calibrated with an uncertainty of +5%. The accuracy of the pressure transducer is+0.25%
with the readings ranging from 0 to 0.8 MPa. To obtain the designed parameters, a motion
control system (see Fig. 2) is designed to change different H/d and jets angles by using two linear
motors and stepper motors, respectively. The PLC motion control device is composed of a DC
power supply, a motor PLC controller, and two stepper motor drivers. In the air supply system,
the air is provided by an air compressor, and the mass flow rate is controlled through an electric
regulating valve. Before entering the test section, the air will be dried using a refrigerant air drier.
To generate the sonic impinging jets, the air pipeline pressure is maintained at 0.4 MPa. The

initial velocity and mass flow of each hole should be kept the same.
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3)

Span Direc7
6) 8)

30mm The Polyester Insulation Layer

0._5mm The Nano Insulating Coating
The Heating Plate
The Heat Conduction Glue

The Aluminum Plate

1. 5mm

3mm

Ea
K-type Thermalcouple

Fig. 2. Design diagram of the experiment element
1)-T-type telescope tube 2)-the baffle 3)- the impingement aluminum plate 4)- fixed end of linear motor

5)- the slider of ball-screw 6)- tube of impingement jets 7)-the stepper motor 8)- linear motor

For the purpose of simplification, the inverse heat flux method is adopted, in which all the
outer surfaces are heated by an AC thin silica heating plate, and the internal air temperature is
kept at the temperature of 10 °C through the heat exchanger in the refrigeration system. Two
insulation layers are set to reduce the energy loss of the heating layers. A 0.5-mm RAYWAY®
nanocoating (thermal conductivity: 0.0012 W/m?-°C) is spread evenly onto the heating plate, and
a 30-mm black polyester insulation layer (thermal conductivity is less than 0.034 W/m?2.°C) is
glued onto the coating.

2.2. Uncertainty analysis

The uncertainties of the measurement in the experiment are dependent on the experimental

conditions and the measurement instruments. The uncertainty method described by Holman [29]

is used in the present study. The errors are individual components of the measurement error.
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Therefore, the uncertainties of independent parameters are firstly computed, and consequently
uncertainties of dependent parameters are calculated based on their relationship with independent
parameters. The result R is a given function of the independent variables xi, X2, X3, ...Xn.
Thus,
R =R(X, Xy, Xgy00s X;) (1)
The independent variables ofwi, wo, ... ,wz are the uncertainties; thus, the uncertainty in the

result wg can be evaluated by:

N EOREN RN

The local/averaged Nu number and heat transfer coefficient will be calculated according to Egs.

(3) to (8). The wall temperatureT, and jet air temperature T, are measured during the experiment.

3
Ny hd 3)
k
Zn:Nui (4)
m _ =l
n
qconv
Bk (5)

The heat transfer rate between the wall and the impingement jets qconv IS Obtained as:

qCOf‘IV = qheat _qloss (6)

qloss = qrad + Ohat (7)
V 2

Oheat = ﬂ (8)

where Qred IS the radiation losses, Qnat IS the free convection, and the qioss IS found to be less

than 4.2% according to reference [30]. The uncertainties of the heat transfer coefficients can be
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calculated using the following equations:

2 2 2 Y2

dh da,,, T, dT, T, dT,
—= o+ —— |+ - 9)

h Ueonv Tw _Tf Tw Tw _Tf Tf

2 22
dqconv _ [qheat dqheat j +[ qloss dqloss (10)

qconv qconv qheat qconv qloss
2 2 22
e _ (gd_vj J{d_Rj J{d_A) (11)
qheat \ R A i

The calculation results show that the maximum uncertainty for the Nu number is less
than +4.62% in the repeatability test.
3. Computational details

3.1. Turbulence model

The turbulent flow pattern of the impingement multi-jets in the anti-icing system moves in
complex irregular paths, causing stronger momentum and energy exchange between the fluid and
solid wall. It is stated that the impingement multi-jets flow field could be divided into four
regions; the details of the study can be found in a previous publication by Weigand and Spring [6]
and will only be described briefly here for the sake of completeness. As is shown in Fig. 3, these
four typical regions are: (1) the free jet region, (2) the impingement region, (3) the wall jet region
and (4) the fountain flow region. In the free jet region, fluid exits from the holes into free space
after entraining into the jets and then is accelerated. At the centerline, the fluid maintains its exit
velocity while diffusing with the fluid from the shear layer. In the impingement region, the fluid
flows toward the impingement wall while decelerating and changing its flow direction, as the
core velocity decreases absolutely. In the jet stagnation point, the velocity of the fluid decreases

to zero and accelerates quickly along the direction parallel to the wall. In the wall jet region, with

11
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the increasing radial distance from the stagnation point, compared with the stagnation point, the
heat transfer characteristics between the wall and the impingement jet show noticeable
differences. In the stagnation point region, the direction of the fluid flow is perpendicular to the
impingement wall and parallel to the heat transfer direction between the wall and fluid. In the
wall jet region, the flow field tends to be stable, and the heat is transferred mainly by the
convection. In the fountain flow region, there are recirculating vortices formed via the shear
layer expansion of the interactions between two jets.

; Jet hole <—d|ﬂ Jet hole

i ¢ K4 /]
(1).Free jet region W i
" \ | | ~The shear layer

Jet pontential core

(3).Wall jet region

| (4).Fountain flow region

(2).Impingement region Jet stagnation point

Fig. 3. Schematic illustration of the flow pattern of the impingement multi-jets.

3.2. Mesh analysis

The mesh density is carefully scaled in order to obtain high precision of numerical results
since insufficient mesh would lead to serious computational error [31]. In addition, it is
necessary to investigate the sensitivity of the number of grid nodes to the predicted results. Thus,
the analysis of the effect of the near-wall cells size is performed to determine a suitable mesh
[32]. The identified dimensionless parameter y*, defined as in Egs. (12) to (14), is the

dimensionless distance from the wall for turbulent flows.

yr =3 (12)
1%
T

ur= |- 13
" (13)

12
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Where yj is the actual height of the first layer cell, and 7, is the wall shear stress.

It can be seen that eight different cell numbers and the corresponding y* values (the average y*

value along the wall) are investigated in this study. The calculation model of an impingement jet
with a round hole on a semicircular surface is chosen. The computed results are compared with
the experimental data of Choi et al. [33]. Fig. 4 indicates the significant influence of the cell

numbers on the local Nu number distribution.

When y* <1, there is a secondary peak phenomenon predicted in all of the meshes. However,

when y~>1, the secondary peak completely disappears. With the decrease of the y* value, the
computational results agree well with the experimental data. Considering both numerical
accuracy and computing cost, the grid density of y*=1is chosen for all the cases in the current

study.

180

—SST k-0

— k-kl-0»

— Transition SST

—— RNG k-¢

—— RSM

Standard k-¢

S-A

. »  Exp.data of Choi et al.[33]

160

140

120

100 4

Nu

80
60
40 4

20

T T T T v T T T v
0 3 6 9 12 15 18
S/d

Fig. 4. Comparison of the local Nu number along the wall by eight F values with Choi et al. [33]

According to the constraints of y*=1, the total mesh number of the computation model is
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approximately 1.6 million elements, as shown in Fig. 5. It should be noted that the mesh near the

impingement hole is increased in order to improve the computational accuracy.

Fig. 5. The mesh for the computation

3.3. Boundary conditions and numerical setup

Fig. 6 shows the schematic of the boundary conditions. The outlet surfaces are set as the
outflow condition. The other parts are set as a no-slip wall of adiabatic boundary conditions. The
mass flow inlet boundary condition is set at each hole of the jets. The no-slip and constant heat
flux value of 1500 W is set for the impingement concave surface. The pressure outlet boundary
condition is used for the outlet, and it is a 3 mm round hole on the wall. In the numerical
investigation, the CFD code FLUENT developed based on the finite volume technique is used.
The basic equations are solved numerically by a coupled algorithm, which is a density-based
solver in which the equations are solved simultaneously. The Courant number is set to 50, and
the explicit-relaxation factors of momentum and pressure are both set to 0.9. During the

computation, a steady-state calculation is conducted. Second order upwind scheme is used to

14



212 (djscretize the pressure, momentum, turbulent kinetic energy and energy terms. lterations are
213 continued until the residual for all equations, such as the continuity and energy equation, based

214 on the changes in the variables (i.e., pressure, velocity, temperature, etc.) between the current and

V.. —V.
a—— 'p| <1073 5. The values of the parameters, such as flow temperature,

Vip

215 previous iterations is

216 range of H/d, S/d, jets inclination angle (6) and diameter of hole (d), are listed in Table 1.

277 Table 1 The values of the parameters of the numerical calculation
Parameters Value
Flow temperature 283.15K
The heating flux 1500 W/m?
Diameter of jets tube (D) 36 mm
Diameter of hole (d) 2~5 mm
H/d 10~30
S/d 20~35
Re 47367
Jets angle 0~30°
278

Pressure outlet

No-slip adiabatic wall
160mm

70mm

'__*?K&

-~ N\Jets inclination angle

Steady heat flux wall

Mass flow inlet

279

280 Fig. 6. The boundary conditions of the calculation domain
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The SST k- model developed by Menter [34] is used to effectively blend the robust and

accurate formulation in the near-wall region with the free stream independence of the k- model

in the far field [35].

4. Results and analysis

4.1. Model validation

Prior to the aimed calculation, it is crucial to select a proper turbulence model. In the current

work, eight extensively used RANS-based turbulence models, such as RNG k-¢. Realizable k-

e+ S-A. Standard k-o and SST k-w, are demonstrated and compared with the open published

experimental data in Choi et al. [33] for validation.

Nu

200

- — Num. y’ =0.026 ——— Num. y‘ =2.522
160 — Num.y =0.271 —_ Num. y' =4.856
140 —— Num. _\'3 =0.506 —— Num.'\" =16.052
120 ey Numl)'ﬁ:I.()68 = Nmn._\'+:33.457

100 Exp.data of Choi et al.[33]

80
60

40

Fig. 7. Comparison of local Nu number of different turbulence models with Choi et al. [33]

It is found from Fig. 7 that only the SST k- model predicts the secondary peaks of local Nu

number successfully, which occurs at small H/d. The SST k- model is a superposition of the k-w

model with the k-¢ model. While the k-¢ model is used for the fully turbulent region, the model

changes at the entrance of the boundary layer and behaves like the k- model. In addition, the

16
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formulation of the turbulent viscosity is changed to take into account transport effects in the
turbulent main stresses [36]. Finally, the SST k- turbulence model is selected in the present
study. The computed results are in good agreement with the results of Hofmann et al. [37] due to
its comparatively low computational costs and great performance.
4.2. Heat transfer characteristics of the multi-jet impingement
4.2.1. Effect of H/d ratio

To investigate the influence of the H/d (non-dimensional distance between the jet holes exit
and the concave surface) ratio, both experimental and numerical studies are conducted. The H/d
values of 10, 15, 20 and 25 are considered, which are commonly used in the bleeding air anti-
icing system. The comparison results of the experimental and numerical local Nu number for
different H/d ratios are shown in Fig. 8. The maximum Nu number appears at the stagnation
point of jet 2, while decreases with increasing radial distance. It is known that convection is a
phenomenon of heat transfer by the movement between fluid and solid, and the thermal
resistance mainly depends on the thickness of viscous boundary layer. The boundary layer
thickness of the impinging multi-jet will be the thinnest at the stagnation point, which is
approximately one-hundredth of the jet hole diameter according to the analytical solution of [38].
The thermal resistance reaches the minimum, which achieves strong heat transfer capacity. As a
consequence, the flow accelerates from zero and reaches the maximum value at 1-2 hole
diameter distance from the stagnation point [39] at wall jet region. With the increase of the H/d
ratio, the shear layer widens before impacting on the wall. The kinetic energy is dissipated
gradually with the expansion of the jet shear layer, which causes the local Nu number value
decreases directly. The interference between jets before impingement is quite obvious, which

results in the Nu number at the stagnation point of jet 2 larger than the other two. The same trend

17
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329

was also observed in San et al.’s study [16]. The numerical results of the flow streamlines are
shown in Fig. 9; these results were primarily obtained to analyze the flow pattern over the
concave surface. As the H/d increases, the size of the fountain region becomes larger, which is a
clear demonstration that the change of H/d ratio has a significant effect on the fountain zone
around the stagnation point. The core width decreases gradually with the increasing distance
from the holes, and the jet potential core disappears after nearly five holes diameters from the jet

exit [40].

100

H/d=10.Exp. —— H/d=10.Num.

|}
S/d=25
04 = H/d=15.Exp. —— H/d=15.Num.
» H/d=20.Exp.  972MM  ___ H/q—20 Num.
804 w H/d=25.Exp. —— H/d=25.Num.

70 4

60

Nu

50

40 4

A
30 Jet2

L 1 ¥ I s I ¥ I L T 2 I
0.06 0.09 0.12 0.15 0.18 0.21 0.24
Spanwise direction, m

Fig. 8. Comparison of the experimental and numerical local Nu number results for different H/d ratios

Fig. 9. Flow pattern with different H/d ratio along the span-wise direction
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Fig. 10 presents the profiles of experimental and numerical local Nu number at the stagnation
point for nine different H/d values ranging from 10 to 30, with S/d and d fixed. It is found that
the distribution of the local Nu number of jet 2 agrees well with the experimental results. The

maximum difference is 8.31%, which is an acceptable value.
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Fig. 10. Comparison between numerical and experimental results of the Nu number at the stagnation point of
jet 2

4.2.2. Effect of the diameter of the hole
A sonic jet is used to ensure that the velocity and mass flow of each hole’s exit is consistent.
The jets mass flow increases as the diameter of the holes becomes larger, as shown in Figs. (11)
and (12). Both the experimental and simulation results show that, with the increase of the
diameter of the holes, the Nu number value increases sharply. The Nu of d = 5 mm is almost
eight times as much as the value of d = 2 mm. Nevertheless, the consumed air mass flow is also
increased by nearly seven times. Since too much bleeding air from the engine will reduce the
thrust seriously, the method of enlarging the diameters of the jets holes in the anti-icing system of

aircraft to improve the heat transfer efficiency is not appropriate.
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4.2.3. Effect of the S/d ratio
The effect of S/d on the local distribution of Nu number and flow streamlines can be studied
in Figs. (13) and (14), with H/d=10 and d=2 mm. It can be found that the jet 2 peak value of Nu
number at S/d=20 is larger than the other cases. Since the narrower distance can cause more
limitations of the dissipation from the shear layer before impacting on the stagnation point,

which leads to the concentration of the jet core potential energy. With the decrease of S/d, the
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vortices size between jets becomes narrower, as shown in Fig. 14. The flow channel is downsized,
and the heat transfer performance of fountain flow region is improved. Fig. 15 shows the effect
of S/d on the variation of the Nu of impingement surface for various H/d. For S/d=20, 25, 30
and 35, the distribution of Nu has the same trend: the heat transfer efficiency decreases with the
increase of H/d ratio. Nuat S=30 d performs better than 20 d, 25 d and 35 d because, as S/d
decreases, the heat transfer capacity increases in jet 2 but decreases in jet 1, jet 3, and the wall jet

region. However, when S/d becomes too high, the interaction between the jets is weakened.
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4.2.4. Influence of the jet angles

The influence of different jet angles on the heat transfer capacity and flow pattern along the
chord-wise direction of concave surface is numerically studied; the results are shown in Figs. (16)
to (18). Fig. 16 shows the effect of the local Nu number around the stagnation point of jet 2 along
the chord-wise direction with respect to the inclined angle. It is indicated that with the increase
of the jets inclination angle, the Nu number at the stagnation point gradually increases, and the
location with maximum Nu becomes further from the origin. A possible reason for this result is
as follows. The impingement target is the leading edge of NACAOQ015 airfoil with high curvature
surface. With the increase of the inclined angle, the distance between the jet exit holes and the
stagnation point decreases. According to the results above, the Nu number at the stagnation point
increases over a certain range. Fig. 17 shows the variation of Nu and Numax With respect to the jet
inclination angle. It can be observed directly from this figure that the maximum Nu value occurs
at the inclined angle of 15°. Fig. 18 shows the flow patterns at different jet inclination angles.

The flow situation with inclined angle of 15° is found to be the most complex because the most
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384 vortices are present, resulting in the strongest disturbance for the viscous sub layer and, thus, the
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strongest heat transfer capacity. Therefore, it is significant to improve the heat transfer efficiency
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392 Fig. 18. Flow patterns for different jets inclination angles

393 5. Conclusions

394 A combined experimental and numerical study was conducted to investigate the multi-jet
395 impingement from round holes to a NACA0015 airfoil concave surface. The appropriateness of
396 turbulence model and mesh were verified. Various structural parameters were performed to
397 analyze the distribution of Nu/ Nu number, in which the H/d is varied from 10 to 25, S/d is
398 varied from 20 to 35, d is varied from 2 to 5 mm, and 0 is varied from 0 to 30°. Furthermore,
399 streamline diagrams were presented to understand the heat transfer results, such as the fountain
400 flow, and the primary vortices structure near the stagnation point. Analysis of the experimental
401 and numerical results may lead to the following main conclusions:

402 @ \With the increase of H/d, the distribution of the local Nu number on the impingement wall
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decreases gradually at all the radial locations. The maximum Ny values appeared at H/D=10
in the present study.
® With the hole diameter increases from 2 mm to 5 mm, the heat transfer capacity of multi-jet
impingement would be improved greatly, by nearly 7 times. Accordingly, the mass flow
increases nearly seven times. Hence, it is not appropriate to improve the heat transfer
efficiency only by enlarging the diameters of the jet holes in the anti-icing system of aircraft.
® The distance between adjacent holes, at S = 30 d, performs best on the basis of the Nu
compared with the 20 d, 25 d and 35 d due to the higher interaction between jets. Therefore,
the S/d ratio can be one of the significant factors for the fluid flow of impingement multi-jets.
® Due to high curvature of the leading edge of the concave surface in the present study, the Nu
value at the stagnation point increases as inclination angle changes from 0° to 30°.
Analytical results based on the flow pattern in the vicinity of the stagnation point confirms

these trends.
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Table and Figure Captions:

Table 1- The values of the parameters of the numerical calculation

Figure 1- Schematic of experimental apparatus: A. test section; B. motion control system; C. the air supply
system; D. data acquisition system; 1-air compressor; 2-air tank; 3-air filter; 4-refrigerant air drier; 5-heat
exchanger; 6- electric regulating valve; 7- flowmeter; 8-heating control device; 9-data acquisition device; 10-
computer

Figure 2- Design diagram of the experiment element: 1-T-type telescope tube; 2-the baffle; 3- the impingement
aluminium plate; 4- fixed end of linear motor; 5- the slider of ball-screw; 6- tube of impingement jets; 7-the
stepper motor 8- linear motor.

Figure 3- Schematic illustration of the flow pattern of the impingement multi-jets.
Figure 4- Comparison of the local Nu number along the wall by eight F values with Choi et al. [32].

Figure 5- The mesh for the computation.

Figure 6- The boundary conditions of the calculation domain.

Figure 7- Comparison of local Nu number of different turbulence models with Choi et al. [32]

Figure 8- Comparison of the experimental and numerical local Nu number results for different H/d ratios
Figure 9- Flow pattern with different H/d ratio along the span-wise direction.

Figure 10- Comparison between numerical and experimental results of the Nu number at the stagnation point
of jet 2

Figure 11- Comparison of the experimental and numerical local Nu number results for different diameters of
holes

Figure 12- Comparison of the Nu for different holes diameters

Figure 13- Comparison of the experimental and numerical local Nu number results for different S/d ratios.
Figure 14- Streamlines display for different S/d ratios.

Figure 15- Effect of S/d on the variation of the Nu of impingement surface for various H/d values.

Figure 16- Effect of the local Nu number around the stagnation point of jet 2 along the chord-wise direction

with respect to the inclined angle.
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Figure 17- Variati
g ariation of the average/max Nu number with respect to the jet inclination angle
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Figure 18- Flow patterns for different jets inclination angles
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